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SUGAR PLATFORM BIOREFINERY BASED ON MSW PULP 

 

Léo-Paul Vaurs 

Municipal solid waste (MSW) is a widely available large-volume source of lignocellulosic material 

containing a waste paper/cardboard mixture which can be converted into fermentable sugars via 

cellulolytic enzyme hydrolysis in a waste-based biorefinery. 

The composition and amenability to enzymatic hydrolysis of MSW pulps from different sources was 

found to depend both on the origin of the MSW, and on the conditions used in wet thermal pre-

treatment (autoclaving plus washing and extraction). Glucan conversions for UK pulp were lower 

than for US pulp. UK newspaper was selected as a representative constituent of MSW pulp to allow 

assessment of the factors limiting hydrolysis and the effectiveness of pre-treatment options.  

Newspaper contains a relatively high proportion (~17-25%TS) of acid insoluble material (AIM), 

consisting of true-lignin and pseudo-lignin, and this component appeared to contribute to the poor 

conversion. True-lignin is believed to affect hydrolysis by reducing the access of cellulase to 

cellulose and inhibiting the enzymes. Addition of acid insoluble additives adversely affected 

hydrolysis, indicating that pseudo-lignin could be composed of additives used in the paper recycling 

industry, such as wet strength resins. A strong correlation between pseudo-lignin and water 

retention value supported this hypothesis. 

Among the pre-treatments tested (which included alkali and autoclaving), soaking in dilute 

phosphoric or sulphuric acid was the most effective at removing AIM and improving hydrolysis 

while also increasing the overall profitability of the sugar production process. Addition of surfactant 

(Tween, polyethylene glycol (PEG) and sodium dodecyl sulphate (SDS)) to both untreated 
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newspaper and acid soaked newspaper greatly enhanced the glucan conversions leading to 

approximately 18 % extra sugar compared to without surfactant. 

Modelling tools were developed to allow identification of the optimum conditions for enzymatic 

hydrolysis of acid soaked newspaper: these were found to be 14 % TS, 2 % enzyme dosage on a TS 

basis and 96h reaction time. 

Alkaline pre-treatment of PHS after first hydrolysis was attempted, but was found to lead to 

significant material loss and low conversion, possibly due to weakened fibres. Addition of 1 % PEG 

in the reaction mix greatly improved the glucan conversion. The best compromise for conditions in 

the second hydrolysis was 10 %TS and 2 % enzyme, with duration having little effect. If the aim is 

to maximise profitability rather than the quantity of sugars produced, a 1-step enzymatic hydrolysis 

for 96h at 14 %TS and 2 % enzymes on TS should be chosen. If, however, the target is to obtain the 

maximum amount of sugars while minimising operational costs, a 2-step enzymatic hydrolysis of 

48h each is preferred. 

The potential for continuously re-using process waters after treatment in an upflow anaerobic 

sludge blanket (UASB) reactor was assessed, and the effect of this on enzymatic hydrolysis. After 

16.5 recycling cycles glucan conversion decreased significantly, and UASB degranulation was 

observed. Methane yield and chemical oxygen demand removal were also negatively affected.  

Data obtained from these experiments were fitted into a water-pinch model for minimisation of 

the fresh water requirements of a sugar platform biorefinery based on MSW pulp.  
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Chapter 1 Introduction to the Fiberight process 

 Municipal solid waste 

Production of waste has always been closely related to the development of human society and 

economic growth. With the globalisation of the consumer society and “the American way of 

life”, there has been a diversification of waste types and their production has changed greatly, 

especially during the last century. Concern over waste management has been rising since the 

first industrial revolution (end of 18th century) [1] and little by little the concept of recycling has 

become a priority in municipal waste management. An important change in governments or 

companies way of thinking is the fact that wastes can have potential energy [2]. The US 

Environmental Protection Agency (US EPA) [3] describes municipal solid waste (MSW) as the 

everyday items used and thrown away, generally coming from “homes, schools, hospitals and 

businesses”. 250 million tons of MSW was generated in the USA in 2010; and around 14 million 

tonnes in the UK [4]. Analysis of socio-economic reports on waste generation and composition 

or of governmental/council data for cities (e.g. New York and Dublin) shows that MSW is a very 

variable and heterogeneous material [5-10]. Its composition and generation depends on: 

 The season 

 Way of life 

 Level of development 

 Governmental policy (recycling/landfill policy etc.) 

As an example Figure 1-1 shows how waste generation rates differ and have changed from 2003 

to 2010 in countries of the European Union. 

 

Figure 1-1: Waste production in the European Union [8]. 
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The composition of MSW in the UK in 2010 based on average values from three governmental 

reports [11-13] is presented in Table 1-1, with the composition in the USA extracted from a US EPA 

report (2010) [14]. 

 

Table 1-1: Comparison between MSW composition in the UK and US in 2010. 

 

 

The lower recyclable fraction present in UK MSW may show a higher degree of recycling compared 

to the USA. In the UK, the paper fraction present in MSW is between 20-25 %, while in the USA it is 

closer to 30%.  

The emergence of waste management as a priority coincides with the major issue of the 21st 

century, namely the need to find alternatives to energy sources and raw materials from fossil fuels. 

Lignocellulose is the most abundant renewable raw material on earth [15]. Its use as a feedstock 

for second generation bioethanol production and an alternative to sugar production crops (corn, 

sugar cane etc.) has been the subject of many investigations [16]. Waste paper found in MSW is 

rich in lignocellulose and could therefore be the feedstock for a saccharification process to convert 

complex carbohydrate into monosugars, which can be further fermented to produce biofuel. The 

sugars produced can be the feedstock for a biorefinery which could produce biogas and hydrogen 

[17], ethanol [18], bioplastics [19, 20] or biochemicals (such as succinic acid [21]). The 

advantages of this raw material are that it is not in competition with crops for arable land and 

does not require additional energy supplementation to be grown, it is widely available, poorly 

exploited and virtually free. 

There have been various attempts to use of this feedstock in a biorefinery to produce biofuel, for 

example [22, 23]; but according to the Ethanol Producer Magazine, Fiberight LLC (Baltimore 

MD, USA) and Enerkem (Montreal, Canada) are by far the main actors in this field, with pilot 

plants currently in operation [24]. The Fiberight concept which is studied in this research is a fully 

integrated process using MSW as a feedstock, able to recover the recyclable fraction (plastics, 
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metals, glass), produce biogas from the non-lignocellulosic organic fraction via anaerobic digestion, 

and produce sugars using specific enzymes. Details of this process are given in the next section. 

 Fiberight process 

As noted in the previous section, the paper fraction in MSW is non-negligible, and can be recovered 

and transformed into value-added products. Fiberight has developed a process to extract this 

fraction and has a demonstration plant running in Lawrenceville (VA, USA).  

MSW is removed from landfill and then transferred by trucks to the pilot plant. The MSW is 

subjected to several separation processes: textiles and recyclable fibres collection, screening etc. 

The residues are then treated in a wet thermo-mechanical process to “clean” the biomass. This 

treatment is also believed to open up cellulose fibres and make carbohydrates more accessible for 

enzymatic hydrolysis. It also makes separation of the recyclable materials easier and “partially 

hydrolysed the fibre sample” ([25] and pers. comm., Nick Thompson, Fiberight). In contrast, 

Rogalinski et al. [26] found autoclaving at 200 °C led to undesirable degradation products, 

insufficient lignin removal, and poor enzymatic digestibility. Using newspaper pre-treated by 

autohydrolysis at 160 and 180 °C, Chen et al. [27] obtained lower sugar conversion and suspected 

that this was caused by lignin transformation and relocation to the surface as had already been 

reported for wheat straw and Bermuda grass. Moreover it is likely that at high temperatures, the 

plastics start to collapse which can firstly reduce the accessibility of the fibres and secondly make 

the plastic unsellable. The thermo-mechanical treatment in the Fiberight process operates at a 

lower temperature and can therefore be considered more as “high solids pulping” (as reported by 

Fiberight) rather than autoclaving. 

A large part of the non-organic matter is then separated by mass segregation methods. Plastics, 

metals and glass are recovered and recycled. Some residues are also burnt on site to provide energy 

for the plant. After the separation step, the residual part (approximately 50 % of the initial mass 

[28]), which is mainly composed of organic matter, is washed (washing process). The resulting 

products are a washed MSW fraction and a significant volume of washwater rich in soluble organics. 

The washwater is treated in an Upflow Anaerobic Sludge Blanket (UASB) reactor to provide partial 

cleaning, and produce biogas through anaerobic digestion (AD). This water can potentially be re-

used within the process. 

The washed MSW is submitted to an extraction process in which the material is passed through 

different sieves to remove any pieces of wood, stone, plastic, glass still remaining after the 

separation process. The extraction process is important because it reduces the fraction of non-

cellulosic material in the final product, which consists mainly of paper pulp, and thus reduces non-
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productive adsorption of enzymes during hydrolysis [28]. Water is used to force the pulp to pass 

through different meshes. The solids are then partially separated from the water, pressed and 

finally cooked at 120 °C for 1h at pH 5 to improve the hydrolysis yield [pers. comm., Nick Thompson, 

Fiberight]. The final product, called “clean pulp”, is hydrolysed to produce sugars.  

A simplified schematic of the Fiberight process is presented in Figure 1-2.  

 

Figure 1-2: Simplified schematic of Fiberight process.  
 

 Hydrolysis versus recycling/incineration 

Ethanol production from waste paper is often criticized by the public because of its direct 

competition with paper recycling (personal experience during outreach activities). From an 

environmental point of view, however, recycling may not necessarily be the best option. Wang et 

al. [29] compared three different management options for waste paper and modelled the life cycle 

assessment (LCA) for several technologies: bioethanol production with or without different pre-

treatments, recycling, and incineration with or without energy recovery etc. They also considered 

different types of waste paper: newspaper, magazines, office paper and cardboard. In term of 

greenhouse gas (GHG) emissions, incineration with high-level technologies (with heat recovery) 

appeared to be the best alternative. This technology, however, is not yet available in most 

countries. Moreover, incineration can suffer from poor public acceptability [30]. Because the UK 

does not have many incinerators, in 2009 55 % of UK recovered waste paper and board was sent 

overseas to China, Europe, India and Indonesia for processing [31]. In total this represented a loss 

of 4.8 million tonnes of biomass, and a significant amount of energy used to transport the material 

overseas. 

According to Wang et al. [29], in many cases, bioethanol production from waste paper had an 

environmental impact equivalent to or even lower than recycling. In contrast Villanueva et al. [32] 

found in their LCA that paper recycling was a better solution than either landfilling or incineration. 
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They rightly concluded that the results of LCA studies were inconsistent, subjective and could even 

be contradictory. 

Several other points should be noted concerning recycling of paper compared to other uses, in 

particular those involving cellulose hydrolysis like the Fiberight process. 

 Paper recycling is a proven technology (first major unit in 1886 in New York [33]), so major 
improvements in the future are not likely. In contrast, bioethanol/sugar production from 
waste paper is in the early stages of development and, based on the quantity of research 
being carried out in this field, will probably experience a leap forward.  

 Paper can only be recycled 5 to 7 times before the fibres become too short to be used [34]. 
Other properties also change during recycling, such as the fibre swelling capacity, 
mechanical and tear strength (Figure 1-3) [35]. The maximum ratio for paper/ recycled 
paper is about 65 %, meaning that some virgin pulp must be used [36]. Because of this, it is 
common that a significant fraction of collected paper has to be disposed of or exported 
[36]. Japan for example reuses 60.2 % of its recycled paper, and exports its excess. Certain 
types of office paper are made of 100 % recycled paper, but this is because there is an 
upstream process to select long fibres. 

 In the paper recycling industry, many chemicals must be added to de-ink the paper, repack 
the fibres and improve their strength, which leads to wastewater production and 
considerable energy use. 

 

 

Figure 1-3: Fibre length as a function of number of recycling and temperature [35]. 
 

Shi et al. [37] estimated that worldwide, 82.9 billion litres of bioethanol could be produced from 

waste paper every year, sufficient to replace 5.6 % of global gasoline consumption [37]. The 

lignocellulosic sugar platform biorefinery, as represented by the Fiberight process, consequently 

has a high potential; but many technical barriers still remain, and work is needed to improve the 

process. 

 Why change the Fiberight process? 

Fiberight is shortly to open a full-scale plant in the USA based on the promising results from the 

company’s demonstration plant in Lawrenceville. The process has undergone many alterations 

from the original design. The principle put forward by Fiberight, however, has never changed: MSW 

is autoclaved, sorted and washed/extracted. The biomass fraction is then refined and cooked at pH 

5 prior to hydrolysis. This involves numerous steps which can be quite energy demanding. Based on 
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the results obtained after hydrolysis in the demonstration plant, the process undeniably works. 

Nonetheless, several questions remain. Could this process be economically viable without 

governmental subsidy? Is it the most efficient series of unit processes to achieve these results? Can 

the performance be improved in terms of product yield or energy input?  

Moreover there are specific technical bottlenecks to be addressed, especially concerning the 

enzymatic conversion of cellulose. The process involves a high solids hydrolysis in fed-batch mode, 

which can cause mixing problems, product inhibition [38] and contamination issues. Is it worth 

working at high solids content in order to target a 8 g L-1 sugar concentration, leading to an ethanol 

concentration of 4 g L-1 after fermentation to make the distillation economically feasible [39]? Or 

would using filtration technology to concentrate the sugar be a better option? What is the optimal 

enzyme dosage leading to the highest profitability?  

Numerous pre-treatments have been developed to increase MSW digestibility [40], but none of 

these have been tested or applied to date in the Fiberight process. These could provide an 

alternative to the use of multiple energy-intensive steps to improve the pulp hydrolysability. This 

needs, however, to be elucidated by experimentation and by an economic and energy analysis in 

order to determine which unit processes are the most suitable. A further issue is the variations in 

the properties and in particular the hydrolysability of pulps from different sources. A deeper 

understanding of factors controlling this is therefore required to improve the overall process. 

High water demand can be problematic in certain biorefineries: Fiberight’s process for example 

requires large volumes of water during the washing/extraction process. Wastewater can be treated 

via AD for energy recovery and then be re-used. Contaminants may accumulate, however, and 

affect certain biological processes such as digestion or enzymatic hydrolysis. This issue can be 

addressed using modelling tools such as Water Pinch Analysis coupled with experimental data. 

This section has addressed some of the challenges and scope for improvement. A set of specific 

aims and objectives identified as a result of the literature review is presented in chapter 2.  
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Chapter 2 Literature review 

While the biorefinery feedstock under consideration was MSW, many of the issues addressed in 

the research concerned the properties of the cleaned lignocellulosic fraction. Newspaper was 

chosen to represent this as it is both a major constituent of this fraction and a homogeneous 

material suitable for laboratory-scale work; for this reason the literature review opens by providing 

information on newspaper production and composition. The purpose of pre-treatment before 

enzymatic hydrolysis is presented with a review of pre-treatments that have been tested on MSW 

and waste papers. The core of the process: enzymatic hydrolysis is described, including the micro-

organisms involved and the limitations of this reaction. Finally, AD is introduced as a way to extract 

energy from wastewater after pre-treatment or MSW washing/extraction processes. 

 Newspaper production 

With the omnipresence of the internet and the arrival of 24h television channels diffusing news as 

well as the easy access to every source of information, the industry of printed newspapers has been 

in decline since 2000. In a chain reaction, as fewer people buy newspapers, the advertising 

companies are less interested in this medium and the revenues of newspaper companies fall (by 

about 40 % from 2005 and 2012 [41]) (Figure 2-1A). 

 

 

A) US newspaper advertising revenue B) Recovered paper prices 

Figure 2-1: US newspaper advertising revenue [41] and recovered paper prices [42]. 
 

While production has declined, newsprint still remains a powerful economic sector. In 2007, for 

example, 6850 daily newspapers were produced selling 395 million copies per day worldwide [43]. 

In the UK more than 10 million newspapers are circulated every day, including 13 national dailies 

http://en.wikipedia.org/wiki/File:Naa_newspaper_ad_revenue.svg
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[44] and about 85 regional dailies [45]. “The Sun” is the highest circulation daily newspaper sold in 

the UK, with an average of 2.3 million copies every day. It was launched on 15 September 1964 by 

International Publishing Corporation. After 25 January 2008, according to the Guardian newspaper 

[46], printing was moved from Wapping in East London to News International’s massive new 

printing complex at Broxbourne, Hertfordshire. From this date, moreover, every page was printed 

in full colour.  

Most waste newspaper is recycled which, as noted in section 1.3, can cause environmental issues. 

In 2009 in the UK, 55% of waste paper was shipped overseas, and the rest was either burnt or 

disposed of in landfill [47]. Re-use of waste paper may be not the most environmentally preferable 

option, but nevertheless the waste paper collection system has been set up for a long time and is 

well organised. As a consequence waste newspaper is a readily available material. The decline of 

UK newsprint production and the fact that all of the UK’s newsprint mills try to maximise the use of 

recovered paper results in a higher price for newspaper compared to other recovered paper (Figure 

2-1B). Nevertheless it is still a relatively cheap material. 

Paper production is basically a seven-step process: raw material preparation and handling, pulp 

manufacturing, pulp washing and screening, chemical recovery, bleaching, stock preparation, and 

papermaking [48]. This industry is considered as one of the most polluting in the world [49], and is 

characterised by large amounts of wastewater produced (around 150 m3 of fresh water per tonne 

of product) with high chemical oxygen demand (COD), biochemical oxygen demand (BOD), 

suspended solids and toxic components [50]. The effluent is referred to as black liquor.  

In general, any kind of wood can be used as raw material for paper production, as can some 

agricultural residues. Softwoods are preferable to hardwoods, however, because they have longer 

fibres that are more easily released during the paper-making process [27]. Moreover, softwood 

trees are very abundant [51].  

Pulp making processes are listed in Table A-1 [48, 52, 53]. To transform the pulp into paper, an 

important step is the stock preparation which forms a slurry from the pulp by mixing it with water 

and chemicals. The slurry is then sent to a (single or multiple) Fourdrinier machine which pours the 

fibrous mixture onto a wire mesh. The product is pressed then dewatered. These steps normally 

end with a drying process using hot cylinders [54].  

Newspaper is generally made from mechanically or thermo-mechanically treated pulp, both of 

which have good yields, and for which lignin removal is not a priority [51, 55]. To give better 

properties some additives are added to the water used to dilute the fibres. These include waxes, 

fillers such as calcium carbonate, resin, sizing agent etc. In the newspaper recycling industry, 
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because the recycled fibres are weaker, more additives may be required to give strength to the 

material. 

 Paper pulp derived from MSW and newspaper composition 

2.2.1 Lignocellulosic material 

Lignocellulosic material has 3 primary components: cellulose (40-50 %TS) and hemicellulose (25-35 

%TS), linked together by lignin (15-20 %TS) [56]. Another polysaccharide, pectin, is also present. 

Other constituents include: extractives (including acidic resins, tannic and terpene acids), some 

proteins, lipids and inorganic materials [15]. A simplified representation of lignocellulosic material 

is shown in Figure 2-2. 

 

 

Figure 2-2: Simplified scheme of lignocellulosic material [57]. 
 

 Cellulose 

Cellulose is a linear, crystalline carbohydrate polymer. It consists of a long chain of D-glucose linked 

by β-1.4 glycosidic bonds. Cellobiose is the repeating unit (see Figure 2-3B). The degree of 

polymerisation can be up to 15 000 or more (e.g. for cotton), and is highly dependent on the source 

of cellulose. Cellulose has a reducing and a non-reducing end. The cellulose chains aggregate into 

microfibrils via van der Waals interaction and hydrogen bonding, consisting of two intermolecular 

hydrogen bonds parallel to the glycosidic linkage, and two interlayer hydrogen bonds [58], as shown 

in Figure 2-3A. These bonds stabilise the structure. Cellulose can contain both well-ordered 

crystalline regions and amorphous regions (more disordered) [59]. In normal conditions, cellulose 

is extremely insoluble in water [60]. 
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A) Cellulose chain with examples of hydrogen bond and β-1,4-
Glycosidic bond. 

B) Cellobiose unit 

Figure 2-3: Cellulose structure 

Cellulose exists in at least 4 forms, but the major forms are cellulose I (or native cellulose) with the 

glucose chains oriented in parallel, and cellulose II (or mercerized/regenerated cellulose), where 

the chains are antiparallel. These forms differ in their crystallinity [58, 59]. Cellulose Iα is the major 

allomorph produced by bacteria and fungi, while cellulose 1β is the main form produced by plants 

[60]. Due to its relative structural simplicity and its homogeneity, cellulose is quite easily degradable 

[61]. According to several authors [62, 63], however, the degree of crystallinity has a direct impact 

on enzyme performance, influencing its biodegradability. The higher the crystallinity, the lower the 

enzyme efficiency.  

 Hemicellulose 

Hemicelluloses are branched polymers of pentose (such as xylose and arabinose), hexoses (such as 

mannose, glucose, and galactose), hexuronic acids and deoxy-hexose. The function of 

hemicellulose, present in a matrix with pectins, is to stabilise the cell wall through hydrogen-

bonding interactions with cellulose and covalent bonding (sharing a common electron on the 

external layer) with lignin [60, 64]. The different bonds linking lignin and hemicellulose (xylan and 

arabinan) include some benzyl ester type and are shown in Figure 2-4 [65, 66]. 

 

Figure 2-4: Proposed structures of bonds between lignin and hemicelluloses [65]. 
 

Unlike cellulose, hemicellulose has no repeatability, and the polymers are distributed 

heterogeneously. The polymers are linear or branched, with a degree of polymerisation of 150 to 
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1000, and may have some side chains such as acetyl groups or methyl-base groups [67]. Diferulic 

acid bounds may possibly be responsible for cross-linking of hemicellulose chains [67]. There is still 

a lack of knowledge concerning the exact composition of the hemicellulose polymer. The major 

hemicellulose components in softwood are listed in the Table 2-1. 

Table 2-1: Major hemicellulose components in softwood, based on [68]. 
P = pyranose or derived. 

 
 

The predominant polysaccharides from hemicellulose present in softwood are mostly made of xylan 

and mannan [69]. Because of its structure, constituted of short chains of different sugars, 

hemicellulose is generally easily hydrolysable but requires several enzymes [70].  

 Pectin and lignin 

Pectins are noncellulosic complex polysaccharides made of poly-galacturonic acid. They are 

categorised into 3 classes: Homogalacturonan and Rhamnogalacturonan I and II. They may be 

linked covalently to phenol, cellulose and protein [65]. 

Lignin is a complex polymer consisting of three phenylpropane units which are p-coumaryl, 

coniferyl, and sinapyl alcohol [61, 71]. Their respective monophenolic product groups are phenol, 

guaiacol and syringol [72], as shown in Figure 2-5. 

These units are linked together with different component-bonds (Table 2-2), without order or 

repeatability, which form an amorphous and hydrophobic polymer [73]. The link β-O-4, however, 

is the most frequent link in lignin. 
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Figure 2-5: Monomers and respective direct degradation products of lignin [72]. 
 

Table 2-2: Main links between lignin units [73]. 

 

Lignin is very recalcitrant to microbiological degradation [74]. Lignin is responsible for integrity, 

structural rigidity and prevents swelling of the lignocellulose [75]. Because of its random structure, 

lignin remains poorly understood, and is still the subject of intensive research. 

Lignin from softwoods (gymnosperms) contain mainly guaïacyl units, those from hardwoods 

(angiosperms) and non-woody plants (gramineae) mainly guaïacyl (G) and syringyl (S) units [76]. 

 Extractives and others 

Extractives in plants are non-structural components that can be classified into two categories [77, 

78]: 

- Polyphenol extractives of which the main groups are hydrolysable tannins, flavonoids, 
bioflavonoids, flavonols/flavones/flavanones, condensed tannins, lignans, stilbenes 
and stilbene glucoside. They are extractable by hydrophilic solvents. 

- Wood resin: fats, steryl esters, sterols, terpenoids and waxes. They are extractable by 
lipophilic solvents. 

The extractives content in newspaper can be as high as 4 % of the total solids (TS) [79].  

2.2.2 Lignocellulose composition  

Both cellulose and hemicellulose are carbohydrates and the mixture is often called “holocellulose”. 

Carbohydrates are sugar polymers, composed of carbon, hydrogen and oxygen, often described by 

the following empirical formula Cm(H2O)n. The production of sugars from lignocellulose material 
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takes advantage of the ability to convert “holocellulose” into mono-saccharides during hydrolysis. 

The proportions of each component (cellulose, hemicellulose and lignin) in the lignocellulosic 

structure depend on the material. Some examples from the literature are shown in Table A-2 [80]. 

2.2.3 Specific composition of newspaper 

 Ink 

Newspaper contains ink which is deposited on it during printing. Printing inks have two basic 

ingredients: 

- A pigment or dye to provide contrast on the sheet to which the pigment is applied 
(colour, black or white). Black is generally obtained from inorganic carbon blacks 
while other colours are mostly from organic pigments [81]. Copper, however, is very 
often used for blue colours [82]. Some other metals can be found, as illustrated in 
Figure A-1. 

- A vehicle that carries the pigment or dye. This helps the pigment or dye to transfer 
to the sheet and bind on it. The vehicles are generally made of vegetable oils, mineral 
distillates, resin (natural and synthetic), plastic and volatile solvents [83]. For decades 
in the newspaper industry, vehicles used were petroleum-based. With the increase 
in petroleum prices and from the perspective of biodegradability, alternatives have 
been found, with soybean oil in wide use [84]. The main disadvantage is that soy ink 
takes more time to dry than petroleum-based inks, due to the lack of evaporative 
solvent in the form of volatile organic compounds. 
 

Printing inks generally contain other components in order to improve printing characteristics. These 

can be binders, solvents, dryers, wetting agents, and waxes. The percentage of ink on the surface 

of a newspaper is generally 2% by weight [81, 85]. 

 Fillers 

Mineral filler is often added by the manufacturers of writing, printing and packaging paper for two 

main reasons: 

- Paper is sold by weight, and fillers are cheaper than fibres [pers. comm., Sylvain Carlioz, 
graduated from the French Engineering School of Paper & Printing, Grenoble, France] 
- Fillers give some advantageous characteristics to the paper material [86]:  

 A better appearance with a more uniform surface because crevices have been 
filled. 

 Better smoothness which improves the printability. 

 Better optical properties, with a brighter, glossier and more opaque paper. 

Figure 2-6 shows fibres with and without calcium carbonate addition. 

Common fillers used in the newspaper industry are kaolin, talc, ground calcium carbonate (GCC), 

precipitated calcium carbonate (PCC) and titanium dioxide (TiO2) [87] (see Figure 2-7 for 

proportions). Kaolin is a white pigment found all around the world (with a large deposit located in 

the UK). Its usage is justified by its low price and high availability. It is mostly found on 
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supercalendered (SC) paper products (magazines and catalogues). Talc is a soft mineral with flat 

particles that ensure good smoothness. It is not a very bright material and is mostly used for 

rotogravure printing paper. Calcium carbonate based fillers are the most widely used in the 

newspaper industry. The calcium carbonate content of paper is between 10 and 20 % TS [88]. 

 

 

Figure 2-6: Untreated fibres (left) and fibres treated with 20 % calcium carbonate (right) [86]. 

 

Figure 2-7: World pigment use in printing and writing papers [87]. 
Percentage on a wet weight basis. 
 

 Wet-strength resins 

The most common wet strength resins are urea-formaldehyde (UF), melamine-formaldehyde, 

polyamidoamine epichlorhydrine (PAE) or glyoxal-polyacrylamide [89, 90]. PAE resins are the most 

commonly used because they are less toxic and can be used in neutral media (in contrast to those 

based on formaldehyde). These resins are prepared by condensation of a dicarboxylic acid and bis 

(2-aminoethyl) amine. The free amino group is then alkylated with epichlorohydrin to give an 

aminochorohydrin which exists in equilibrium with a 3-hydrixyazetidinium group [91]. 

The strength of paper is a measure of the resistance of the fibre web upon a force of rupture. Resins 

adhere to the pulp by adsorption or deposition and form a network by crosslinking with themselves 

(homo-cross-linking) or with cellulose (hetero-cross-linking). This represses the swelling of cellulose 

fibres and fibre-fibre separation when the paper is re-wetted (see Figure 2-8). There are two 

principal mechanisms to explain development of wet strength by the resin: 

 Protection mechanism: The distributed additive forms an insoluble network around and 

through the fibre contacts. This reduces the interaction of water with the fibres. 
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 Reinforcement mechanism: The additive reacts with cellulose and hemicellulose to create 

linkages of covalent bonds between the cellulose (or hemicellulose) molecules, and between fibres. 

These linkages reinforce the hydrogen bond naturally present in the fibre. The formed links are 

covalent so are not broken by water. Many wet-end additives are effective at levels of less than 1% 

based on dry fibre, but it is possible that when the paper is recycled, more wet-end additives are 

added to give more strength to the paper [92]. 

 

 

Figure 2-8: Cross-linking reaction of PAE resins [91]. 
 

 Sizing agent 

General definition 

A sizing agent is an additive that increases the resistance of paper to penetration of water or other 

liquid and makes paper more suitable for printing, writing etc. This can be achieved either by using 

a wet-end additive (internal sizing agent) or by applying a suitable coating to the surface of the 

dried paper (surface sizing agent or strength additive) [93].  

Surface sizing agent 

These are usually water soluble and amphiphilic (hydrophilic and hydrophobic ends). They are fixed 

to the paper due to the development of fibre-to-fibre bonds during consolidation and drying of the 

fibre network. They mainly consist of modified starch (cationic), vegetable gum or acrylic co-

polymers. They are all cationic to permit absorption by anionic fibres. This surface modification 

creates a layer that controls water penetration through the surface of the sheet.  
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Internal sizing agent 

Internal sizing is intended to modify the water absorbing properties of the fibres. It retards the rate 

of penetration of a fluid through capillaries formed both within and between fibres. Internal sizing 

is a 3-step process: 

- Retention of the size particles in the wet web during sheet formation.  
- Spreading of the size molecules over the fibre surfaces  
- Orientation at the fibre surface to create a low-energy hydrophobic surface through 

strong electrostatic or covalent interaction between the polar end of the sizing 
molecule and the fibre surface. 

Internal sizing agents can be divided into those acting at low pH (rosin and alum) and at neutral or 

higher pH. With the current trend for increasing calcium carbonate content, the use of rosin and 

alum is falling, and commercially the most important of the neutral internal sizing agents are the 

alkenyl succinic anhydrides (ASA) and the alkyl ketene dimers (AKD). The hydrophobic effect of ASA 

and AKD is caused by an esterification with the paper hydroxyl groups [94]. 

The addition of pure AKD or ASA is approximately 0.05-0.2 % by weight of dry fibre, and for rosin-

alum sizing is 1-2%. This depends on the pulp (unbleached pulps are easier to size compared to 

bleached) and on the cellulose content (the higher, the harder it is to size). The presence of fillers, 

fines and extractives also significantly increases the amount of size required [91, 95].  

During paper recycling, the amount of sizing agent used is therefore likely to increase as the fibres 

are shorter. The recycling potential of paper sized with AKD is considerably worse than that sized 

with rosin and alum [96]. The use of ASA is more beneficial to fibre recycling [95]; however AKD is 

the most common internal sizing agent in Europe’s papermaking industry [94]. 

Starch and silica 

Starch can be present in newspapers as a sizing agent to improve the properties of paper, mainly 

the tensile and strength properties. For this purpose it is used as a dry strength additive [91]. The 

starch is normally made in a cationic form. Starch can also be used as an adhesive or binder to help 

fix filler in the paper. Because other products (such as biopolymers) may be cheaper and more 

efficient than starch in improving the quality of paper, starch usage is becoming less popular [97, 

98]. The starch content of certain kinds of paper can be as high as 10 % TS. Colloidal silica is 

sometime used as a drainage aid to increase the amount of starch that can be retained in the paper. 

Silica can also be metabolised by plants and therefore occurs naturally in paper [99]. 

 Pseudo-lignin 

Pseudo-lignin consists of material that is insoluble in sulphuric acid, and is thus detected as lignin 

by the National Renewable Energy Laboratory method (section 3.3.3.1), but which is not lignin 
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[100]. The term was defined after the discovery that more lignin was detected by the NREL method 

after the application of high severity steam pre-treatment conditions than before the pre-

treatment. It was deduced that pseudo-lignin was created by rearrangement of derived products 

from cellulose and hemicellulose [101, 102]. Pseudo-lignin found in newspaper is likely to arise in 

two ways: 

- Newspaper is made from all kinds of recyclable paper. Consequently the pulp used 
has been already processed many times, and some fibre degradation may have taken 
place.  

- A large amount of additives (resin, sizing agent, possibly both) is added to give paper 
better properties. Their solubility in acid is unknown but if they are acid-insoluble, 
they may appear as pseudo-lignin.  

In Fiberight clean pulp, pseudo-lignin could also include: 

- Small pieces of plastics. Some of these are insoluble in acid and will burn at 550 °C 
(and thus will not be found as ash in the NREL method). 

 

 Metals in newspaper 

Heavy metals can be found in wood, with comparable levels in both mechanical and chemical pulps 

[82]. A small proportion comes from the wood, but they are principally from additives used in paper 

making (chromium in coating and filler material, lead and barium in fillers for example), impurities 

in pigments, or from corrosion in the paper mill. Table 2-3 shows the average heavy metal content 

of 15 newspapers in 1996, when only about 30 % of the pages were in colour. According to this 

data, copper is the only metal that can be attributed to the ink. Since more pages are now printed 

in colour it is likely that the copper concentration has increased, unless efforts have been made to 

reduce copper use in inks.  

 

Table 2-3: Average metal content of 15 national newspapers (1996). 
Adapted from [82]. 

 
 

2.2.4 Newspaper composition in the literature 

Reported values for the composition of newspaper vary considerably, depending in part on the 

analytical methods used and on the batch of newspaper. The effect of analytical methods is 

considered further in section 5.1 and the discussion here is based on data from Wang et al [79, 103] 

and Table 2-4. The glucan content of newspaper makes this an interesting substrate, although its 

relatively high lignin content can lead to problems with enzymes adsorption [79]. The newspaper 

Element Ag Ba Cd Cr Cu Hg Mg Ni Pb Sn Zn 

Concentration (mg kg-1 
of TS) 

<0.2 10.3 <0.2 1.2 40.3 <5 26.6 1.8 5.6 10.7 44.3 

 



Chapter 2 

46 

used in Wang’s studies, however, was the London paper, previously distributed free in the London 

city area. It can be assumed that the paper quality was relatively low, which may explain the low 

calcium carbonate content. 

 

Table 2-4: Composition of newspapers (adapted from Wang et al. [104], [79]). 
Where ASL= Acid Soluble Lignin and AIL= Acid Insoluble Lignin. 

 
 

2.2.5 Paper streams composition and quality in MSW 

The composition of the paper fraction found In US and UK MSW is given in Table 2-5. Differences in 

composition are significant, especially regarding the proportions of newspaper and magazines 

 

Table 2-5: Reported values for composition of paper material from US and UK MSW. 

 

a Values gathered from EPA data [105] and UK WRAP reports [11-13]. Note that this excludes the 
sanitary waste content. 
 

Paper recycling policies and paper pulping techniques are different in the UK and USA. In the US, 

paper mills only use around one third of recycled paper to produce new paper (Figure 2-9) whereas 

in the UK, the content is much higher. Moreover, most of the US paper mills carry out chemical 

pulping [106] while only mechanical pulping mills are currently operating in the UK [107]. 

 

Figure 2-9: Source of papermaking material in the USA [108] 
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As an example, a UK paper mill printing “The Sun” newspaper utilizes more than 80 % recycled 

paper [109]. The paper recycling rate in the USA was 65.4 % in 2014 while it was 89.4 % in the UK 

in 2013 [110, 111]. This may partially explain the differences in the paper content of UK (Table 2-5) 

and US MSW (Table 1-1). In the USA, 39 % of paper is exported, and the rest is mostly used to 

produce packaging material or tissue [112]. 

 Hydrolysis 

Hydrolysis is the process of breaking down complex compounds to smaller components in the 

presence of water. During the hydrolysis of lignocellulosic material, carbohydrates are converted 

into simple sugars. Some other products can also be produced (especially in case of acid hydrolysis) 

as shown in Figure 2-10.  

 

Figure 2-10: Composition of lignocellulosic material and potential hydrolysis products [113]. 

 

There are various ways to hydrolyse lignocellulosic material: chemical (acid), enzymatic, and the 

use of gamma-ray, electron-beam irradiation or microwave irradiation. At present the last 3 are far 

from being economically feasible [113]. Acid hydrolysis uses acids such as sulphuric, nitric or 

hydrochloric acid. These processes are very efficient but lead to production of inhibitors (for 

example furans or phenolics compounds) and to environmental problems [113]. Moreover, the use 

of concentrated acid has high maintenance and investment costs. In the Fiberight process, 

enzymatic hydrolysis has been chosen for economic and eco-friendly reasons. According to Sun et 

al. [114], the utility cost of enzymatic hydrolysis is low, because the reaction is conducted in mild 

conditions and does not cause corrosion problems. The cost of enzymes is still high, however, 

although research is being done in order to improve productivity and adapt the enzyme culture to 

the feedstock to increase bioconversion [115]. Reduction in the price of enzymes is crucial to make 

bioethanol production from waste economically viable, and a great deal of investment is being 

made to achieve this. As an example in 2000, the US government allocated US$49 million per year 
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for 6 years to specialised laboratories in order to reduce by a factor of ten the cost of enzymes 

[116]. Another research area is the use of membranes to allow enzyme re-use and consequently to 

reduce the operational costs [117-119] 

2.3.1 Enzymatic hydrolysis, involved enzymes and mechanisms 

The aim of hydrolysing lignocellulosic material is the production of 5- and 6-carbon sugars which 

can be fermented into ethanol, or used for other purposes (methane production, bio-chemicals, 

bio-plastics etc.). Cellulose hydrolysis will release hexose (glucose), while hemicellulose releases 

both pentose and hexose. 

Cellulose enzymatic hydrolysis is carried by a specific mixture of enzymes called cellulases (or 

cellulolytic enzymes). It includes 3 groups of enzymes: endoglucanase, exoglucanase and β-

glucosidase. These enzymes can be produced by a wide variety of microorganisms including aerobic 

and anaerobic bacteria, white rot and soft rot fungi and anaerobic fungi [119]. For applications in 

large-scale production, filamentous fungi such as Trichoderma reesei (which are the most used and 

the most studied [120]) are preferred. It is important to note that Trichoderma reesei also produces 

hemicellulases such as xylanases and mannases [115]. Many experiments have been carried out 

involving mutagenesis of the wild strain in order to enhance productivity [120]. In particular, two 

laboratories are playing a major role to make cellulase production economically feasible and to 

reach complete cellulose conversion: Novozymes (Bagsværd, Denmark) and Genencor (Palo Alto 

CA, USA). 

The following is a simplified description of the actions of each enzyme.  

- Endoglucanase (EG, endo-1,4-D-glucanohydrolase, or EC 3.2.1.4.) creates a free chain by 
randomly attacking regions of low crystallinity, namely the internal 4-β-D-glucosidic bonds 
in the cellulose chain [114]. Enzymatic hydrolysis takes place in an open-groove-shaped 
active site, and creates two reducing ends for exoglucanase [121].  

- Exo-1,4-β-d-glucanase (cellobiohydrolase (CBH), or EC3.2.191.) cleaves cellulose chains 
from either the reducing or non-reducing ends, depending on the exact cellobiohydrolase 
[122-124]. This enzyme has an active site in a tunnel form which the glucan chain passes 
through, guided by the cellulose binding domain (CBD), and is cut to release cellobiose (see 
Figure 2-3B). 

- Β-glucosidase hydrolyses cellobiose and cellotriose and forms glucose. Its other role is to 
cleave glucose units from cello-oligosaccharides [115]. 
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B) Endoglucanase A) Cellobiohydrolase 

 

Figure 2-11: Cellobiohydrolase and Endoglucanase actions on cellulose [121]. 
 

 

Figure 2-12: Summary scheme of the action of cellulase enzymes during cellulose hydrolysis. 

All of these enzymes work in synergy: the newly accessible site created by the action of one enzyme 

is directly exploited by another. Their activity is measured in Filter paper unit (FPU) according to 

the NREL method [125]. Since the structure of hemicellulose is more complex, a wider range of 

enzymes is required for its complete hydrolysis [115, 126].  

The enzymes used in this research were the commercial mixture Ctec 3 from Novozymes, which 

contains both cellulase and hemicellulase. Its optimum pH is between 4.8 and 5.2 [127]. Hydrolysis 

is normally carried out at temperature between 50-55 °C for a minimum of 72h (see Figure 

2-13A&B) [128].  

 
A) pH 

 
B) Temperature 

Figure 2-13: Evolution of t Ctec3 activity as a function of pH and temperature. 
 



Chapter 2 

50 

The product of the hydrolysis is a solution called hydrolysate which is rich in sugars, and a residual 

solid fraction with a high lignin content (which is potentially valuable, as the calorific value of lignin 

can be as high as 26.33 MJ kg-1 TS [73]) [128].  

2.3.2 General enzyme inhibitions 

 Effect of Lignin/pseudo-lignin on enzymatic hydrolysis 

It is now clearly established that lignin negatively influences enzymatic hydrolysis for two reasons. 

Firstly, in an irreversible way, lignin adsorbs cellulases by unproductive binding [129]. By 

investigating the adsorption isotherm, Li et al. [130] found that compared to cellulosic material, 

lignin has a higher cellulase adsorption capacity but a lower affinity. This may explain why at the 

beginning of the reaction the hydrolysis rate is high, and then decreases, since there is more 

unproductive binding of cellulase. Secondly, lignin itself “may exert a rate-limiting effect on 

cellulose hydrolysis by nonhydrophobically binding the cellulase enzymes” [131]. More importantly, 

lignin constitutes a physical barrier limiting the access of enzymes to cellulase [132-134]. This is why 

most of the pre-treatments prior to lignocellulose enzymatic hydrolysis target lignin removal. 

Pseudo-lignin produced during steam explosion pre-treatment has also been proved to reduce 

enzymatic conversion [100, 102]. As shown by Kumar et al. [102] in Figure 2-14, pseudo-lignin 

adsorbs cellulase but it also reduces the enzyme activity. Furthermore, scanning electron 

microscopy (SEM) of pseudo-lignin has shown it was deposited on cellulose thus reducing its 

accessibility. These results were for pseudo-lignin coming from degradation of fibres during steam 

exposition, however, and may not apply in the case of newspaper production. 

 

   

Figure 2-14: Effects of exogenously added pseudo-lignin on cellulose conversion [102]. 
 

In some cases, phenol compounds from lignin (such as vanillin, caffeic acid, ferulic acid and 

catechol) may be released, for example during high temperature thermal pre-treatment. These are 
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known to be cellulase inhibitors [135]. Some organic acids can also be released, such as acetic, 

levulinic (from D-glucose and D-mannose) or formic acid [135, 136]. As shown in Figure 2-15A, 

organic acids have an adverse effect on enzymatic hydrolysis, especially levulinic acid. Finally, it is 

possible that some furan compounds are released, including furfural from xylose and 5-

hydroxymethylfurfural (HMF) from glucose (see Figure 2-16). Figure 2-15B shows that this 

moderately inhibits enzymatic hydrolysis. Kim et al. found no inhibition for acetic acid at 13 g L-1 

and furfural at 4 g L-1. In the Fiberight process as it is now carried out in Lawrenceville, the maximum 

autoclave temperature of 120 °C should not be harsh enough to lead to this kind of inhibition.  

 

 
A) Organic acid 

 
B) Furan derivatives 

Figure 2-15:Effect of organic acid and furan derivatives on enzymatic hydrolysis [136]. 
 

 

Figure 2-16: Formation of furan compounds from cellulose and hemicellulose, adapted from [76]. 
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 Hemicellulose and its compound inhibition 

By experimenting with enzymatic hydrolysis after hemicellulose or/and lignin removal pre-

treatment, Mussatto et al. [137] showed that the lower the hemicellulose content was, the higher 

the glucose production rate. This indicated that hemicellulose has a negative effect, inactivating 

cellulases. This could also be due to the fact that hemicellulose can form a physical barrier around 

cellulose, limiting its accessibility to cellulase [138]. It may also be due to xylose (main component 

of hemicellulose) which reduces the activity of cellulases when found in solution. Kim et al. [135] 

found that the enzymatic hydrolysis yield was 20 % lower at a xylose concentration of 8 g L-1, while 

Dekker found a 13 % inhibition of cellulase activity at 5 % xylose supplementation. Xiao et al. [139] 

found no inhibition from mannose, xylose, or galactose on β-glucosidase during enzymatic 

hydrolysis of softwood even at extremely high concentrations (up to 100 g L-1), as seen in Figure 

2-17A. Cellulase was significantly inhibited, however, and the hydrolysis rate decreased by 52, 38 

and 45 % for galactose, xylose and mannose respectively at a concentration of 100 g L-1 (Figure 

2-17B). Yoshida et al. [140] used a Multifect xylanase (Genecore, USA) mixed with celluclast 1.5 L, 

a commercial cellulase mixture from Novozymes, for enzymatic hydrolysis of M. sinensis (an Asian 

tree). They found a 6 % improvement in the pentose yield, which was relatively low considering 

that the structure will be disturbed and cellulose will be more available for cellulase. They suggested 

that xylanase activity was inhibited by cellulose and lignin, because hemicellulose is closely 

associated with these components in the plant cell wall. 

 

A) β-glucosidase B) Cellulase 

Figure 2-17: Degree of inhibition of β-glucosidase and cellulase activity. 
Activity measured after addition of addition of mannose, galactose and xylose in the 
reaction medium. [139]. 
 

 Glucose inhibition 

The main end-product of the enzymatic hydrolysis of lignocellulosic material is glucose, and for this 

reason this section mainly focuses on glucan conversion. It has been shown that glucose inhibits 
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the enzymes themselves [139, 141]. Xiao et al. [139] defined the degree of inhibition of cellulase 

and β-glucosidase by sugar in presence of supplemented sugar, the ratio amount of glucose 

produced in the presence of supplemented sugars/ glucose produced without supplemented 

sugars, both in a period of 30 min to avoid inhibitory effects of the released sugars. They found that 

at concentrations as low as 6 g glucose L-1, 60 % of cellulase was inhibited, while 75 % of β-

glucosidase was inhibited at 3 g glucose L-1. Hsieh et al.’s study [141] confirms this trend for the 

enzymatic hydrolysis of Avicel at different initial monosaccharide concentrations (Figure 2-18), 

although a small improvement in conversion was found at low (50 mM) concentrations of 

monosaccharide, especially galactose. It was thought this could be explained by improvements in 

protein stability at low monosaccharide concentration. At higher solids concentrations an obvious 

decrease in glucan conversion occurs (see section 2.3.5), for which glucose and mannose are mainly 

responsible. This has been studied by several authors and some explanations have been proposed: 

- The end products of hydrolysis, glucose and cellobiose inhibit cellulases based on the 
classical definition of end-product inhibition [142]. 

- The increase in monosaccharides in solution has an effect on mass transfer in the sense 
that these sugars make water more viscous, making it more difficult for the cellulase to 
diffuse into reaction sites [143]. 

- Interactions between sugar and water (especially glucose) reduce the water availability for 
enzymes [141]. 

- High glucose concentrations prevent cellulose adsorption of cellulase in the substrate. 

To overcome this issue of inhibition, membrane bio-reactors have been designed to remove glucose 

and cellobiose [144] during hydrolysis. 

 

 

Figure 2-18: Effect of sugars on final glucose concentration in hydrolysis of Avicel. 
Carried out at 5% TS for 96h [141]. 

 

 Salts and metal inhibitions 

Some salts and metals have inhibitory effects on enzymes. Geiger et al. [145] showed that, even at 

low concentrations (above 200 μM), copper reduces the activity of cellulase and β-glucosidase. 

Karnchanata et al. [146] reported that mercury and iron can significantly inhibit the enzymatic 
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hydrolysis of several lignocellulosic materials. According to Jensen et al. [28], lead, silver, chromium, 

zinc and chloride have been found to be cellulase inhibitors. These authors proved that these 

elements were present in MSW in sufficient quantity to inhibit cellulase. Using newspaper, Liu et 

al. [147] presented some convincing results showing that calcium and magnesium were effective at 

eliminating lignin inhibition by the formation of lignin-metal complexes. The effects of some metals, 

based on the work of Karnchanata et al. [146], are presented in Table A-2. 

Wang et al. [148] studied the effect of various metal ions (Na+, K+, Ca3+, Mg2+, al3+ and CO2+) and 

anions (Cl-1, SO4
2− and CH3COO-) on two cellulases (crude, and purified in a laboratory) at different 

molar concentrations. They found that potassium and sodium at concentrations from 1 to 100 

mmol L-1 reduced the enzyme activity of the crude preparation, but not of the purified one. The 

enzyme activity of the non-purified enzyme decreased when Mg2+ concentrations increased. They 

noticed a beneficial effect of Ca2+ at concentrations up to 1 mmol Ca L-1, followed by a decrease in 

activity at higher concentrations. Cellulase activity was increased at Al3+ concentrations below 1 

mmol Al L-1 but decreased sharply for Al3+ concentrations from 1 to 10 mmol Al L-1. Cobalt had a 

significant positive effect on the activity of the laboratory enzyme mixture at concentrations from 

0.05 to 100 mmol Co L-1. Concerning anion concentrations, in the range studied (0 to 1 mol L-1), it 

was found that the activity of the crude enzymes decreased when the concentration of acetate, 

sulphate and chloride increased, while acetate showed little effect on the purified cellulase. The 

activity of the crude enzyme started to decrease at 0.5 mol SO4 L-1 and 0.1 mol Cl L-1. 

Mawadza et al. [149] investigated the influence of 1 mM metal salts on the endoglucanase activity 

of purified enzymes produced by two bacillus strains after incubation at 50 °C for 1h. Most metal 

ions such as K+, Ca2+, Na+, Ni2+, Zn2+, Fe3+, Mg2+ did not affect endoglucanase activity at the studied 

concentrations. Other results are presented in Table A-4. They suggested that inhibition by Hg2+ ion 

was related to binding of the thiol groups but also the result of interactions with tryptophan 

residue(s) or with the carboxyl group of amino acids in the enzyme. The results of a similar study 

by Saha et al. [150] are summarized in Table A-5.  

Murashima et al. [151] carried out experiments on the effect of various additives on new endo-1,4-

D-glucanases from Rhizopus oryzae. Unlike the two previous teams, they found that 10 mmol Co L-

1 (as well as Zn2+, Cu2+, Pb2+) inhibited the enzyme activity. Their results are presented in Table A-6. 

Sinegani et al. [152] investigated the effects of certain salts and heavy metals on the exoglucanase 

and endoglucanase activity found in Fluca-prepared cellulase. They found that endoglucanase 

activity increased in the presence of 0.04 N (in the form of salt) Na+, K+, Ca2+, Ba2+ and Mn2+. Only 

Ba+ and Ca2+ stimulated exoglucanase. The activity of both enzymes decreased in the presence of 

NH4
+ and Mg2+ as well as of certain heavy metals such as Fe3+, Pb2+, Fe2+, Ag+, Zn2+, Co2+ and Al3+. 
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Cellulase activity was determined using the DNS assay and certain ions might have interfered with 

the measurements. 

Yin et al. [153] studied how certain metal ions affected the activity of cellulase from Bacillus subtilis 

YJ1. Results are shown in Table A-7. 

Mondal et el. [154] found fluoride at concentrations up to 2 mg F L-1 had no effect on cellulase 

found in soil. Fluoride was, however, described as a strong cellulase inhibitor by Mandels et al. 

[155]. 0.8 % w v-1 Ammonium sulphate was found to stimulate the cellulase activity of enzymes 

produced by thermotolerant yeast. Ammonium sulphate is soluble in water, and this corresponds 

to a sulphate concentration of 11 g SO4 L-1 [156]. By studying the effect of nitrate and its reduction 

product on a rumen microbial population, Marais et al. [157] found that nitrite severely decreased 

the growth of cellulase-producing micro-organisms. At 10 mg NO2 L-1 the cellulolytic microbe 

population was reduced by 64 %. They also found that the cellulase activity paralleled the change 

in number of the corresponding microbes suggesting that nitrate also negatively affects the enzyme 

activity. 

Increases in phosphate concentration were found by Francis et al. [158] to affect cellulolytic activity. 

Activity was stimulated at 50 mM Phosphate buffer but no effect was found at 10 mM. Surprisingly 

the activity increased to reach a maximum level at 500 mM. The value at 1 000 mM was the same 

as with no phosphate buffer. 

From this short review, it seems that the effects of metals on hydrolysis are very variable or even 

contradictory and might depend on enzyme type. For example Cobalt was found to improve the 

cellulase activity of purified enzyme from Trichoderma reesei at concentrations as high as 100 mM 

Co2+ L-1 by Wang et al. [148] (added using CoCl2) while Murashima et al. [151] found that the activity 

of endoglucanase could be decreased by close to 70 % at CoCl2 concentration of 10 mM. Some 

anions/cations/metals, however, show inhibiting properties independently of the enzyme studied 

and even at low concentration. This is the case for Mercury that at a concentration of 1 mmol Hg L-

1 cellulase can inhibit purified cellulase from Bacillus CH43 and HR68 [149], and Bacillus subtilis YJ1 

[153]. The presence of 1 mmol HgCl2 also decreased the activity of endoglucanase from D. 

eschscholzii. To conclude, Wang et al. [148] suggested that the ion strength has less effect on 

cellulase than the ion itself. A summary of the effects of the ions measured by ion chromatography 

can be found in Table 2-6. 
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Table 2-6: Effect of some anions and cations on cellulase. 

 

 

Based on the concentrations typically found in newspaper (Table 2-3) [82], it appears that heavy 

metals are unlikely to have any effect on enzymatic hydrolysis. 

 

2.3.3 Specific inhibitions of newspaper 

Newspaper, besides its high lignin content which makes it hard to hydrolyse, might have some 

direct effects on cellulase due to its composition. Inks, additives and fillers added during newspaper 

production and in the recycling process may interfere with enzymes. Moreover newspaper has a 

dense structure, which leads to a low enzymatic digestibility [85]. 

 



Chapter 2 

57 

 Ink  

Moon et al. [159] found that ink had an effect on the digestibility of newspaper. They decided to 

remove the ink with ammonia-hydrogen peroxide and estimate the benefit of ink removal. The 

improvement cannot be only attributed to the absence of ink, however, because ammonia in the 

presence of an oxidant partially removes lignin and hemicellulose [75]. For this reason, and in the 

absence of more data, ink inhibition cannot be proved by their results. Van Wyk and Subiya [160] 

used waste office paper free of ink or covered with ink at 50 % (one side) or 100 % (both sides), and 

hydrolysed it with cellulase from Trichoderma viride at different temperatures. At the optimum 

temperature of 40 °C, almost no difference was observed between papers free of ink or 50 % 

covered. The sugar concentration of the 100% covered paper was, however, approximately 3 times 

lower. It should be noted that the hydrolysis reaction time was only 2 h. 

In contrast, in trials with unprinted and printed cardboard Min et al. [161] concluded that ink did 

not have any effect on enzymatic hydrolysis (46 % g sugars g-1 old corrugated containerboard (OCC) 

with ink, compared to 44 % g sugars g-1 OCC without). Similarly Chen et al. [27] studied the effect 

of flexo ink, the most commonly used newspaper ink, on enzyme digestibility and found no negative 

impact on hydrolysis. Rivers et al. [162] also found no effect from printer’s ink on either 

saccharification or simultaneous saccharification and fermentation (SSF) of newspapers. 

Enzymes have been studied for a long time in research on biological de-inking technologies, as a 

replacement for conventional chemicals [163]. In 1992, work at the Oak Ridge National Laboratory 

(ORNL, Oak Ridge TN, USA) showed that cellulase was able to remove ink from waste newspapers, 

and as a consequence offered an environmentally friendly technology for the recycling industry 

[164]. A large amount of work has been carried out to elucidate the mechanism by which the 

enzyme is able to separate the fibre from the ink. In summary, during enzymatic hydrolysis 

endoglucanase splits the cellulose fibre leading to the loss of small fibrils, which facilitates the 

detachment of ink from the surface (a phenomenon called “peeling-off fibres”). It thus appears that 

cellulase can help in ink removal, but this may reduce the cellulose conversion yield. 

 Starch  

According to Rajmane et al. [165], starch reduces the cellulase activity of different fungi: however, 

no information was given concerning the relevant concentrations. At the time of writing, this 

appears to be the only paper studying the effect of starch on cellulase. 
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 Fillers 

Calcium carbonate 

Some authors report inhibitory effects from CaCO3 on enzymatic hydrolysis which can be 

problematic in case of newspaper as it is present at a non-negligible concentration (section 2.2.3.2). 

According to Nikolov et al. [166], calcium carbonate, like Kaolin and aluminium sulphate, negatively 

affects the enzymatic hydrolysis of paper fibre because it makes the cellulose fibres hydrophobic. 

The use of calcium carbonate during paper making produces roughness at the micro/nano scale. 

This increases the water contact angle (WCA) (see Equation 2-1), and makes the cellulose 

hydrophobic (WCA > 90 °) [167]. This causes a reduction in contact between the substrate and the 

enzymes present in the water, and thus reduces the enzymatic action [38]. 

 

Figure 2-19: Water contact angle scheme of Young's [185]. 
 

cos( θ) =
(γSV − γSL)

γLV
 Equation 2-1 

Where: 

Θ and γ = angles as shown in Figure 2-19. 

Nikolov et al. [166] tried different pre-treatments such as ethanol, methanol, sodium hydroxide, 

perchloric, phosphoric, sulphuric acid and nitric acid in order to remove calcium carbonate from 

short cellulose fibres (residual fibres from paper production). They found that phosphoric acid at 

0.25 % w w-1 was the best pre-treatment in terms of improvement, price, and degree of toxicity, 

and increased hydrolysis by 6-8 times. Their control value was surprisingly low, however, which may 

have given a disproportionately high improvement. Moreover, phosphoric acid is a non-volatile 

cellulose solvent [168], and possibly affects not only calcium carbonate, but other components. As 

a consequence, the impact of CaCO3 cannot be fully ascertained from this paper. 

Wang et al. [169] studied the effects of calcium carbonate in waste paper by comparing the 

enzymatic yield with or without pre-treatment by either washing or soaking the material with dilute 

acids (H2SO4, HCl, H3PO4, HNO3). Washing the material with 2.0 mol L-1 nitric acid, followed by a 24h 

enzymatic hydrolysis at 10 % solid, gave a glucose concentration almost 3.5 times higher than from 

the untreated waste paper. This improvement cannot be attributed to calcium carbonate removal 
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alone, however, because other compounds may also have dissolved in the acid. They carried out 

other tests, by adding calcium carbonate to Hangzhou Xinhua filter paper No. 1 (China), and doing 

an enzymatic hydrolysis. The buffer solution used was sodium acetate at 0.05 mol L-1, which, 

without any CaCO3 addition, effectively maintains a pH at 5.0. pH was not monitored during the 

experiment. They concluded that calcium carbonate does not decrease the hydrolysis yield directly, 

by either occupying the voids or coating the fibres; but that it decreased the performance by shifting 

the pH away from the optimal range for cellulose activity (see Figure 2-13). This indirect effect can 

however be corrected by efficient pH control, or a stronger buffer solution. As a consequence, the 

results in this paper, although they underlined a fundamental constraint of calcium carbonate, 

cannot prove any negative effect on cellulase. Moreover, in this experiment, the calcium carbonate 

was free in solution, since it was added in a form of crystal powder. This is not the same process as 

that which occurs during paper making. As a consequence, the effect may not be as important as 

these authors described because CaCO3 is “trapped” in the cellulose structure [170]. 

Chen et al. [171] used office paper to investigate the effect of fillers on cellulase. They ran enzymatic 

hydrolyses of office paper with and without pH control and compared the results with those from 

hydrolyses of pre-treated office paper (Bauer-McNett fractionator washing process: soaked in 

deionised water, then disintegrated, washed with tap water and filtered). Pre-treated office paper 

had an ash content of 0.61 % compared to 12.9 % (mostly calcium carbonate) for the untreated 

office paper. Maintaining the pH at around 5 improved the sugar conversion by 5 % at low enzyme 

dosage. It increased by 20 % when the ash was removed. This is probably due to the absence of 

calcium carbonate; but could also be due to changes in the structure of the material during the pre-

treatment. A disintegrator, which can be compared to an ultrasonic pre-treatment, disrupts the 

structure and the crystallinity of the cellulose and may remove some lignin, which could significantly 

improve the lignocellulose conversion [172]. They also measured, by spectrophotometry according 

to the standard method [173], the percentage of enzyme adsorbed by plain calcium carbonate, 

bleached hardwood and clay. Their results are presented in Figure 2-20. 

They applied the Langmuir equation (Equation 2-2) to these results. 

Where: 

E = Cellulase concentration at adsorption equilibrium, mg mL-1. 

Kad = Equilibrium constant indicating affinity of the adsorbed material to the substrate, mL mg-1 

A, Amax = adsorbed and maximum adsorbed amount of cellulase on the substrate surface, mg g-1. 

1

[A]
=

1

KadAmax

1

[E]
+

1

[Amax]
 Equation 2-2 
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They found that the Kad of calcium carbonate was 50 times higher than that of hardwood (2.902 

compared to 0.058 mL mg-1). In term of maximum cellulase adsorption value (Amax), however, 

hardwood has a higher capacity than calcium carbonate (14.8 and 2.71 mg g-1 respectively). These 

values were evaluated for the material alone. In the real substrate they may be different, especially 

as the fibre will be in direct contact with scattered calcium carbonate. 

 

 

Figure 2-20: Cellulase adsorbed depending on cellulase dosage for different material. 
Materials tested were calcium carbonate, bleached hardwood and clay (separately)  

 

Safari-Sinegani and Safari-Sinegani [174] studied the effect of calcium carbonate on adsorption 

immobilization and activity of cellulase in decarbonated soil. They found that the adsorption 

capacity of the soil increased with the CaCO3 concentration. For soil treated with 10 % CaCO3, the 

adsorption capacity was 802.23 mg g-1 compared to 174.72 mg g-1 without CaCO3. Moreover, 

immobilisation appeared to lead to significantly lower enzyme activity. The negative effect of 

calcium carbonate seems to be more pronounced when the initial concentration of CaCO3 is higher. 

Finally, it appears to be difficult to release the immobilised cellulase [135]. 

Min et al. [161] used unbleached softwood Kraft pulp (UKP) pulp and added filler (kaolin or calcium 

carbonate) to obtain a concentration of 30 %TS filler. No indication is given of the way the addition 

was carried out. As shown in Figure 2-21, Kaolin seemed to have no impact on the hydrolysis; on 

the other hand, calcium carbonate significantly reduced the yield. In this experiment, pH was not 

corrected but a conventional pH 5 sodium acetate buffer was used. As a consequence, after mixing 

with the calcium carbonate fibre the final pH was 6.5 which was far from the optimal cellulase 

conditions, and therefore had a negative effect on the hydrolysis yield. In another experiment they 

used a pH 4.0 buffer at the beginning of the experiment and could then achieve a pH of 5.5. No data 

are available concerning the possible improvement in the hydrolysis yield or the evolution of the 
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pH during the reaction. Once again, in this study calcium carbonate appeared to have only an 

indirect impact on the hydrolysis. 

 

 

Figure 2-21: Effects of filler on UKP hydrolysis yield.  
In graph: (■) UKP, (▲) UKP with 30% of Kaolin (▲), UKP with 30% of CaCO3 (◆). 

According to the literature, it seems that calcium carbonate could have several negative effects on 

cellulase, and as consequence, could affect the enzymatic hydrolysis of newspapers. However, this 

has never been efficiently reported and understood. 

Kaolin 

Min et al. [161, 175] found that, in contrast to CaCO3,
 kaolin had a minimal effect on cellulose 

enzymatic hydrolysis. According to Nikolov et al. [166], however, it has the effect of making 

cellulose hydrophobic. 

 Inhibition due to paper drying 

Hornification 

Hornification is the partially irreversible fibre wall pore closure that occurs during paper drying 

[171]. Hornification is related to the loss of water retention value (WRV) which is a measure of 

water retained by a material after centrifuging under standard conditions [176, 177]. This has the 

effect of reducing the enzymatic digestibility of the fibres [178]. During the production of 

newspaper, there is a drying process which may collapse the pores. According to Laivins et al. [179], 

however, it seems that hornification only appears in chemically treated pulp, not in mechanically 

treated pulp. Fernandes et al. [180] affirm, nevertheless, that the phenomenon exists for 

mechanical pulp but is not as pronounced as for chemical pulp. Newspaper is generally made from 

mechanic pulp due to its low strength requirement, so hornification may possibly not affect its 

hydrolysis by cellulase; but newspaper is also made from recycled paper coming from all sources of 

pulp. Another issue is that due to recycling, most of the fibres have been dried several times. 

Although hornification is partially irreversible, and rewetting does not fully restore the properties, 

mechanical beating or refining devices can restore the swelling capacity of hornified fibres [177].  
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A PFI mill, a very low intensity and high energy refining device, can restore swelling capacity to its 

never-dried level [171] as can a Valley beater [181]: these two devices are shown in Figure 2-22. 

This type of processing also creates a larger accessible surface area for enzyme digestion. As an 

example Chen et al. [27] found a similar sugar conversion improvement (10 % higher) from refining 

and from the use of Tween 80 surfactant (see section 2.4.2.2). 

 

  
A) PFI Mill B) Valley beater 

Figure 2-22: PFI mill and Valley Beater. 

Hydrophobic effect 

During the drying process in paper recycling, there is redistribution or migration of resin or fast 

acids to the surface which leads to a decrease in the hydrophilic properties of the material [96]. 

This material then has a tendency to become hydrophobic, which can affect enzymatic conversion 

because water is needed to ensure contact between the enzymes and the substrate [38]. 

2.3.4 Specific inhibition of MSW 

As MSW has just recently emerged as a potential lignocellulosic feedstock for sugar production, the 

literature does not give complete information about any potential cellulase inhibitors it may 

contain.  

Depending on the degree of pulp separation, some residual plastics and metal could remain in this 

feedstock. Plastic has been found to absorb enzyme: as an example, Bommarius et al. [182] found 

that cellulase could not be measured when polypropylene containers were used because the 

material was absorbing it. Similarly Haven & Jorgersen [183] suggested that the use of plastic 

bottles as reaction vessels could produce hydrophobic interaction with the enzymes. Although no 

information was found concerning cellulase adsorption onto solid metal (e.g. aluminium cans), 

many metal ions can be found in MSW and these could possibly affect the enzymatic hydrolysis (see 

Table A-8 and section 2.3.2.4.). These include some heavy metals which, according to Jensen et al. 

[28] may be at high enough concentrations for possible inhibition of enzymes. The potential 

negative effect of food waste on enzymatic hydrolysis is also still not documented. 
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Table 2-7: Heavy metal content in <1.3 cm fraction of MSW [184]. 

 
Note: MSW was autoclaved at 150°C for 30 min. 
 

2.3.5 High versus low solids enzymatic hydrolysis 

In order to make a bioethanol process feasible, the sugar concentration entering a distillation 

column has to be above 4 % (w v-1), which requires a sugar concentration after hydrolysis of 8 % (w 

v-1) [39, 185]. To match this requirement, it is believed that enzymatic hydrolysis has to be carried 

out at 20 %TS. In addition to reduced distillation costs, working at high solids content is also 

considered to decrease the capital investment, heating or cooling demand, water requirement and 

water treatment [186, 187]. 

Several studies have shown, however, that enzymatic performances decrease with increasing initial 

solids content. This can be clearly seen in Figure 2-23 from Kristensen et al. [38]. The reasons for 

this may be both technical and microbiological.  

 

Figure 2-23: Biomass conversion as a function of initial TS reported by Kristensen et al. [38]. 

 

The increase in solids concentration raises the viscosity of the mixture, which leads to difficulties in 

mixing and to higher power consumption [39, 188]. Mixing is important to ensure sufficient contact 

between enzymes and solids, and avoid inhibitory spots with high concentrations of cellobiose or 

Metal Concentration (mg kg-1) 

Arsenic <0.05 

Barium <0.01 

Cadmium <0.01 

Chromium <0.01 

Lead <0.05 

Silver <0.01 

Mercury <0.005 

Selenium <0.005 
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glucose. Moreover it exposes new surface areas, which enhances the adsorption of enzymes on 

biomass [189]. Palmqvist et al. [189] reported an improvement in hydrolysis when agitation 

increased (twice higher at 500 rpm compared to 25 rpm) in an agitated tank. The effects are less 

significant, however, in the case of a rotating drum/barrel or in a flask test. In their study of a 

liquefaction reactor for high solids enzymatic hydrolysis, Jorgensen et al. noticed no effect of mixing 

speed in the range 3.3-11.5 rpm (cellulose conversion around 30 %) [186].  

Mixing also ensures better temperature homogeneity in the reactor, which is important since 

enzymes are highly sensitive to temperature [190]. As reported by Hodge et al. [187], hot spots 

within a reactor at a heat transfer surface could have a non-negligible negative impact on the 

enzyme activity.  

At higher solids concentrations, less water is available. Hydrolysis necessarily involves water but 

water is also “the solvent that allows the function of enzymes, contact between enzymes and 

substrate and transport of products” [38]. A lack of water can therefore disturb enzymatic 

hydrolysis.  

High solids hydrolysis leads to an increase in the sugar concentration which may be inhibitory for 

enzymes and increases the risk of unproductive enzyme adsorption (section 2.3.2.3). Kristensen et 

al. [38] investigated the effect of increasing solids concentration in enzymatic hydrolysis using filter 

paper as a feedstock. They suggested that the main reason for the reduction in hydrolysis 

performance at high substrate concentrations is the inhibition of cellulase binding by products of 

the reaction (cellobiose and glucose).  

The current Fiberight process uses a fed-batch strategy to reach a final solids content of 20 % [pers. 

comm., Fiberight]. The company has experienced contamination issues, because of difficulties in 

maintaining a sterile environment. A horizontal reactor in a batch mode, as designed by Jørgensen 

et al. [186], could efficiently mix pre-treated wheat straw even at solids concentrations as high as 

40 % TS. Because it is a batch feeding process, the risks of contamination are much lower.  

The above points lead to the question: is it worth working at high solids concentration, or is a low 

solids enzymatic hydrolysis followed by a sugar-concentration step a more suitable approach? To 

the best of the author's knowledge, no model has been elaborated to select the optimum enzymatic 

hydrolysis conditions (TS, enzyme dosage, time) in a horizontal reactor taking into account the 

energy required to mix, heat and possibly concentrate up the sugar solution. A model was therefore 

created and is described in section 6.2. 
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2.3.6 Newspaper conversion during enzymatic hydrolysis 

Many authors have reported poor newspaper conversion during enzymatic hydrolysis. 

Table 2-8 presents a short review on newspaper conversion found in the literature. As seen, 

conversions are quite variable and low. With a carbohydrate content close to 60 % of TS, the 

expected conversion should be much higher (720-940 mg of eq. glucose g-1 of raw dry biomass) as 

reported by Chang et al. [191]. 

Due to the low newspaper conversion, the residual solid after hydrolysis or post hydrolysis solid 

(PHS) is rich in lignin and pseudo-lignin but still contain an important carbohydrate content. A 2-

step enzymatic hydrolysis could appear to be an attractive solution but as far as the author is aware 

no work has been carried out on this concept. 

 

Table 2-8: Newspaper conversions found in the literature. 
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 Enzymatic hydrolysis improvement 

This section consists of two parts. The first presents existing pre-treatments, while the second 

focuses on surfactants as a means to improve enzymatic hydrolysis of lignocellulosic material.  

2.4.1 Pre-treatment on lignocellulosic material 

By their nature, lignocellulosic materials are recalcitrant to biodegradation, mostly because of the 

complexity of lignin which acts as a barrier to chemical and enzymatic attacks. Consequently, many 

pre-treatments target lignin removal. Others act on cellulose crystallinity, cellulose area, 

hemicellulose extraction, degree of cellulose polymerization and degree of acetylation of 

hemicellulose [15, 61, 75]. Table 2-9 presents different pre-treatment options classified into 4 

categories: physical, physicochemical, chemical and biological. Data were taken and modified from 

a review of the pre-treatment of lignocellulosic wastes to improve ethanol and biogas production 

[75]. Details of the most widely used and efficient pre-treatments are presented in this section. 

 

Table 2-9: Lignocellulosic material pre-treatments 

 

 

Milling is generally very efficient because it increases the hydrolysability (higher surface area, lower 

degree of polymerisation) without producing any inhibitors. It is an energy-demanding process, 

however, which makes its use economically unfeasible [61]. Grinding, blending or shredding are 

alternative options to reduce the size of newspaper, with lower operational costs than milling. The 

other physical pre-treatments have either only been tested at laboratory scale or require too much 

energy. 

Pre-treatment Process 

Physical 

Milling 
Irradiation (γ-rays, electron beam, microwaves) 

High pressure streaming 
Expansion 
Extrusion 
Pyrolysis 

Physicochemical 
Explosion (stream, AFEX, CO2) 

Liquid hot-water (LHW) 
Microwave-chemical 

Chemical 

Alkali 
Acid 
Gas 

Oxidizing agents 
Solvent extraction of lignin (organosolv) 

Ionic liquid 
Biological Fungi and actinomycetes 
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Steam explosion has been demonstrated at commercial/demonstration plants such as Inbicon 

(Frederica, Denmark) [196]. High pressure and high temperature steam (between 160 and 260 °C) 

is suddenly released. The main effects are hemicellulose degradation and disruption of the lignin 

structure, which increases the accessibility of cellulose to cellulase [114]. Experiments have also 

been carried out using acid (mostly H2SO4) and alkaline (NaOH, ammonia) solutions [15, 114]. These 

lead to an even greater improvement in the enzymatic hydrolysis yield. Steam explosion, however, 

requires quite large investment and can produce cellulase inhibitors by product degradation (e.g. 

weak acid, furans from hemicellulose, and phenolic compounds from lignin) [197], or cellulose 

degradations [15]. 

Liquid hot water (LHW) has the same objective as steam explosion. Water under pressure, at a 

temperature generally above 200°C and pH between 4 and 7, removes hemicellulose and lignin 

products. Because the amount of water used is larger, the concentration of inhibitors is lower than 

in the case of steam explosion. It is, however, more difficult to control the reaction parameters [61]. 

Acid pre-treatment can be classified as weak and strong. Weak acid or dilute-acid pre-treatments 

work at high temperatures (above 140°C) and low acid concentrations (generally between 0.1-1 % 

w w-1). Strong acid or concentrated-acid pre-treatments require lower temperatures (about 40°C) 

but high acid concentrations (30-70 % w w-1) which are corrosive and dangerous [75]. These pre-

treatments mostly use sulphuric acid, although hydrochloric or nitric acids have been also reported 

[75]. The main reaction is hemicellulose hydrolysis (especially xylan, because glucomannans are 

relatively acid-stable). Since lignin is linked to hemicellulose, it opens up the cellulose to enzymatic 

attack. In addition to the risk of release of furfural, HMF and other volatile products, the solubilised 

lignin condenses and precipitates in an acid environment [61]. More details are given in section 

2.4.1.3.2. 

Alkaline pre-treatment is very efficient and is presented in section 2.4.1.3.1. 

Various oxidative techniques exist, such as hydrogen peroxide, ozonolysis, and wet oxidation [15]. 

Ozone is an interesting pre-treatment because it removes some lignin, and increases the specific 

surface areas and total pore volumes [198]. To the author's knowledge, however, no 

demonstration-scale work has been undertaken. Moreover it can be expensive to use pure ozone 

in a real industrial plant. 

Organsolv pre-treatments are very efficient but costly, although they can provide some valuable 

by-products [199]. The principle is the removal of lignin from the feedstock with organic solvents 

or their aqueous solutions. These are either solvents with low boiling points (methanol, ethanol), 

alcohols with higher boiling points (ethylene glycol, glycerol etc.), or other organic compounds such 
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as ether, ketone, phenol and dimethylsulfoxide. Generally when the pre-treatment is conducted at 

low temperature there is a need for catalysts, which are usually hydrochloric acid, sulphuric acid 

and phosphoric acid. These solvents are quite easy to recover by distillation, but lead to extra costs. 

Ionic liquid solvation is another treatment which has been reported in the literature. These liquids 

are able to disturb the 3D network structure of holocellulose and lignin and thus facilitate the access 

to fibres for cellulolytic enzymes. Ionic liquids containing anions with high hydrogen-bond basicity 

such as chloride, phosphates, phosphonates and carboxylates are able to solubilise cellulose [200]. 

Cellulose can be then reconstituted by adding a protic antisolvent, such as water or alcohols, and 

spun into fibres or films [201] which could then be hydrolysed. The ionic liquid must be removed as 

it can denature enzymes [202]. Another application of ionic liquids could be the recovery of the 

separated lignin fraction for further valorisation. This has been achieved using 1-butyl-3-

methylimidazolium alkylbenzenesulfonate, [C2C1im][ABS] [104] or [C2C1im][MeCO2] [203, 204]. The 

ionic liquid can be recycled in the process to a certain extent. This area of research is relatively 

recent, and further work is needed before commercialisation.  

Biological pre-treatments are much cheaper than physico-chemical, but their slowness makes their 

use problematic in an industrial process [114]. 

 Pre-treatment applied to MSW 

A short review of processes using the lignocellulosic fraction of MSW or equivalent material for 

bioethanol production is interesting to allow comparison of their performance, and consideration 

of how the Fiberight process could potentially be improved. A summary table is shown in Table A-

9. 

Bio-Process Innovation Inc. (Otterbein IN, USA) and Universal Entech LLC (Phoenix AZ, USA) 

collaborated on a pilot-scale project using the paper fraction of MSW after separation in a materials 

recovery facility (MRF) to produce bio-ethanol [205, 206]. The sorted MSW was shredded, and 

pulped at 105 °C and 10 %TS. The material was then diluted to 2 %TS and different screens were 

used to remove plastics, overs and non-pulped material and to recover the pulp. The material was 

then hydrolysed at 15 %TS in a 100-L 6-stage Continuous Multistage Stirred Reactor Separator 

(CMSRS). This acts as SSF i.e. a process during which fermentation and hydrolysis occurs at the same 

time. The ethanol was removed progressively using CO2 as a stripping gas. More details are given in 

Dale et al [205]. Using the same concept, they set-up a 24 m3 demonstration reactor and obtained 

a final 11 % ethanol solution using corn as a feedstock. 
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Li et al. [207] tried several pre-treatments on synthetic Biodegradable Municipal Solid Waste 

(BMSW) made from food waste (carrot and potato peel, etc.), garden waste and paper shredded 

and mixed using a food processor. The results of their pre-treatments can be found in Table A-9. 

Enzymatic hydrolyses were carried out for 96h at 55 %TS, using 60 FPU g-1 substrate of enzyme 

from either T. viride or T. reesei. B-glucosidase was supplemented at a dosage of 64 PNPGU g-1 

substrate.  

Holtzapple et al. [51] carried out AFEX (ammonia fibre expansion) on synthetic MSW. The resulting 

material was hydrolysed using 5 FPU g dry substrate-1 of Genencor 300 P cellulase/hemicellulase 

(Palo Alto CA, USA) and 28.4 CBU g dry substrate-1 of Novo 188 cellobiase (Novozymes). They found 

only a small increase (from 588 to 629 mg eq glucose g-1 dry mixed MSW) and explained that most 

of the lignocellulosic components found in MSW have been delignified and pre-treated during the 

pulping operation, apart from newspaper which was hard to digest. 

Li et al. [25] used an 165.5 °C autoclave (7 bar) for 45 min to extract pulp from MSW. Enzymatic 

hydrolyses were carried out at TS ranging from 1-10 % w v-1 using T reesei enzyme from Sigma 

Aldrich (St Louis MO, USA) at concentrations from 30 to 90 mg g-1 substrate. Ball milling was used 

as the pre-treatment, and the results are presented in Table A-9. 

It should be noted that this process might not be feasible due to high capital and energy 

requirements [15]. 

Ballesteros et al. [208] used a patented “active hygienization” reactor (Ambiensys S.A., Barcelona, 

Spain) on MSW. This could be described as an autoclave designed for separating MSW, operating 

at 160 °C and variable durations [209]. After pulp extraction, they carried out enzymatic hydrolyses 

using NS50013 cellulase and BS50010 β glucosidase (Novozymes). They obtained glucan 

conversions from 37-44 % at between 10 and 20 %TS and enzyme dosages varying from 40-60 FPU 

g cellulose-1, and found practically no difference between the dosages. Zheng et al. [210] processed 

some MSW at 127 °C, 172 kPa for 2-3h using an autoclave. The collected pulp was further pre-

treated using dilute sulphuric acid and was then enzymatically hydrolysed using 0.79 % celluclast 

1.5 and 1.04 % β-glucosidase Novozyme188 on a dry cellulose basis. The enzymatic hydrolysis was 

carried out at solids equivalent to 2 % cellulose. 

Eley et al. [184] used a 150 °C autoclave for 30 min and hydrolysed the fraction below 1.3 cm 

with Cellulase Tr Concentrate (Solvay, Brussel, Belgium). They obtained a maximum sugar 

concentration of 8 g L-1 at 4 % solid. 
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Although the use of an autoclave as reported in these four references ([25, 184, 208, 210] has 

evident benefits, such as improvement of the separation process, the capital and operational 

costs of this technology are high. This might, therefore, not be an economically feasible option. 

Nguyen et al. [211] pre-treated a synthetic fraction of the lignocellulosic component of MSW 

(office/newspaper, wheat straw, almond tree pruning and fir) with sulphuric acid soaking 

following by steam explosion. Hydrolyses were done at 2.7 % solids and using 66 FPU g 

cellulose-1 Iogen enzyme (Ottawa, ON, Canada). Interestingly, like Fiberight they also cooked 

the pulp at 121 °C for 1 prior to hydrolysis. Results are presented in Table A-9 

Jensen et al. [212] used high dosages of Celluclast 1.5L (10 % based on TS) and Liquozyme SC 

DC amylase (0.5 % based on TS) (Novozymes) to liquefy MSW as an alternative to autoclaving. 

Hydrolyses were carried out at high solids contents (from 25 to 35 %) in a free fall mixer for 

16h. They obtained a low viscosity slurry and found that separation of recyclables was 

facilitated. In another paper [28] they compared Celluclast 1.5 L and Cellic Ctec 1 (Novozymes), 

with activities of 75 and 105 FPU respectively, at 0.5, 2, 3.5 FPU g-1 TS. They found no difference 

in terms of viscosity improvement although Cellic Ctec 1 contains β glucosidase. 

Extensive work on pre-treatments to improve enzymatic conversion was also carried out by 

Puri ([213] and pers. comm.), and the results are summarised in Table A-9. 

From this short review it seems that a number of pre-treatments to increase the hydrolysability of 

MSW have been tested, but many had no effect or actually decreased the conversion. Many papers 

report the use of autoclaving as a way to facilitate separation of lignocellulose and recyclables by 

liquefying the waste. 

 Pre-treatments applied to newspaper 

A short review of pre-treatments that have been tested on newspaper or waste papers is useful in 

order to target those that could give the best yield improvement for the minimum operational 

costs. A summary table is shown in Table A-10. 

From this review, it appears that alkaline pre-treatment gives very good results, and is known not 

to be too expensive.  

Removal of the lignin barrier is often targeted as it is considered to be the main obstacle to the 

enzymatic hydrolysis of newspapers [79]. Among all the existing pre-treatments, sodium hydroxide 

and oxidative lime appear interesting because  

- They have been found to be particularly effective with newspapers  
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- The operational costs (energy consumption, reagent usage) and investments seem 
to be acceptable for a commercial plant 

Steam explosion also appears to be a practical pre-treatment, because it is considered to be cheap 

and efficient. According to Deng et al. (abstract translated from Chinese) [40], the best treatments 

for waste papers were found to be steam explosion and NaOH. According to the same author, steam 

explosion seems to be the best pre-treatment for removing lignin and hemicellulose, but alkaline 

pre-treatment gives the best enzymatic hydrolysis yield. Lignin removal by NaOH is not the most 

effective method, but apparently reduces the level of crystallinity and makes the surface rough. 

However, NaOH involves non-negligible fibre losses which may be an issue in a commercial plant.  

Some papers have reported improvements in hydrolysis when using NaOH pre-treatment in mild 

conditions [214-216]; while steam explosion requires high pressure and therefore expensive 

equipment, and might lead to formation of pseudo-lignin (inhibitory for cellulase) if the severity is 

not well monitored [100]. Alkaline pre-treatment was therefore selected for investigation. The 

effects of this pre-treatment on lignocellulose hydrolysis and composition are detailed in section 

2.4.1.3.1. 

Newspaper enzymatic hydrolyses can be compromised (especially at high solids concentration) if 

the pH is not correctly controlled, e.g. due to a high calcium carbonate content. Other possible 

impacts of CaCO3 on hydrolysis have been discussed in section 2.3.3.3. Wang et al. [169] therefore 

developed a methodology to remove CaCO3 and enhance hydrolysability, based on soaking paper 

in dilute acid at room temperature. This pre-treatment was selected for testing and its effects are 

presented in section 2.4.1.3.2 and Appendix A.2. 

 Optimum pre-treatments 

2.4.1.3.1 Sodium hydroxide 

Pre-treatment with NaOH has been reported as a feasible approach to increase the fermentation 

yield and simplify the bioconversion scheme [217]. The major role of alkaline pre-treatment is 

delignification of the biomass, which improves enzymatic digestibility. However, other advantages 

can be obtained by using this particular pre-treatment: increase in surface area, decrease in 

crystallinity and reduction of cellulose chain length, and removal of the acetyl group. When an 

alkaline pre-treatment is applied to newspapers, other phenomena occur such as de-inking of the 

paper, as well as the removal of calcium carbonate. Details are given in A.2 and can be summarised 

as:  

 Lignin removal by ester hydrolysis and saponification (same as ink). 
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 Carbohydrate loss by peeling and glyosidic bond cleavage. 

 Calcium carbonate removal by precipitation or peeling-off. 

Side effects of alkaline pre-treatment 

One of the main limitations of alkaline pre-treatments is the loss of fibre, which may offset the 

improvement in the lignocellulosic digestion. Xu at al [218] pre-treated switch grass with a 

combination of sodium hydroxide and lime. This process was also tested by Pandey et al. [219], and 

multiple benefits have been found:  

- CaOH helps to maintain a high pH, so less NaOH is consumed for this purpose, which 
reduces the costs because lime is almost 4 times cheaper than NaOH [220]. 

- The calcium ions (2 positive charges) provide some linkages to biomass, which is 
negatively charged because of the ionization of some functional groups (carboxyl 
methoxyl, and hydroxyl). This has the effect of reducing the solids loss. 

This combination can improve the overall sugar productivity and reduce the cost. In optimum 

conditions, 6h at 0.10 g NaOH and 0.02 g Ca(OH)2 per g of raw biomass, glucose yields were 

comparable with that from biomass pre-treated using 0.20 g NaOH g raw biomass-1 in the same 

conditions [218]. From a process integration point of view, sodium hydroxide presents another 

drawback: the production of black liquor (see section 2.1). The potential for AD of this black liquor 

is discussed further in section 2.6.3.4. 

2.4.1.3.2 Dilute sulphuric pre-treatment 

Wang et al. [169], working with office paper, used several dilute acids to reduce an 8.5 %TS initial 

calcium carbonate content and each time showed an improvement in hydrolysis conversion. These 

acids were: H2SO4, HCl, H3PO4 and HNO3. They tried direct washing with different acids and soaking 

for periods varying from 1 to 10 h. In both cases they found that dilute sulphuric acid 

(concentrations from 0.5-7 % vol) was very effective at removing CaCO3 and also at improving the 

conversion of paper to sugars. Phosphoric acid soaking however gave the lowest conversion. Direct 

washing gave better results, but also consumed much more acid. Below explanation of phenomena 

occurring during acid soaking 

Acid hydrolysis 

Sulphuric acid disturbs the hydrogen bonding in cellulose, converting it to a completely amorphous 

state. In this state, in the presence of water, cellulose is likely to hydrolyse to glucose by breakdown 

of the glycosidic bonds [221]. The sulphuric acid may solubilise some hemicellulose, but without 

converting it into furfural or HMF, which are toxic compounds both for AD [76] and for enzymes 
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[136], as the severity of this pre-treatment is low [222]. It is likely that the acid helps to improve 

conversion by making cellulose more accessible to enzymes. 

Calcium carbonate removal 

Calcium carbonate reacts with sulphuric acid to form calcium sulphate, carbon dioxide and water, 

according to the following reaction: 

Where: 

s = Solid state 

g = Gas state 

l = Liquid state 

Depending on the concentration of sulphuric acid, some gypsum may be removed because it is 

moderately water-soluble (2.5 g L-1 at 25 °C) [223]. The insoluble fraction can potentially be filtered, 

used or sold as co-product (up to 197 US$ ton-1 [220]). The soluble fraction may be more 

problematic if AD of the aqueous sugar-containing fraction is considered, because of the 

competition between methanogenic Archaea and sulphate-reducing bacteria (SRB) [224] (see 

section 2.6.3.4). 

Ester hydrolysis in presence of acid 

Ester hydrolysis in the presence of dilute acid is a very complex reaction that generally happens at 

boiling temperature (example in Figure 2-24) [225]. It could also happen to a certain extent at room 

temperature and hydrolyse links between lignin and hemicellulose, making lignocellulosic material 

more amenable to enzymatic hydrolysis. 

 

 

Figure 2-24: Example of an ester hydrolysis (ethyl ethanoate) in presence of acid [225]. 

 

 

 

CaCO3(s) + H2SO4(l) = CaSO4(s) + CO2(g) + H2O(𝑙) Equation 2-3 
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2.4.2 Use of surfactant to improve enzymatic hydrolysis 

 Presentation and definition  

A surfactant is generally a large amphiphilic molecule. Surfactants are used in many applications to 

carry out functions such as emulsification, detergency, wetting and spreading, solubilizing, foaming 

and defoaming, lubricity, biocidal, anti-static and corrosion inhibition. They are classified into non-

ionic, anionic, cationic and amphoteric [226] and shown in Figure 2-25.  

Some surfactants can significantly improve the enzymatic hydrolysis of lignocellulosic material 

[130]. Non-ionic surfactants have been found to be more effective than anionic, and cationic 

surfactants decrease the conversion [130, 227]. The most common non-ionic surfactants used to 

improve enzymatic hydrolysis are poly-ethylene glycol (PEG) and Tween (polysorbate). SDS (or 

sodium lauryl sulphate, SLS) has also recently attracted interest and has produced good results with 

newspaper. While a certain concentration of surfactant can improve enzymatic hydrolysis, it has to 

be controlled as higher concentrations may be inhibitory. This could be attributed to the formation 

of reverse micelles at a concentration above the critical micelle concentration (CMC). This might 

have the effect of decreasing the water availability for the enzymes, and decreasing the amount of 

free enzymes due to greater partitioning of the enzyme into the surfactant [228]. 

 

 

Figure 2-25: Main surfactant types with simplified representation of lipophile and hydrophile 
[226]. 

 

Table A-11 presents a review of the use of surfactants in enzymatic hydrolysis of newspaper. The 

three surfactants used in this study are shown in Figure 2-26 together with Tween 20. 
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Figure 2-26: Different surfactants and their characteristics. Modified from [229]. 

 

 Poly-ethylene glycol (PEG) 

The cost of PEG 4000 is relatively high, at about US$1850 ton-1 [220], but its use might reduce the 

enzyme requirement which is more expensive on a weight basis. Zhang et al. [227] obtained 

significant improvements using PEG 4000 in lignocellulose enzymatic hydrolysis. Börjesson et al. 

[230] found enzymatic hydrolysis of steam-pre-treated spruce increased by almost 2 times with 

addition of PEG 4000. The mechanisms are numerous but have been partially elucidated by Li et al. 

[130]. 

- The hydrophobic structure of PEG 4000 enables it to interact with hydrophobic lignin and 
to form a kind of protective layer, reducing enzyme adsorption. However this may not work 
on pseudo-lignin.  

- It also reduces the unproductive adsorption of cellulase on lignin, especially the adsorption 
between β-glucosidase and lignin [231].  

- In case of adsorption, it helps release the cellulase and prevents enzyme deactivation. 
- It could protect the enzymes from denaturing by heat, solvent and shear force due to the 

formation of reversible micelle which could entrap cellulase enzymes. 
- It may increase enzyme activity as suggested by Cannella and Jørgensen [232]. 

PEG 4000 may be a good option to limit the negative effects of lignin, which is high in newspaper. 

Li et al. [130] found an improvement in pure cellulose hydrolysis of approximately 20 % with 5 g L-1 

PEG 4000 in the buffer solution. Positive effects from PEG 4000 additions were found at 5, 10 and 

20 g L-1, and it was therefore decided to test these concentrations in the current work. 

 Tween 20 & 80 

Higher glucose conversion was found using Tween 20 & 80 as a surfactant during enzymatic 

hydrolysis of softwood [233]. Tween 20 & 80 were found to stabilise the enzyme and to have a 

positive effect on enzyme-substrate interactions. Like PEG, Tween also reduces non-specific 

enzyme binding, especially the non-specific adsorption of β-glucosidase although this may not be 
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the primary reason for hydrolysis enhancement [234]. Other reasons for the improvements in 

saccharification were given by Seo et al. [234]: 

 Increases the cellulose conversion rate and the bio-specific adsorption of enzymes onto the 
substrate 

 Increases lignocellulose water retention which improves the accessibility of the cellulose 
surface to enzymes. 

Tu and Saddler [235] suggested that the use of Tween 80 in enzymatic hydrolysis of pre-treated 

softwood with enzyme and surfactant recycling could reduce the cost by 66 % in a second-

generation bioethanol plant. 

 Sodium dodecyl sulphate (SDS) 

SDS was used by Xin et al. [236] to enhance the digestibility of newspaper and its conversion into 

bio-ethanol. According to Eriksson et al. [229], however, SDS decreases the activity of cellulolytic 

enzyme by reducing adsorption of the enzymes onto the substrate. This was also confirmed by 

Xiang et al. [237] who observed enzyme deactivation in the presence of SDS and Mawadza et al. 

[149] who found 0 % cellulase activity after 1h using 1 % vol SDS. If this negative effect is omitted, 

SDS could have the potential to prevent cellulase binding of lignin by electrostatic repulsion. 

Adsorption of SDS by lignin will introduce negative charge on the lignin surface, and enzymes are 

also negatively charged [229]. Washing newspaper with SDS was effective in removing ink and 

preventing its re-deposition on the surface of the paper pulp. Xin et al. [236] specified, however, 

that removing SDS was essential in the enhancement of enzymatic hydrolysis of newspaper to avoid 

enzyme denaturation. This might require an intensive washing process with significant wastewater 

generation. 

 Sugar concentration process 

A section on sugar concentration has its place in this review because this technology could be used 

to obtain sugar solutions at concentrations above 8 % (i.e. feasible for distillation). Consequently 

there would be no need for high solids hydrolysis with its associated disadvantages (see section 

2.3.5)  

Nanofiltration, reverse osmosis, and evaporation are examples of different ways to concentrate 

sugars contained in the hydrolysate after enzymatic hydrolysis. Evaporation is one of the most 

energy intensive unit operations in sugar factories due to the high latent heat of water [238]. 

Reverse osmosis in conjunction with an evaporator could lead to a 33 % reduction in energy 

consumption, but this still remains a high-energy process [239]. Nanofiltration is a membrane 

filtration process which separates two or more components from a fluid based on size differences 

in the range of 0.001-0.0001 μm [239, 240]. Nanofiltration is a cheaper technology than evaporation 
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and uses membranes with properties between those of ultrafiltration and reverse osmosis, with 

exceptional stability at very low or high pH, very high temperatures or organic solvent media [238]. 

It is a promising technology, although membrane fouling due to pore blockage remains the main 

limitation, and regular cleaning is essential. Nanofiltration was therefore selected as the 

appropriate technology for modelling (see section 6.2.3) 

 Anaerobic digestion 

During the Fiberight washing/extraction process, COD-rich water is released. Other pre-treatments 

applied to newspaper or MSW may also produce some wastewater, potentially with a high organic 

content. 

One of the strengths of the Fiberight process was to include a Upflow Anaerobic Sludge Blanket 

(UASB) reactor for partial cleaning of the washwater, to reduce energy demand and increase net 

income. While enzymatic hydrolysis is the key process in a sugar platform biorefinery, AD also has 

a role to play and the process is thus reviewed in the following sections. 

2.6.1 Basic principles 

AD is a series of natural processes in which microorganisms break down biodegradable material in 

an environment without oxygen with a thermodynamically favourable end product: biogas, which 

is primarily a mixture of carbon dioxide and methane [241, 242]. AD can be regarded as a 4-step 

process involving a consortium of microorganisms, during which each stage uses as a substrate the 

products of the previous phase [243] (see Figure 2-27). These stages are: 

 Hydrolysis 

 Acidogenesis 

 Acetogenesis 

 Methanogenesis 



Chapter 2 

78 

 

Figure 2-27: AD of complex wastewater from Luostarinen [244]. 
 

Hydrolysis 

In this stage, complex organic molecules (carbohydrates, lipids and proteins) are broken down into 

simpler monomers such as amino acids, fatty acids and sugars [245]. Hydrolysis is carried out by 

multiple cellular enzymes (including amylase, protease, lipase, etc.) produced by different 

microorganisms [242]. This is crucial step in the overall process as methanogenic Archaea and 

acetogenic bacteria cannot utilise complex polymers; and very often it is the rate-limiting step 

[246].  

Acidogenesis 

During acidogenesis, fermentative bacteria convert simple compounds into intermediate products 

such as organic acids: Volatile Fatty Acids (VFA) and Long Chain Fatty Acids (LCFA). Other products 

are ammonia and compounds such as ethanol and methanol. During fermentation, carbon dioxide 

release results in carbon losses, and the excess electrons pass to hydrogen gas [247]. 

Acetogenesis 

The intermediate compounds from the previous stage can further be converted into acetate, 

carbon dioxide and hydrogen by a consortium of acetogenic bacteria [248]. These can be classified 
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into two groups, the obligate hydrogen-producing acetogens (or proton-reducing acetogens) and 

the homocetogens. The first group converts VFA, alcohols and LCFA to produce acetic acid, carbon 

dioxide and hydrogen. The second group utilises hydrogen and carbon dioxide to produce acetate 

[246, 249]. 

Methanogenesis 

In the final stage methane is produced by two main groups of methanogens: Hydrogenotrophic and 

Acetoclastic [241, 250] 

Hydrogenotrophic methanogens use hydrogen and carbon dioxide to form methane  

CO2 + 4H2 → CH4 + 2H2O Equation 2-4 

Some hydrogenotrophic methanogens can also use carbon monoxide to produce methane [242]. 

4CO + 2H2O → CH4 + 3CO2 Equation 2-5 

Acetoclastic methanogens break down acetate into methane and carbon dioxide accompanied with 

water production 

4CH3COOH → 3CH4 + CO2 + 2H2O Equation 2-6 

The carbon dioxide produced from acetate may be converted into methane by hydrogenotrophic 

methanogens (Equation 2-4).  

Microorganisms involved in the AD process are sensitive to a number of factors such as ammonia 

nitrogen, pH, temperature, organic, salts and metals [239, 251, 252]. The process can operate in 

different temperature ranges: psychrophilic (15-20 °C), mesophilic (30-40°C) and thermophilic (45-

60 °C). As seen in Figure 2-28, the growth rate of methanogens is strongly temperature-dependent. 

 

Figure 2-28: Methanogen growth rate dependence on temperature (Lettinga et al. [253]). 
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Psychrophilic digestion may appear an attractive option as it considerably reduces the energy 

requirements for raising and maintaining feedstock and digester temperatures; but conversion 

rates are also lower and methane solubility is increased [253]. Thermophilic AD may offer higher 

methanogenic activity and tolerate high organic loading rates (OLR), but it is often less stable and 

has a lower ammonia tolerance [254, 255]. Moreover, it requires more energy for temperature 

maintenance. In the case of the Fiberight process, mesophilic operation was selected for this 

reason. 

Wastewaters can be classified based on their organic concentration as low, medium and high 

strength [256]. Low strength wastewater typically has a COD of < 2 g L-1 (although this varies slightly 

depending on the reference) and represents an important challenge as large amounts are 

generated worldwide [256-258]. While satisfactory COD removals can be obtained, recoverable 

methane is generally low because of methane dissolution in the liquid. Moreover, the performance 

of such systems is more likely to be affected by variations in flow and wastewater composition 

[259]. Economic viability of mesophilic digestion of low strength wastewater is questionable as the 

gas production is usually insufficient to cover the heating requirement. Medium strength 

wastewaters (e.g. effluent from food processing, breweries) have a BOD between 1 - 10 g L-1 while 

high strength wastewaters (e.g. from ethanol production or petrochemical industries) have a BOD 

from 10 - 200 g L-1 or more [260]. UASB treatment of medium strength wastewater is widely carried 

out, while high strength effluents can cause problems because, apart from the high organic content, 

they also often contain high concentrations of toxic or inhibitory compounds. Recommended 

operating conditions depending on the wastewater strength can be seen in Table 2-10. 

 

Table 2-10: Recommended operating conditions and treatment efficiencies in UASB reactors.  
Modified from [261]. 

 
 

2.6.2 The UASB reactor 

 Introduction and principles 

Many reactor designs have been developed to treat solid and liquid wastes via AD. High rate 

anaerobic reactors for wastewater treatment uncouple the solids retention time (SRT) from the 

incoming wastewater hydraulic retention time (HRT). Because there is a proper contact between 
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the liquid and the retained biomass, this allows reactor size reduction and the application of higher 

OLR [262, 263]. Currently high rate anaerobic reactors for wastewater treatment can be classified 

into four categories: anaerobic contact processes, anaerobic sludge blanket processes, attached 

growth anaerobic processes, and anaerobic membrane separation processes. UASB and its variant, 

the Expanded Granular Sludge Bed (EGSB) in which higher flow rates are applied by recirculating 

the effluent (Figure 2-29A), are efficient in treating high volume industrial wastewaters from 

different sources and a large range of strengths at high OLR [264, 265]. These technologies have 

also been used by Fiberight to treat their effluent (UASB for laboratory-scale experiments, EGSB in 

Fiberight pilot plant). 

 

  
 

 

A) Schematic of UASB and EGSB reactors [267]. B) Microscopic image of UASB granules [268]. 

Figure 2-29: Details of high rate anaerobic granular reactors 

 

Anaerobic membrane bioreactors (AnMBR) are a promising technology to treat industrial 

wastewater but are still at an early stage of development. Moreover, it has been suggested that 

AnMBR might not be suitable to treat effluents rich in salt [266]. For these reasons AnMBR systems 

were not chosen for use in the current research. 

The UASB reactor was invented by Professor Gatze Lettinga (Wageningen University, Wageningen, 

The Netherlands) in the late 1970s [269, 270]. The high efficiency associated with UASB reactors is 

due the presence of a dense microbial conglomerate that forms granules with high activity [271] 

(Figure 2-29B). The granulation process is discussed in more detail in the following section. There 

has been widespread uptake of UASB reactors worldwide with 793 plants running by 1998, treating 

diverse wastewaters from food/beverage, chemical, distillery industries etc. [272]. According to 
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Jiang [273], the number of UASB reactors in operation worldwide in 2014 was over 1000. 

Advantages and disadvantages of UASB reactors are presented in Table A-12. 

 Granulation  

Anaerobic granules in UASB reactors has played an important role in anaerobic wastewater 

treatment [274]. A schematic of granule structure is shown in Figure 2-30. Granule formation is 

complex and many theories have been elaborated [275]. Recently Liu et al. [276] proposed a model 

that brings together all of the other models, as shown in Table A-13. 

 

 

Figure 2-30: Schematic of the structure of a granule (from Liu et al. [276]). 
 

Metals affecting granulation 

Many authors have noted that divalent metal ions such as Ca2+ and Fe2+ can enhance granulation 

[277, 278]. The divalent ions play an important role in microbial aggregation, and this might be 

because extracellular polymers prefer to bind available divalent ions to form more stable complexes 

[279]. Schmidt et al. [280] removed potassium from granules with EDTA, and noted a reduction in 

strength accompanied by disintegration of the granules: they suggested that this ion was important 

in stabilizing the granules. After a 7-month start-up period in which reactors were fed on acetate, 

Ahring et al. [281] started to add increasing concentrations of potassium, phosphate, ammonium 

and magnesium. They found granules appeared, indicating that one or more of these ions were 

required for granulation. Phosphate did not have any effect on granulation during the 3-month 

experimental period, while Mg2+ strongly affected the structure and the size of the granules. When 

the Mg2+ concentration was decreased from 0.5 to 0 mM, it led to less dense granules and shifted 

the microbial population from Methanosarcina spp. to methanogenic rods. At concentrations 

above 30 mM mg2+ complete disintegration was observed with formation of single cells only. The 

importance of magnesium was also confirmed by Schmidt et al. [282]. 

Yu et al. [277] found that concentrations of calcium between 150 - 300 mg L-1 enhanced biomass 

accumulation and granulation during the start-up of a UASB reactor. The activity of the granules 

decreased with increasing calcium concentration in the feed, possibly because of precipitation on 

the granule surface limiting mass transfer. Calcium has the ability to bridge between the 
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electronegative carboxyl and phosphate group associated with microbial surfaces and might 

contribute to the conformational stability of the polymer network in the granules by interactions 

with the secondary functional groups in polysaccharides like OH-1, thereby influencing the folding 

of the polymer [283]. El Mamouni et al. [284] found, however, that calcium concentrations above 

450 mg L-1, could lead to granule disintegration.  

In another paper Yu et al. [285] found that Fe2+ concentrations from 300-450 mg L-1 were beneficial 

to granulation, possibly because Fe2+ condenses the diffusive double-layers, resulting in a relatively 

strong effect of van der Waals forces. Iron accumulates within granules due to the formation of FeS 

and because of binding of Fe2+ to the exopolymers contained in granules (like calcium [283]). 

However too high a Fe2+ concentration results in lower metabolic activity and damage to the 

environment required for maintenance of the granular structure. When granules contain Ca2+ or 

Fe2+ concentrations over the acceptable range, their ash content increases while the water content 

decreases, limiting the action of the microorganism community. This phenomenon was not 

observed with addition of Al3+ [286]. According to a study by Abbasi et al. [287], aluminium ion 

concentrations from 100 - 300 mg L-1 stimulate the earliest stage of granulation although this effect 

diminishes after the development of mature granules. The benefit might be explained by a 

reduction in electrostatic repulsions between negatively-charged microorganisms [288].  

Degranulation 

Sodium has been reported to cause granule disaggregation or at least a significant reduction in 

granule strength [289]. Lefebvre et al. [290] noted granule disaggregation when treating high 

salinity tannery wastewater in a UASB reactor. This was attributed to inhibition of the microbial 

production of extracellular polysaccharides (EPS) by high sodium concentrations. Vyrides and 

Stuckey [291], however, found that EPS production by the biomass increased to counteract the high 

salt concentration (40 g NaCl L-1); this was in contradiction to the results of Sowers and Gunsalus 

(cited by [290, 291]) on the loss of capacity to produce EPS by thermophilic Methanosarcina at high 

salinity. Vyrides and Stuckey [291] also found that high salinity changed the EPS composition to a 

lower molecular weight. High salinity did not have any effect on floc size distribution but the mean 

floc size was slightly higher. 

Apart from contradictory reports of the impact of sodium on EPS production, monovalent cations 

are believed to be able to disturb the cross linking between bio-polymers and thus directly affect 

aggregation, which generally involves bivalent cations such as Ca2+ [292]. Ismail et al. [293] 

confirmed this theory concluding that high Na+ concentration decreased the granule strength, 

leading to an increase in supernatant turbidity and higher resistance to filtration. Granules grown 

in the presence of salt were, however, distinctly larger. They explained this phenomenon by the 
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loosening of the EPS binding, which resulted in a swollen granule structure owing to repulsive 

electrostatic forces. It is worth mentioning that at an early stage, high salinity may play a positive 

role in biomass aggregation due to the presence of cations that condense the electrical double 

layer, thus strengthening the effect of the attractive van der Waals forces (DLVO theory [292]). 

Van Leerdam et al. [294] in their study on AD of methanethiol at high salinity (~11.5 g Na L-1) in a 

UASB reactor found smaller granules and the disappearance of large particles (~1 000 µm). No 

sodium inhibition was found at the concentration used and they did not experience any biomass 

washout. Boardman et al. [295] found more spherical granules compared to the original oblong 

shape after treatment of high-salinity clam processing wastewater in a UASB reactor.  

Kobayashi et al. [296] discovered that presence of sulphide decreased the size of granules during 

AD of methanethiol. This was attributed to a reduction in the EPS content which led to reduced 

granule strength and can cause degranulation. 

Arnaud et al. [297] used observation of methanogens with F420 fluorescence to investigate 

degranulation in an EGSB reactor operated by the paper industry. They suggested that too rapid 

acidification at the inlet of the reactor could have damaged the granules and removed the 

multilayer structure typically found in stable granules.  

LCFA accumulation occurring at high concentration in anaerobic processes treating lipid-containing 

wastewater can also cause granule disintegration [298]. UASB reactors treating industrial effluent 

from cheese factories often experience granulation issues [284]. One theory proposed was that 

active phosphorus compounds (H3PO4 + H2PO4
- + HPO4

2+ + PO4
3- equal to 104 mg L-1) present at high 

concentrations could form polyphosphates and act as chelating agents, consequently reducing the 

availability of free metals in solution for microorganisms [284]. 

Lettinga et al. [299] indicated that high suspended solids in the influent could attach to the microbial 

matter and counteract the formation of granules. This could slow down granule growth and might 

affect the stability and strength of the granules. 

Tiwari et al. [283] proposed other possible causes for degranulation: 

 Low OLR which can cause acute mass transfer limitation. In contrast too high OLR can create 
too vigorous mixing due to the amount of biogas generated, and disintegrate the granules 
[300]  

 High upflow velocity that leads to desegregation of the granules due to shearing and wash 
out of the granules.  

 Presence of heavy metals 

While some metals enhanced granulation, overload of minerals could reverse the beneficial effects. 
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2.6.3 Anaerobic digestion inhibition  

AD inhibitions have been extensively reviewed by Chen et al. [251]. The following sections briefly 

discuss contaminants that could after pre-treatment of newspaper or MSW washing/extraction 

such as in the Fiberight process. Note that pesticides, solvents, some organics (chlorophenols, 

halogenated aliphatics, N-substituted aromatics) as well as household hazardous wastes may also 

inhibit AD but will not be discussed here, although some of these compounds may be present MSW 

washwater in the Fiberight process [251, 301, 302]. 

 Salts 

Some salts inhibit the anaerobic process. These are usually cations, and stronger inhibitory effects 

are normally noticed with divalent cations compared to monovalent cations such as sodium and 

potassium [303]. Critical values for anion and cations are summarised in Table 2-11. Note that these 

ions can be found in food, chemicals etc. and may be removed during any pre-treatment or washing 

process. 

Na+ may be present in process water or washwater and is known to be toxic to several types of 

microorganism [252]. At high concentrations, it causes an “imbalance of osmotic stress across the 

cell wall, resulting in plasmolysis by loss of water through osmosis and even cause(s) deleterious 

impacts on the biological treatment” [304]. Good AD performance can be maintained at 

concentrations below 5.5 g L-1 [251]. While high calcium ion concentrations can be tolerated by the 

anaerobic microbial community, the consequences of calcium accumulation in AD are numerous. 

In addition to effects on granulation and mass transfer discussed above, calcium can also cause 

scaling of the biomass inside the reactor and pipework due to precipitation as calcium carbonate 

and calcium phosphate [251].  

Chloride inhibits the growth and survival of microorganisms due to osmotic pressure that can cause 

plasmolysis [305]. The mechanism responsible for fluoride microbial toxicity is still unclear, but it is 

known to bind to many microbial enzymes affecting their metabolism. Fluoride can also interfere 

with a variety of enzymes (phosphatases, Pyrophosphatases) due to its ability to form complexes in 

the presence of metals such as aluminium or beryllium [306]. 

Inhibition by NO3
- seems not to be direct, but caused by reduced intermediate compounds during 

the denitrification process [307, 308]. The COD/N-NOx ratio may influence the methane production 

during AD. Akunna et al. [309] found no methane production at COD/N-NOx ratios below 8.86. 

Using an industrial wastewater with a high nitrate concentration, however, Percheron et al. [308], 

did not find any effect of this ratio on the shift towards denitrification or nitrate reduction to NH4
+. 
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Phosphate was found specifically to inhibit Acetoclastic methanogens on rice roots [310]. Wang et 

al. [311], also found that phosphate affected the LCFA uptake process during the acidogenesis 

stage. 

 

Table 2-11: Salt inhibitory effects on AD. 

 

Note: Unless specified, data is from McCarty [315]. 
 

 Heavy metals 

Some heavy metals adversely affect AD, while others can be stimulatory depending on the 

concentration, the chemical form and other parameters such as pH and redox potential [251]. 

Soluble heavy metals were found to be more toxic than insoluble forms [316]. The main toxic heavy 

metals have been identified as chromium, iron, cobalt, copper, zinc, cadmium, lead and nickel [317]. 

Jackson-Moss et al. [318], however, found that Iron concentrations as high as 5.56 g L-1 did not have 

any effect in a UASB with sufficient nutrient supplementation. According to Lin et al. [319, 320] 

the order of toxicity is Cd>Cu>Cr>Zn>Pb>Ni. Critical values for heavy metal toxicity are shown in 

Table 2-12. 

Table 2-12: Heavy metals toxicity on AD (values taken from [319, 320]). 
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 Ammonia inhibition  

Protein in food waste can be converted into ammonia. Ammonia inhibition in anaerobic processes 

is well known and affects methanogens more strongly than other anaerobic microorganisms. 

Ammonia concentrations between 50-100 mg L-1 are beneficial for AD as it is needed for new cell 

synthesis, but excess concentrations can cause digestion failure. The effects of different ammonia 

concentration ranges on AD are presented in Table 2-13. 

 

Table 2-13: Effect of ammonia concentrations on AD [242]. 

 
 

Ammonia in the aqueous phase is present in two principal forms, as free ammonia nitrogen (FAN) 

and ammonium ion. These are in equilibrium, and the predominance of one form is pH and 

temperature dependent [251]. 

NH4
+ ↔ NH3 + H+ Equation 2-7 

FAN has a higher inhibitory effect since it is freely membrane permeable. The ammonia molecule 

may diffuse passively into the cell as it is uncharged and lipid soluble. This may cause proton 

imbalance and consequent changes in the intracellular pH, potassium deficiency, an increase in 

maintenance energy requirement and the inhibition of specific enzyme reactions [321, 322]. A 

concentration of 780 mg L-1 of FAN was found completely to inhibit the anaerobic microbial 

community during the treatment of sanitary landfill leachate [322]. In thermophilic conditions, Siles 

et al. [321] found that 620 mg FAN L-1 reduced biogas production. Note that in thermophilic 

conditions can tolerate higher FAN concentration [251]. Interestingly, some cations such as Na+, 

Ca2+, and Mg2+ were found to be antagonistic to ammonia inhibition [251]  

 Strongly inhibitory concentration (mg L-1) 

Chromium 7.5 

Cadmium 3 

Copper 6.8 

Nickel 89.4 

Lead 54 

Zinc 7.3 

Cobalt 280 

 

Ammonia (mg L-1) Effect 

50-100 Beneficial 

200-1000 No adverse effect 

1500-3000 Inhibitory effect (for higher pH value) 

>3000 Toxic 
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 Inhibitors released in pre-treatment 

From alkaline pre-treatment (with or without lime addition) 

The two main products from the saponification reaction that occurs during NaOH pre-treatment 

are glycerol and soap. According to Baba et al. [323], AD of glycerol is possible with a good methane 

yield. Soap biodigestibility has not been intensively studied but according to Prat et al. [324] it 

seems to be possible, with an average biodegradation rate of 80 %. 

Some researchers have looked at AD of black liquor. As reported by Pokhrel et al. [50], Peerbhoi 

(2000) found that UASB digestion of black liquor was not feasible. This, however, may depend on 

the paper mill process. Chen et al. [325] coupled a UASB reactor with a fixed film sulphide oxidising 

reactor and obtained 66 % COD removal when treating black liquor at an OLR of 7 kg COD m-3 day-

1, a HRT of 6h, and a COD/SO4 ratio maintained at 3.3. Bishnoi et al. [326] tried to biodegrade black 

liquor anaerobically in a Continuously Stirred Tank Reactor (CSTR) followed by aerobic digestion, 

and achieved 64 % COD reduction. Chelliapan et al. [327] achieved 98 % COD removal efficiency 

with 4-stage upflow anaerobic reactors at a loading of 1.56 kg COD m3 day-1 and a HRT of 1.3 days. 

Dangcoung et al. [328] found that the two main limitations on the AD of black liquor were lignin 

and related compounds. Lignin removal could make the digestion easier. The use of NaOH also leads 

to high sodium concentrations, however, with the consequences discussed earlier (section 2.6.3.1). 

Similarly if lime is used to reduce the pre-treatment cost, an excess of calcium may be found in the 

wastewater. 

From sulphuric acid soaking 

Sulphate SO4
2− is likely to be released during sulphuric acid soaking of newspaper. Some sulphate 

may also be found in the wash/extraction water in the Fiberight process. Sulphate does not inhibit 

microorganisms, but competition for the fermentation products can occur between SRB and 

methanogens, reducing the methane potential. SRB reduce sulphate into sulphide. The free energy 

of sulphate reduction makes this reaction energetically more favourable than methanogenesis 

[329]. Sulphate reduction leads to the production of H2S which is a dangerous and corrosive gas, 

toxic for human and inhibitory for both methanogens and SRB [251]. Sulphate concentrations 

reported as leading to problems vary considerably depending on operational design, pH and 

COD/SO4 ratio [330]. The effect of sulphate is generally regarded as negligible at COD/SO4 ratios 

above 10.  

From both pre-treatments 

Ink is released in pre-treatment, but according to Table A-14, AD of printed and unprinted paper 

does not show major differences in methane yield [331]. 
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Some sugars and, lignin and pseudo-lignin will also be released if an alkaline or sulphuric acid 

soaking pre-treatment is applied. A study of the effect of lignin concentration on the biochemical 

methane potential (BMP), which is the most relevant indicator for assessing anaerobic 

biodegradability, showed that BMP decreases when lignin content increases (Figure 2-31) [332]. 

According to Barakat et al. [76] some microbiological pathways exist by which lignin can be 

degraded anaerobically [76]. They found that natural lignins (Kraft, organosolv and lignosulfonates), 

synthetic lignin (monomer, polymer), syringaldehyde and vanillin (derived lignin) with or without 

xylose do not inhibit AD and moreover can produce methane. Vanillin at high concentration could 

possibly lead to system failure, however, because it is degraded into phenol which is inhibitory to 

AD. Furfural and 5-HMF were found to be anaerobically biodegradable, however, and some 

methane could be produced. 

Vivekanand et al. [333] studied the effect of different severities of steam explosion pre-treatment 

on the anaerobic digestibility of birch (a hardwood). They did not find any correlation between the 

pseudo-lignin content created during pre-treatment and the methane production. They concluded 

that pseudo-lignin did not lead to significant inhibition of methanogenesis, and that some pseudo-

lignin was converted to methane. This is probably because Furfural and HMF are readily converted 

to biogas. The pseudo-lignin they created, however, was not necessarily the same as that contained 

in newspaper. 

 

 

Figure 2-31: Effect of lignin concentration on BMP for A) energy crops, B) animal manure & C) the 
two categories combined [332]. 

 

As discussed in section 2.4.1.3, if an alkaline pre-treatment or sulphuric acid soaking is applied to 

newspaper or pulp from MSW, sugars will also be released. Carbohydrate is a substrate for AD (see 

Figure 2-27) but too high a concentration often leads to VFA accumulation and hydrogen becomes 

the main product [334]. 
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No information was found about the AD of paper additives. 

 Conclusions from Chapter 2 

Paper pulp from MSW is an abundant non-reclaimed but inhomogeneous material and its 

extraction from MSW and conversion to sugars via hydrolysis, coupled with the income from 

recyclables and to biogas production from food waste etc., makes the concept of a biorefinery using 

MSW very attractive. While pulp extracted from MSW is known to contain residual plastics and 

heavy metals that could decrease lignocellulosic conversion, not much work has been carried out 

to investigate potential cellulase inhibitors in this material. The characteristics of MSW and the 

process used for pulp extraction might lead to significant variations in composition and conversion. 

There is thus a need to better understand MSW pulp. Newspaper represent a represents a non-

negligible fraction of MSW and one of the most recalcitrant to hydrolysis. These can be caused by 

some components such as calcium carbonate, pseudo-lignin and additives or its high lignin content 

that can inhibit and adsorb enzymes, and may limit its biodegradability. It is important to identify 

the main limiting factors to newspaper hydrolysis in order to target efficient pre-treatments and 

maximise MSW pulp conversion into sugars 

Many pre-treatments have been tested on waste papers. Not all of them are economically feasible 

although they can be extremely effective at laboratory scale. Alkaline pre-treatment and sulphuric 

acid soaking seem to be promising to improve conversion in a cost-effective way. These pre-

treatments target removal of different components (lignin, calcium carbonate) but will lead to loss 

of carbohydrates that can be recovered via AD in a fully integrated process.  

Use of surfactant during hydrolysis to reduce lignin interaction with enzyme and/or enhance 

cellulase activity has been recognised as a feasible approach. PEG, Tween and SDS all appear to be 

surfactants with good potential to improve the enzymatic conversion of newspaper.  

The feasibility of a sugar platform biorefinery based on MSW pulp will depend strongly on the 

overall process efficiency and economics. Literature and experimental data on pre-treatments and 

use of surfactants etc. can be used in modelling and optimisation of the process. 

There have been many debates concerning the advantages of carrying out enzymatic hydrolysis at 

high versus low solids concentrations. At high solids, the final sugar concentration is higher, heating 

requirements are lower and the capital cost are reduced. Mixing problems, water availability and 

sugar inhibition are the main drawbacks. Modelling tools are needed to find the optimum 

conditions to carry out hydrolysis and therefore maximise the production of the cheapest sugars in 

a sugar platform biorefinery using MSW pulp. 
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Even at optimum enzymatic hydrolysis conditions, PHS may represent another interesting substrate 

for enzymatic hydrolysis. Experiment data and modelling are needed to assess if a 2-step enzymatic 

hydrolysis is an economically attractive solution to maximise sugar production from MSW pulp. 

Many biorefinery process require large amounts of water that can lead to relatively high costs. 

Washwater from either MSW cleaning or MSW/newspaper pre-treatment contains an organic 

fraction that can be recovered to produce biogas via AD in high rate systems such as UASB or EGSB 

reactors. The clean effluent can then be re-used in the process. This water may, however, still 

contain some contaminants such as heavy metals, sulphate, light metal cations etc. which if 

accumulated by recirculating the water could negatively affect enzymatic hydrolysis and AD. 

Reducing the amount of fresh and wastewater without affecting biochemical processes is crucial to 

make any large water-use biorefinery economically feasible. Water optimisation models such as 

Water Pinch analysis can be used for this purpose, but critical contaminant concentrations affecting 

enzymatic hydrolysis or/and AD first need to be determined. 

Based on the above conclusions, the overall aim and main objectives of the research were identified 

as follows. These were addressed in the programme of the experimental and modelling work 

described in the following chapters 

Aim: To identify and remove key bottlenecks in the effective operation of a sugar platform 

biorefinery based on MSW pulp  

Objectives: 

i. To characterise different MSW pulps and UK paper streams, with a view to selecting 

representative materials for the current study (see Chapter 4). 

ii. To investigate the main parameters affecting MSW pulp characteristics and hydrolysability 

and assess their relative importance (Chapter 5). 

iii. To construct and apply modelling tools for optimisation of enzymatic hydrolysis conditions 

and of the overall performance of a sugar-platform biorefinery (Chapter 6). 

iv. To test selected conditions, pre-treatments and process modifications and assess the 

results, based on the results of modelling (Chapter 7 -9). 

v. To assess the performance of anaerobic digestion of process waters and to determine 

critical contaminant concentrations with respect to re-use (Chapter 10). 

vi. To construct and apply a Water Pinch analysis model for optimisation of water re-use in a 

sugar platform biorefinery based on MSW (Chapter 11). 
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Chapter 3 Laboratory methods 

In this section, only routine laboratory methods are presented, or methods that were used several 

times in different experiments. Specific methods are described in the sections where they occur. 

 General 

3.1.1 Reagents 

Unless noted the chemicals used were laboratory grade and obtained from Fisher Scientific 

(Loughborough, UK). 

3.1.2 Water 

Two different purified waters were used. The deionised (DI) water had a conductivity of 1MΩ-cm 

resistivity (Thermo Scientific, Barnstead, UK). The ultra-pure water used for enzymatic hydrolysis or 

analytical analysis had a conductivity of 18.2 MΩ-cm and was obtained from a Nanopure ultrapure 

water purification system (Thermo Scientific, Barnstead, UK). 

3.1.3 Result presentation  

Average values are presented with their standard deviation shown in brackets (in tables or text) or 

in the form of error bars in a graph. 

Data expressed as a percentage on a TS basis, such a pulp composition or elemental composition is 

abbreviated in the text as %TS. 

In equations, Mass of TS represents the dry weight of material used or added, and is expressed in 

g. 

 General analytical methods 

3.2.1 Total solids (TS), volatile solids (VS), ash and CaCO3 

TS and VS determination was based on Standard Method 2540 G [335]. After thorough mixing, a 

certain amount of material (at least 10 g, depending on the experiment) was transferred into a pre-

weighed crucible. Samples were weighed to an accuracy of ± 0.0001 g (Sartorius LC6215 balance, 

Sartorius AG, Göttingen, Germany) and placed in an oven (LTE Scientific Ltd., Oldham, UK) for drying 

overnight at 105 ± 1 oC. After drying, the samples were transferred to a desiccator to cool for at 

least 30 min. Samples were then weighed again with the same balance, transferred to an ashing 

furnace (Carbolite Furnace 201, Carbolite, UK) and heated to 550 ± 10 oC for two hours. After this 

ashing step, samples were again cooled in a desiccator for at least one hour before weighing a third 

time. 
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Crucibles were transferred from the oven to a desiccator for cooling to room temperature before 

each analysis. Total and volatile solids were calculated according to the following equations: 

%TS =
W3 − W1 

W2 − W1
x 100 Equation 3-1 

%VS (on a wet weight basis) =
W3 − W4 

W2 − W1
x 100 Equation 3-2 

%VS (%TS) =
W3 − W4 

W3 − W1
x 100 Equation 3-3 

% Ash (%TS) =
W4 − W1 

W3 − W1
x 100 Equation 3-4 

Where: 

W1 = Weight of empty crucible, g 

W2 = Weight of crucible containing fresh sample, g 

W3 = Weight of crucible and sample after drying at 105 oC, g 

W4 = Weight of crucible and sample after heating to 550 oC, g 

In some cases, the calcium carbonate content was also determined based on a slightly modified 

method from the TAPPI T 413 om-11 method [336]. 

The crucible containing the ash was placed in the ashing furnace for 1h at 900 °C, then cooled down 

in a desiccator and weighted (W5) 

This method uses the fact that calcium carbonate is still present after combustion at 525 °C 

(assumed to be also the case at 550°C), but is completely converted to calcium oxide at 900 °C 

according to the following equation. 

CaCO3(s) = CaO(s) + CO2(g)  Equation 3-5 

It was consequently possible to determine by stoichiometry the calcium carbonate content using 

Equation 3-6. 

%CaCO3(%TS) =
MCaCO3

MCO2

∗
W4 − W5

W3 − W1
 Equation 3-6 

Where:  

W5 = weight of crucible and sample after heating to 900 oC, g. 

MCaCO3
= Molecular weight of CaCO3, equal to 100.0869 g mol-1. 

MCO2
= Molecular weight of CO2, equal to 44.01 g mol-1. 
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3.2.2 Total Suspended Solid/Volatile Suspended Solid 

Total and volatile suspended solids (TSS and VSS, respectively) were measured using a slightly 

modified version of Standard Methods 2540d [335]. Between 10-20 g of liquid (with an assumed 

specific gravity of 1) was filtered through a dried and pre-weighed Whatman GF/C filter paper, 

using a PIAB compressed air filter (Loughborough, UK). The filter paper was dried overnight in 

an oven (LTE Scientific Ltd., Oldham UK) at 105 °C, weighed and placed in a furnace (Carbolite 201, 

Carbolite, UK) for 2 h at 550 °C. 

In order to account for any weight loss due to the filter paper, values were corrected using a 

blank consisting of a filter paper that was similarly dried and burnt. 

Values were determined using the following equations: 

TSS(g L−1) =
W2 − W1 − ∆WB,dry

VL
 Equation 3-7 

VSS(g L−1) =
W3 − W2 − ∆WB,burn

VL
 Equation 3-8 

Where: 

W1 = Weight of the initial filter paper + aluminium tray weight, g. 

W2 = Weight of the dried filter paper + aluminium tray weight, g. 

W3 = Weight of the burnt filter paper + aluminium tray weight, g. 

VL = Volume of the liquid filtered, L. 

∆WB,dry = Weight difference in the blank before and after drying, g. 

∆WB,Burn = Weight difference in the blank before and after furnacing, g. 

3.2.3 pH 

pH was determined using a Jenway 3010 meter (Bibby Scientific Ltd, UK) and a combination glass 

electrode calibrated in buffers at pH 4, 7 and 9.2 (Fisher Scientific, UK). The pH meter was 

temperature compensated and had a sensitivity of ± 0.01 pH unit and accuracy of 0.01±0.005 pH 

units. 

3.2.4 Conductivity 

Conductivity was measured using a CCMD 625 conductivity pH meter. A point calibration was 

carried out before each series of measurements using standards from Fisher (Bremen, Germany) 

and values were corrected for temperature using a Digitron 2046 T digital temperature probe 

(Digitron, Devon, UK). 
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3.2.5 COD measurement 

Total COD was measured by the closed tube reflux method with titrometric determination of the 

end point [337]. In order to homogenise the sample, it was vigorously mixed manually before 

dilution using ultra-pure water. Dilutions were done by weight in volumetric flasks using a 4-decimal 

Sartorius LC6215 balance. 2 mL of diluted sample was pipetted into a COD tube containing 3.7 mL 

of FICODOX plus reagent (Fisher Scientific Ltd, UK). The tubes were sealed with a PTFE screw cap 

and the mixture was then heated at 150 °C for 2 h after which one drop of ferroin indicator was 

added. The solution was then titrated with ferrous ammonium sulphate (FAS).  

The COD was calculated according to the following formula. 

COD (as mg O2 L−1) = (A − B) ∗ M ∗ F ∗ Df Equation 3-9 

Where: 

A = volume of FAS used for blank, mL. 

B = volume of FAS used for sample, mL. 

M = Molarity of FAS, mol L-1. 

F = Correction factor specific to the reagent. 

Df = dilution factor  

COD removal was calculating using the following equation:  

CODremoval (%) =
CODinf − CODeff

CODinf
 Equation 3-10 

Where 

CODinf and CODeff= COD concentration of the influent and effluent, mg L-1. 

To measure soluble COD, the same procedure was followed but the samples were first centrifuged 

at 13 000 rpm for 30 min and the supernatant was used. 

Note that silver nitrate addition to reduce chlorine interference [338, 339] was not used in this 

work. This is further discussed in chapter 10. 

3.2.6 Total Kjeldahl Nitrogen and Ammonia Nitrogen 

Total ammonia nitrogen (TAN) analysis was based on Standard Method 4500-NH3 B and C [335]. 

Between 5 to 10 g of sample was weighed (i201, My Weigh Europe, Huckelhoven Germany) and 

poured into a digestion tube to which 40 mL of DI water was added. Blanks (40 mL DI water) and 

standards (containing 10 mL of 1000 mg L-1 NH4Cl with 30 mL DI water) were also prepared. 5 mL 

of 10 M NaOH was added to each digestion tube to raise the pH above 9.5 and convert NH4
+ into 
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NH3. Samples were distilled using a Büchi distillation unit K-350 (Büchi, Flawil, Switzeland). The 

solution was auto titrated with 0.25 N sulphuric acid to an endpoint indicated by a colour change, 

with boric acid used as colour indicator. Blanks and Standards were determined in the same way. 

TAN was calculated using Equation 3-11. 

TAN (mg N L−1) =
(A − B) ∗ 14.01 ∗ N ∗ 1000 ∗ F 

VSample
 Equation 3-11 

Where: 

A = volume of 0.25 N H2SO4 used to titrate the sample, mL. 

B = volume of 0.25 N H2SO4 used to titrate the blank, mL. 

N = normality of standardised sulphuric acid equal to 0.25. 

F = correction factor. 

Vsample is the volume of sample, mL. 

 

FAN concentration was estimated from TAN using Equation 3-12. 

FAN (mg N L−1) =
TAN

1 + 10Pka−pH
 Equation 3-12 

With Pka determined using Equation 3-13 from Bates et al. [340] 

− log Ka =
A

T
+ B Equation 3-13 

Where  

A = 2.706, K. 

B = 0.139, dimensionless. 

T = Operating temperature inside UASB reactor, K. 

Total Kjeldahl Nitrogen (TKN) was only determined for solid samples, following Standard Method 

1687 [335]. 0.25 g of sample were placed in a digestion tube with a catalyst (Kjeltabs Cu 3.5) and 

12 mL of concentrated H2SO4, and digested for 2 h at 420 °C in a K-435 Büchi digestion block with 

an exhaust system. 

After digestion, the tubes were allowed to cool then deionized water was added to make up the 

volume to about 100 mL. TKN was then measured as Total Ammonia Nitrogen (TAN) by distillation 

and titration as above. 

The TKN value was calculated using Equation 3-14: 
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%TKN =
(A − B) ∗ 14.01 ∗ N ∗ F

Mass of TS
 Equation 3-14 

Where: 

A = Volume of H2SO4 titrated for sample, mL. 

B = Volume of H2SO4 titrated for blank, mL. 

F = Correction factor for normality of specific solution. 

N = Normality of standardised sulphuric acid. 

 

3.2.7 Lipid content 

Lipid content was measured on solid samples using the US EPA SW-846 Method 9071B [341]. A 

known weight (approximately 8 g) of dry and ground sample was added to a cellulose extraction 

crucible which was placed in the Soxhlet apparatus. 90 mL of n-hexane was added to a pre-weighed 

125 mL round bottom boiling flask and placed in the Soxhlet apparatus. Approximately 30 glass 

beads were added to the boiling flask to ensure a uniform liquid temperature. In the Soxhlet 

apparatus, the cycling rate was maintained at 20 cycles h-1 by adjusting the heating mantle 

temperature setting. Extraction was carried out for 4h. 

The cellulose crucible and round bottom flask were removed and placed in a 105 °C oven for 30 min 

to evaporate the n-hexane. These were then removed and cooled in a desiccator after which the 

flask was weighed. 

The lipid content on a TS basis was calculated according to the following formula: 

% Lipid =
W2 − W1

Mass of TS
 Equation 3-15 

Where: 

W1 = Initial mass of the boiling flask, g. 

W2 = Mass of the boiling flask after extraction, g. 

 

3.2.8 Ion chromatography  

Ions were measured by ion chromatography using a Metrohm 882 Compact IC plus 1 (Metrohm, 

Herisau, Switzerland) fitted with a direct conductivity detector, autosampler and a column + guard 

column specific to the type of ions: Metrosep C4 column (4x250 mm) for cations and Metrosep A 

Supp 5 column (4x150 mm) for anion. Before analysis, samples were filtered (cellulose nitrate 
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membrane filter, 0.45 µm pore size x 25mm) followed by dilution with eluent to the correct 

concentration range. All reagents were made up to the required volume using ultra-pure water. 

Results integration was carried out using Magic IC net software.  

 Cation analysis 

The cations measured were: Lithium (Li+), Ammonium (NH4+), Potassium (k+), Calcium (Ca2+), 

Magnesium (Mg2+) and Sodium (Na2+). The eluent (mobile phase) used was 1.7 mM L-1 nitric acid 

and 0.7 mM L-1 Dipicolinic acid at a flow rate of 0.9 mL min -1. The eluent was prepared using a 

standard stock solution obtained from Thermofisher Scientific (Loughborough, UK).  

 Anion analysis 

The anions measured were: Fluoride (F-), Chloride (Cl-), Bromide (Br-), (Phosphate (PO4
3−), Nitrate 

(NO3
−), Nitrite (PO4

3−), and Sulphate(SO4
2−). The eluent used was purchased from Thermofisher 

Scientific (Loughborough, UK) and diluted 20 times to reach concentrations of 1 mM L-1 NaHCO3, 

3.2mM L-1 Na2CO3 and 2% acetonitrile. The eluent flow rate was fixed at 0.7 mL min-1. 

 Solid substrate characterisation 

3.3.1 Material 

Two main materials were used as feedstock for enzymatic hydrolysis and were subjected to 

analyses and experiments. These were UK paper (mostly newspaper) and clean pulp obtained from 

MSW. 

 MSW samples 

Several MSW/pulp samples were used in this research, from different plants and processed at 

different autoclave temperatures (see Table 3-1). 

US Pulp obtained from Fiberight demonstration plan in Lawrenceville. In this material, fines lower 

than 2 inches are removed before autoclaving at 105 oC. 

 110, 130 and 150 °C old Graphite pulp, from the Graphite plant in Newcastle, UK. This 
material was originally used in preliminary experiments carried out in 2012 for WRAP [342]. 
Old Graphite MSW autoclaved at the temperatures shown was sent to the University of 
Southampton, and stored at -18° C in a cold room. When the autoclave temperature used 
is unknown, this material is designated as Cellmat, based on the original commercial name 
of the process. In the current work the pulp was extracted using the reciprocating washing 
machine and extraction process (see section 3.4).  

 90°C and 115 °C new Graphite pulp. Pulp was extracted on site in Newcastle using the 
reciprocating washing machine and extraction process (section 3.4). Samples (initial MSW, 
washed material and clean pulp) were brought back to the University of Southampton on 
the 13/06/2014 and stored at -18° C in a cold room for later analyses or experiments. 
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 70°C and 130°C Wales pulp. The Wales MSW pulp from was autoclaved by Aerothermal 
Group then processed using the reciprocating washing machine and extraction process 
(section 3.4) at the University of Southampton. 

 

Table 3-1: MSW batches used in this study and their characteristics. 

 
 

 Paper samples 

Most of the experiments were carried out using “The Sun” newspaper which was purchased in local 

supermarkets. 3 batches of around 20 copies were purchased: Batch 1 was collected in November 

2013, batch 2 on 02/10/2014 and batch 3 on 27/01/2015. Batches used are specified in the 

description of each experiment.  

A batch of a local free newspaper was also used. This was collected in January 2015.  

Unprinted newspaper (30 lbs, 9*12”) with an 80 % recycled paper content was bought online from 

BIC warehouse (Brooklyn NY, USA). Other paper streams used are described in Table 3-2. 

Fisherbrand filter paper Cat no. FB59035 (Fisher Scientific, Loughborough, UK) was used as a 

defined source of paper cellulose without lignin and ash and with a 84:14:2% (w w-1) mix of 

glucan:xylan:arabinan/galactan/mannan content [343]. 
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Table 3-2: Description of the paper streams used in this study. 

 

 

3.3.2 Material preparation 

In every experiment, newspaper (or office paper) was shredded using a Fellowes P-58-CS office 

shredder (Fellowes, Maisons Laffitte, France). For some analyses or experiments, the material 

needed to be ground to improve the contact between chemicals and fibres. As newspaper is a light 

material with a low density it was difficult to grind. It was macerated using a flail mill constructed 

from a Power Craft PBF 1200 router (Figure 3-1) with nylon strimming chord. This made the material 

rather fluffy, but appeared to be the only effective alternative. For other samples, especially from 

MSW, a 14-140 mill was used (Glen Creston, Stanmore, UK) to grind to a 0.5 µm size. For hydrolysis, 

however, MSW was manually size-reduced by forming small paper agglomerate. 

 

 

Figure 3-1: Flail mill used for newspaper size reduction 
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3.3.3 Compositional analysis 

 Modified NREL compositional analysis 

The basis of this method, referred to as the NREL method for compositional analysis, consists in 

applying sulphuric acid to hydrolyse the material, release the sugars and determine the acid 

insoluble material content (section 3.3.3.1.1). The sugars are then analysed using the method in 

3.3.3.1.2. 

3.3.3.1.1 Modified NREL method – Sugars, Lignin, Total Solids and Ash 

The structural carbohydrates, lignin, ash and solids content of the material were determined using 

a slightly modified version of the standard NREL procedure [344].  

The biomass was hydrolysed using a 2-step acid procedure. 300 mg of biomass was weighed and 

placed into a 250 mL glass shake flask or schott bottle with 9.84 g (6.0 mL) of 72 % (w w-1) Sulphuric 

acid (H2SO4) and incubated at 30 °C in an orbital incubator (Gallenkamp S/N: 101400YY2C) at 200 

rpm for 1h. Following incubation the acid was diluted to 4 % by the addition of 168 mL of deionised 

water and the sample was placed into a Monarch autoclave (Rodwell, Basildon, UK) for 1h at 121 °C. 

After cooling, the TSS and VSS content of the mixture was determined (see section 3.2.2). After 

drying the insoluble solids remaining on the filter paper were considered to be composed of acid-

insoluble lignin and ash.  

Because of the complex nature of MSW and newspaper, it is believed that the acid insoluble lignin 

is not pure lignin. It is likely that other organic materials which are not acid soluble can be 

erroneously identified as lignin using this method. This fraction is therefore referred to as pseudo-

lignin. The term acid insoluble material (AIM) is used to describe the residual solid after acid 

hydrolysis (NREL method) corrected for the ash content. AIM is therefore the sum of true and 

pseudo-lignin. 

The supernatant was collected and its sugar content was measured using the sugar analysis 

methods in section 3.3.3.1.2. 

3.3.3.1.2 Sugars analysis 

Samples for sugars determination were placed on ice as soon as they were taken, and if not 

analysed immediately were frozen. Before analysis both fresh and defrosted samples were 

centrifuged at 13,000 g for 7 min in a Galaxy 16DH centrifuge (VWR, UK). The supernatant was 

diluted and placed in a 5 mL vial with a 0.45 μm nylon filter cap. Sugar analysis was carried out on 
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a Dionex DX-500 Ion Chromatography (IC)/High Pressure Liquid Chromatography (HPLC) system 

(Dionex, Sunnyvale CA, USA) using a method adapted from that of Davis (2008) [345]. Glucose, 

xylose, galactose, arabinose, mannose and cellobiose were separated at 30 °C on a CarboPac PA1 

column (250 x 4 mm) in combination with a CarboPac guard column (25 x 4 mm) (Dionex, Sunnyvale 

CA, USA). The mobile phase components were 200 mM L-1 NaOH (A), distilled water (B) and 170 

mM L-1 sodium acetate in 200 mM L1 NaOH (C). The system set-up used a 2.5 μL sample loop and 

450 mM L-1 NaOH post-column eluent at a pressure of 2.76 bar for sugar detection. 

3.3.3.1.3 Composition calculation 

Lignocellulosic composition was determined applying Equation 3-16. 

PS (%TS) =
MC ∗ V ∗ 10−6

Mass of TS ∗ DF
 

Equation 3-16 

Where: 

PS = polysaccharide (glucan, xylan, arabinan, galactan or mannan). The combined total of the last 
four is referred as “other sugars”. 

MC = Individual sugar concentration given by HPLC, mg L-1. 

V = Volume of water and acid added for the analysis, mL. 

Mass of TS = mass of dry sample added for the analysis, g. 

DF = 1.111 for hexose (glucose, galactose and mannose). 1.136 for pentose (xylose, arabinose). 

 

 Fibrecap analysis 

Fibrecap analysis [346] is a 3-step extraction process used to determine the total fibre content of a 

material and the proportions of cellulose, hemicellulose and lignin. Fibrecap analysis was carried 

out using a FOSS kit FibretecTM 2023 (Hillerød, Denmark) including an 18-capsule tray and an 

extraction beaker. The capsule used was a 58 mm long, 23 mm diameter polypropylene container, 

with the same filtration characteristics as a Whatman 541 filter paper (quick filtration, 22 μm ), and 

a simple hydrophilic snap-on lid. Once sealed, there was no sample transfer. The chemical 

properties of the membranes used in the capsules and the lids were intended to ensure free flow 

of reagent through the Fibercap during analysis.  

First step: Neutral detergent fibre 

The composition and modes of action of the neutral detergent (ND) components are given in Table 

3-3. This solvent is used to extract proteins, lipids, sugars starches and pectin. The final product is 
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thus purely composed of insoluble fibres. The original neutral detergent fibre (NDF) method was 

developed by Van Soest et al. (1967) but did not include alpha amylase. Adding alpha amylase has 

been found to enhance starch solubilisation [347].  

The following is a simplified version of the steps involved in the ND washing procedure:  

- Between 0.3 and 0.7 g of sample (depending on density) was placed in pre-weighed 
capsules (±0.0001 g) (BP110S Sartorius, New York, USA).  

- The capsules were placed in a 3-L beaker with 1 L of deionised water at 80 °C and about 25 
mL of 2 % alpha amylase solution, and left to react for 15 min. 

- The capsules were then placed in a beaker with 1 L ND and extraction was carried out by 
boiling the capsules in the solution twice for 30 min each. After the first boil, half of the ND 
was removed and replaced with fresh ND containing 25 mL of 2 % alpha amylase solution. 

- Following this the capsules were washed 5 times with water at 80 °C in order to wash out 
the non-fibrous matter (non-viscous only at boiling temperature). 

- The capsules were then oven dried overnight at 105 °C.  
- Lastly, the capsules were placed in tall crucibles and ashed at 600 °C for 4h.  

 
Table 3-3: Composition of ND and mode of actions of each component. 

 

All analyses were done in triplicate 

The fibre content (NDF), is calculated according to the following formula: 

%NDF =
W3 − (W1 ∗ C) − (W5 − W4 − D)

W2
∗ 100 Equation 3-17 

Where: 

%NDF = Fibre content, % TS. 

W1 = Initial capsule weight, g. 

W2 = Sample weight, g. 

W3 = Capsule + residue weight, g. 

W4 = Empty ashing crucible weight, g. 

W5 = Total ashed weight (including ashing crucible), g. 

C = Blank correction for capsule solubility. 
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D = Capsule ash, g. 

It is important to note that calcium carbonate is likely to be completely removed thanks to the 

action of EDTA. Some inorganic matter, however, may still remain. This is for example the case for 

non-biogenic silica (although biogenic-silica is completely removed [348]). For this reason, values 

have to be corrected with results from the ashing. 

Second step: Acid Detergent Fibre 

The acid detergent fibre (ADF) method used comes originally from Van Soest et al. (1963) but has 

been modified by Clancy and Wilson (1966) [346, 348]. This step removes hemicellulose as well as 

fibres or other elements which are not lignin and cellulose. The composition of acid detergent (ADt) 

and its course of action are presented in Table 3-4. This step follows the same procedure as for the 

NDF, except that the extraction is carried out at boiling temperature for 1h. Equation 3-17 is applied 

to calculate the ADF percentage. 

 

Table 3-4: Composition of ADt and mode of actions of each component. 

 

 

One of the limitations of the ADF method is the fact that pectin can precipitate in the acid solution, 

leading to ADF values higher than NDF values. Moreover, none of the silica is removed [348]. 

Third step: Acid detergent lignin  

The last step of Fibercap analysis is acid detergent lignin (ADL) analysis which starts by repeating 

the ADF procedure and then adding 1 L of 72 % sulphuric acid to hydrolyse cellulose [349] at 

ambient temperature for 4h. ADF is repeated in order to remove any proteins or other acid soluble 

materials that may interfere with the lignin determination [350].  

Equation 3-17 is once again applied to calculate the ADL percentage. 

Composition determination from Fibrecap analysis 

The percentages of each component are obtained by applying the following equations. 

%NDF = %hemicellulose + %cellulose + %lignin. Equation 3-18 
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%Hemicellulose = %NDF-%ADF. Equation 3-19 

%Cellulose = %ADF-%ADL.  Equation 3-20 

%Lignin = %ADL. Equation 3-21 

Where: 
%hemicellulose, %cellulose and %lignin = Content of these components, %TS. 

%NDF, %ADF and %ADL = Results from Fibercap analysis, %TS. 

 

 Distinction between lignin and pseudo-lignin  

3.3.3.3.1 Creation of prepared AIM 

Prepared AIM was created in a 2-step procedure based on a slightly modified version of the NREL 

method (section 3.3.3.1). 3 g of dried and ground material (newspaper or pulp) was placed in a 1-L 

flask with 48 g of 72 % sulphuric acid, and agitated for 1h at room temperature on an orbital shaker 

at 120 rpm. The acid was then diluted to 4 % by the addition of 840 mL of DI water and the sample 

was placed in a Monarch autoclave (Rodwell, Basildon, UK) for 1h at 121 °C. The resulting mixture 

was filtered through a 150 mm diameter Whatman qualitative filter paper. Then a succession of 

washes using DI water and filtration was carried out to wash out any remaining sulphuric acid. A 

filtrate pH close to neutral was taken as the sign of effective washing. The residual solid was dried 

at 105 °C overnight, ground (Glen Creston mill, section 3.3.2) and stored in a desiccator. The 

resulting material is referred to as prepared AIM, rather than AIM, as it still contains inorganic 

matter as shown in Figure 3-2. 

 

 

Figure 3-2: Creation of prepared AIM, and difference between AIM and prepared AIM. 
 
 
 
 



Chapter 3 

106 

3.3.3.3.2 Composition of prepared AIM 

The modified NREL method was applied to prepared AIM to determine the real AIM content. To 

determine the prepared AIM true-lignin content, the 2nd and 3rd steps of Fibrecap analysis (ADF and 

ADL, section 3.3.3.2) were carried out using at least 6 Fibrecap capsules, each containing around 

0.6-0.7 g of dried and ground prepared AIM. After the extraction, the capsules were dried overnight 

at 105 °C in a Heraeus oven (Thermo Scientific, Waltham MA, USA). 3 capsules were then opened, 

and compositional analysis was carried out following the modified NREL method described in 

section 3.3.3.1.1. The remaining 3 capsules were ashed for 4h at 600 °C.  

The distinction between lignin and pseudo-lignin was made by applying a mass balance for AIM 

(starting from one unit of prepared AIM) during the extraction, as shown in Equation 3-22. 

%Pseudo − ligPrep AIM  =
(%AIMPrep AIM ∗ 1 − %ADL ∗ %AIMADL)

%AIMPrep AIM ∗ 1
 Equation 3-22 

Where: 

%Pseudo-ligPrep AIM = Pseudo-lignin content in prepared AIM, %TS.  

%ADL= ADL content, %TS. 

%AIM = as defined in section 3.3.3.1.1. 

This percentage is based on the total AIM present in the material and depends on several 

assumptions. 

- ADL is only made of true-lignin which implies that all the pseudo-lignin was removed by 
ADF (section 3.3.3.2) or ADL analysis. 

- No removal of true-lignin occurred during ADF/ADL wash 
 

3.3.4 Water retention value 

Water retention value (WRV) was measured following a method inspired by the one used at Test-

Tech (Amersham, UK). 

Approximately 3 g of sample was re-hydrated by placing it in a beaker with 30 mL DI water. The 

samples were sonicated for 30 min at room temperature using a Crest Ultrasonic Sonificator 

(Trenton NJ, USA). The mixture was then filtered through a Whatman GF/C filter paper. Around 2 g 

of residual solid was placed into a 100 mL centrifuge tube containing a mesh (Figure 3-3) and 

centrifuged at 5000 g for 30 min at 25 °C using a Sorvall Legend XTR S/N: 41125528 centrifuge 

(Thermo Scientific, Waltham MA, USA). The wet sample was placed in a pre-weighed 

aluminium tray, weighed, and dried overnight in a 105 °C oven (Heraeus, Thermo Scientific, 
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Waltham MA, USA). The dried sample was then weighed again. The WRV was calculated using 

Equation 3-23. 

WRV =
WWet − WDry

WWet
∗ 100% Equation 3-23 

Where: 

Wwet = Weight of the wet sample after centrifugation, g. 

WDry = Weight of the dried sample. 

Analyses were done in duplicate and average values were used. 

 

 

Figure 3-3: Tube with mesh used for water retention value measurements. 
 

3.3.5 Elemental analysis 

The carbon, hydrogen, nitrogen and sulphur content of samples was determined using a FlashEA 

1112 Elemental Analyser (Thermo Finnigan, Italy). Samples were freeze dried and milled to 0.5 µm 

using a 14-140 mill (Glen Creston, Stanmore, UK). Sub-samples of approximately 3-4 mg were 

weighed into standard weight tin containers using a five decimal place analytical balance (Radwig, 

XA110/X, Poland). These were placed in a combustion/reduction reactor held at 900 °C then flash 

combusted in a gas flow temporarily enriched with oxygen resulting in a temperature greater than 

1700 oC and in the release of NxOx, CO2, H2O and SO2 (depending on the sample composition). The 

gas mixture was analysed by gas chromatography with appropriate detectors for the different 

components. The working conditions of the elemental analyser were as described in the 

manufacturer's technical literature and method sheets. The standard used in this analysis was birch 

leaf (Fisher Scientific, Loughborough, UK). The TS and VS of the dried and milled samples used were 

also measured and the residual moisture content was taken into account in the calculation. 

The oxygen content was calculated by difference on a VS basis. 
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The results were expressed as percentage of TS and used to obtain an empirical formula where 

required. 

3.3.6 Scanning electron microscopy (SEM) imaging  

Before imaging, samples were freeze dried using a Vintis benchtop 2k (SP Industries, Warminster 

PA, USA) coupled to a Trivac Leubold vacuum pump (Oerlikon, Cologene, Germany) then ground 

using a Glen Creston 14-140 mill (Glen Creston, Stanmore, UK). 

SEM analysis was performed with a FEI XL30 ESEM (Environmental Scanning Electron Microscope). 

The samples were coated with gold to a thickness of 10-20 nm with a SC7640 auto/Manual High 

Resolution Sputter Coater (Quorum Technologies, Newhaven, UK). These analyses were 

undertaken by Mr Alistair Clark, Chemistry department, University of Southampton. 

3.3.7 Calorific value 

Calorific value was quantified using a bomb calorimeter (CAL2k EC, Digital Data System Ltd, South 

Africa) according to the manufacturer's instructions. Around 3.5 g of dried and ground sample 

(weighed to an accuracy of 0.1 mg) was added to the crucible and placed in position in the 

calorimeter. A cotton firing thread was attached to the ignition wire and fed into the crucible. The 

bomb vessel was then assembled and pressurised with oxygen up to 3 MPa using the filling station. 

The bomb was placed in the calorimeter and fired. A blank was also run to account for the energy 

released in burning the fuse and a standard was run of benzoic acid (around 1 g with an accuracy 

of 0.1 mg) with a higher heating value of 26.454 MJ kg-1 TS. 

 Washing and extraction process - Generation of wastewaters 

Two systems were used to generate wastewaters (extraction or washwater) from cleaning MSW 

and extracting the pulp. These were a pilot-scale washing machine designed for Fiberight by 

Professor Charles Banks of the University of Southampton, and a small-scale system designed to 

provide the required volumes for laboratory-scale work. 

3.4.1 Pilot-scale design – reciprocating washing machine 

The pilot-scale reciprocating washing machine is shown in Figure 3-4. 

MSW (in general 5 kg) was placed into the drum with 30 kg of tap water. The drum was able to 

rotate partially on its horizontal axis, at around 20 cycles per minute (1 cycle being finished when 

the drum returns to its original position, see Figure 3-4B). . An electric heater at the bottom of the 

tank could be used to heat the water to 50 °C if required. In general MSW was washed for 10 min 
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after which the liquid was drained from the bottom of the tank, sieved and then placed in a 30-L 

plastic container. This effluent is referred to as washwater. 

 

 

 
 
 

A) Reciprocating washing machine B) Washing principle of the machine 

Figure 3-4: Pilot-scale washing equipment 

 

The washed MSW was manually removed from the drum and placed in a 10-L bucket before the 

extraction process (see Figure 3-5A). 

 

 

 

A) Side hill and extraction pump B) 4 mm extraction 
cylinder 

Figure 3-5: Pilot scale extraction equipment 

For extraction, the washed material was placed in a 5-L cylinder with 4 mm holes (Figure 3-5B) and 

submerged in a continuous flow of clean water provided by a peristaltic pump from a 200-L stainless 

steel drum. A spatula was used to force the pulp through the holes in the cylinder. The pulp was 

recovered using a second peristaltic pump and retained by gravity in a 1.5 mm side hill screen 

(Figure 3-5A). Finally the clean pulp was manually collected from the side hill screen and pressed to 

a total solids content of ~30-35 % using a manual screw press. A schematic of the overall pulp 

washing/extraction process, starting from MSW, is shown in Figure 3-6. 
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Figure 3-6: Schematic of the pilot-scale washing/extraction process. 

3.4.2 Laboratory-scale design – plunger-based washing machine 

The design was inspired by a manually-operated camping washing machine. It consisted of a drum 

in which MSW was placed, inside a 15-L bucket, in general with 3 L of tap water. A manually-

operated plunger with holes was moved up and down to create strong hydraulic movement inside 

the bucket, cleaning the waste. This was referred to as the plunger-based washing machine: Figure 

3-7A shows a schematic while Figure 3-8 shows some details of the equipment. At the end of the 

washing session, the contents of the bucket were filtered using a nylon jelly bag with pores of 

around 0.1 mm (see Figure 3-8B). 

 

 
 

A) Plunger-based washing machine B) Laboratory-scale extraction process 

Figure 3-7: Schematic of laboratory-scale washing process 
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A) Plunger-based washing machine and extraction unit for 
laboratory-scale operation 

B) Nylon jelly bag used in washing 
(photo from eBay.co.uk). 

Figure 3-8: Details of laboratory-scale washing and extraction process 

A test was carried out to compare the performance of the plunger-based and reciprocating washing 

machines. Similar COD concentrations were found in both cases indicating similar COD removal 

efficiencies. 

The extraction unit (Figure 3-8B) was a more complex installation. A small amount (typically around 

100-150 g wet weight) of washed MSW was placed in a colander with a volume of approximately 2 

L and 4 mm holes, which was placed on a 10 mm sieve. Waste in the colander was submerged in 

water using a continuous flow provided by a peristaltic pump from a 50-L inclined bucket 

(washwater reservoir). A spatula was used to force the pulp through the pores. The clean pulp was 

collected in a jelly bag (Figure 3-8B). When the extraction water reservoir was empty, the pump 

was switched off, and the water in the 50-L receiving bucket was transferred to the extraction water 

reservoir. This operation was repeated until all the pulp was extracted and only clean material was 

present in the colander, typically after 3 extraction cycles. 

3.4.3 Washing procedure after pre-treatment or extraction 

This procedure was used each time a pre-treatment, a detergent washing or an extraction was 

carried out. The objective was to clean the substrate from chemicals used during the pre-treatment, 

or to be sure that components needing to be removed were not stuck on the solid. The pre-treated, 

extracted, washed solid was put in a jelly bag (see Figure 3-8B), and washed with hot tap water at 

a relatively high flow rate. During this process the mixture was continually and vigorously mixed by 

hand to ensure good removal. The mixture was regularly squeezed and the liquid was collected in 

a beaker for measurement of the pH. Washing was stopped as soon as the pH was in the range 6.5-
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7.5. At this point, the solid was washed with deionized water; pressed manually to give a TS content 

of approximately 33 %, weighed and put in a plastic container for use or stored in a fridge.  

 Anaerobic digestion: Reactors and monitoring 

3.5.1 Upflow anaerobic sludge blanket (UASB) 

Four UASB reactors were used each with a working volume of 1.5 L (see Figure 3-9). The 

temperature inside the reactors was kept at 37°C using external heating coils through which water 

was recirculated by an in-house thermo-circulator.  

Influents were stored in feed tanks maintained at 10 °C via a refrigeration unit (Lytron, Woburn MA, 

USA) to limit organic matter degradation during the feed period, and were continuously mixed to 

avoid sedimentation. Liquid was pumped using peristaltic pumps (323 Watson Marlow, Cornwall, 

UK), and feeding was controlled by varying the pump rotational speed and the feeding period using 

an electrical timer. Effluents were collected from a liquid/gas separator at the top of the reactor, 

and stored in a container at room temperature. Gas was collected in purpose-made impermeable 

gas bags and the volume was measured daily using the method in section 3.5.2. 

 

 

Figure 3-9: Schematic of the UASB reactors used (Ali [314]). 
 

3.5.2 Gas volume measurement 

Gas volume was measured by connecting the gas bag to a weight-type liquid displacement 

gasometer as described by Walker et al. [351]. Weight of the mass of liquid displaced was recorded 

as well as the liquid column height before and after emptying the gas bag.  

Gas volume was normalised and calculated as following: 
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 Equation 3-24 

Where: 

Vsp = Gas volume at standard temperature and pressure, m3. 

Tstp and Pst = Temperature and pressure at standard condition, 273.15 K and 101325 Pa respectively. 

Tamb and Pamb = Ambient temperature and pressure, K and Pa respectively. 

A = Cross-sectional area of gasometer, m2. 

H = Height of the gasometer, m. 

ƿb = Density of the liquid displaced (water), kg m-3. 

h1 and h2 =Distance to liquid surface to a datum before and after gas addition to column, m. 

g = gravitational acceleration, 9.81 m s-2. 

Note that Equation 3-24 differs slightly from the one in the original paper as it was modified to 

remove the correction for water vapour. Methane production was calculated by multiplying the 

percentage of methane as determined by gas chromatography. This method was used to take into 

account the presence in the produced gas of water vapour and of air due to release of dissolved air 

from the influent feed into the reactor headspace. 

3.5.3 Gas analysis 

 Methane and carbon dioxide 

Gas samples were withdrawn from the gas bags using a 5 mL syringe then analysed using a Varian 

Star 3400 CX gas chromatograph (GC), (Varian Ltd, Oxford, UK) with a gas sampling loop and a 

Thermal Conductivity Detector. Argon was used as the carrier gas at a flow of 50 mL min-1. The GC 

was fitted with a Hayesep C column and a molecular sieve 13 x (80-100 mesh) operating at a 

temperature of 50°C, hold time 1.5 min and stabilization time 30s. 

Biogas composition was compared with a standard gas containing 65:35% CH4:CO2 (BOC, Guildford, 

UK) for calibration. 

The remaining percentage in the measured gas composition (to meet 100 %) was considered to be 

air, water vapour, and H2S (see section 3.5.3.2).  

 Hydrogen sulphide 

H2S was measured using a S-AE sensor running on an digital transmitter board with signal 

conditioning using the Digital Transmitter Interface v.1.0.2 and associated software, all supplied by 
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Alphasense Ltd (Essex, UK). Gas flow over the sensor was maintained at 500 mL min-1 during 

calibration and normal operation. Calibration was performed at a zero point using clean air and a 

span point using the calibration gas, with the following composition: 404 ppmv H2S, 35.19 % CO2, 

balance methane(SIP Analytical Ltd, Sandwich, UK). Samples were collected directly from the gas 

sampling bag, or after dilution with ambient air in another bag using a syringe when the gas volume 

was too small. The gas was pumped over the sensor until a stable reading was obtained, generally 

after 90s. The output was recorded and compared to the standard curve to give a direct reading in 

ppmv H2S. 

3.5.4 Dissolved gas 

A tubing system was used to collect effluent samples from the UASB effluent line into a 12 mL 

syringe (initial weight = w1), ensuring no contact with the atmosphere. Once filled, the syringe was 

weighed (w2) using a 3-decimal C6215 balance (Sartorius, Goettingen, Germany). 3 mL of liquid was 

removed and replaced by air. The syringe was weighed again (w3) and placed in an orbital shaker at 

35 °C overnight. The headspace gas composition was measured as described in section 3.5.3.1. 

Dissolved gas was calculated based on Henry's Law which describes the equilibrium between 

vapour and liquid: 

Pgoi = H ∗ Cgoi Equation 3-25 

Where: 

Pgoi = partial pressure of the gas of interest (goi), atm. 

Cgoi= Concentration of dissolved gas of interest in equilibrium in the liquid phase, mol L-1. 

H = Henry's constant, L atm mol-1 

The number of mole of the gas of interest in the gas phase contained in the syringe was calculated 
from: 

ngoi = %goi
Vgas

MVgas
 Equation 3-26 

Where: 

%goi = percentage of the gas of interest in the gas phase, %. 

Vgas = Volume of gas in the syringe, m3
. 

MVgas = Molecular volume at gas temperature T = (37+27.15) K and 1 atm, equal to 24.44 L mol-1. 

Partial methane pressure of the gas of interest was calculated assuming it behaves as a perfect gas: 

Pgoi = ngoi ∗ R ∗ (273.15 + T)/Vgas Equation 3-27 
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Where: 

R = gas constant 8.314 J mol-1 K-1. 

Finally the total dissolved concentration of the gas of interest in the effluent was calculated 

according to Equation 3-28. 

Dgoi,effluent = (ngoi,gas + ngoi,Liquid) ∗ Mgoi ∗ 1000 Equation 3-28 

Where: 

Dgoi,effluent= concentration of dissolved gas of interest in the effluent, mg L-1. 

Mgoi = gas of interest molecular weight, 16.04 g mol-1. 

 

3.5.5 VFA by gas chromatography 

Liquid samples were placed in 2 mL centrifuge tubes and centrifuged for 15 min at 14000 g (micro-

centrifuge, various manufacturers). 0.9 mL of supernatant was transferred by pipette into a 2 mL 

centrifuge tube and 0.1 mL of concentrated formic acid was added to obtain a final concentration 

of 10 % formic acid. The tubes were centrifuged for another 15 min at 14000 g. The supernatant 

after acidification and centrifugation was transferred into vials with septa and loaded onto the GC 

auto-sampler for VFA measurement. Standard solutions containing acetic, propionic, iso-butyric, n-

butyric, iso-valeric, valeric, hexanoic and heptanoic acids, at three dilutions to give individual acid 

concentrations of 50, 250 and 500 mg L-1 respectively, were used for calibration. Quantification of 

VFA was carried out using a Shimazdu GC-2010 gas chromatograph (Shimadzu, Milton Keynes, UK), 

with a flame ionization detector and a capillary column type SGE BP-21. The carrier gas was helium 

at a flow of 190.8 mL min-1 and a split ratio of 100 to give a flow rate of 1.86 mL min-1 in the column 

and a 3.0 mL min-1 purge. The GC oven temperature was programmed to increase from 60 to 210 °C 

in 15 min with a final hold time of 3 min. The temperatures of injector and detector were 200 and 

250 °C respectively. 

3.5.6 Alkalinity  

Alkalinity was measured by titration based on Standard Method 2320B [335]. Around 10 g of 

wastewater, weighed using an i201 scale (My Weigh Europe, Huckelhoven, Germany), was added 

to 40 mL of DI water. Titration was done using a Schott Titroline Easy automatic digital titration 

system (Schott, Mainz, Germany). During titration samples were continuously mixed by a magnetic 

stirrer. A 0.25 N H2SO4 titrant was used to determine endpoints of pH 5.7, 4.3 and 4.0, allowing 

calculation of total (TA), partial (PA) and intermediate alkalinity (IA) [352]. PA is a measurement of 

bicarbonate buffering while IA is attributed to the buffering capacity of VFA, The pH probe was 
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calibrated before titration using buffers 4.0 and 7.0, and washed with DI water between samples 

to avoid cross contamination. Alkalinity was calculated according to Equation 3-29 to Equation 3-31. 

PA =
V5.7 ∗ N ∗ F ∗ 50000

Vsample
  Equation 3-29 

IA =
V4.3 ∗ N ∗ F ∗ 50000

Vsample
 Equation 3-30 

TA =
(V5.7 + V4.3 + V4) ∗ N ∗ F ∗ 50000

Vsample
 Equation 3-31 

Where: 

TA = total alkalinity, mg CaCO3 L-1. 

PA = partial alkalinity or bicarbonate alkalinity, mg CaCO3 L-1. 

IA = intermediate alkalinity or VFA acid alkalinity, mg CaCO3 L-1. 

N = Normality of standardised sulphuric acid, or theoretical normality multiplied by the factor (F) 
for the specific solution. 

V = volume of sample, mL. 

 

3.5.7 Granule analysis 

 Acid digestion 

Granules for analysis were freeze dried overnight on a cellulose filter paper placed on an aluminium 

tray. Special care was taken to avoid any contact between the material and any plastic or metal. 

The granules were then carefully ground in a ceramic mortar to obtain a uniform fine mixture. 

Around 2-3 g of material was placed into digestion tubes with 5 mL of 70 % w v-1 trace element 

grade HNO3. The mixture was allowed to react for 10 min and then 15 mL of 35-36 % w v-1 HCl was 

added. A blank was made by mixing 5 mL of HNO3 and 15 mL of HCl. The digestion tubes were 

covered with matched glass balls and left to digest at room temperature for 24h.  

A small amount of 12.5 % v v-1 nitric acid was added into the top tubes of the condenser of a 

Gerhardt Kjeldatherm block digestion system (Gerhardt, Brackley, UK). The digestion tubes were 

connected to the condenser and the temperature was gently increased to 200 °C then maintained 

for 2 h. After cooling, the liquid was filtered by gravity through acid-resistant cellulose filter paper 

into a 50.0 mL volumetric flask. The liquid from the top of the condenser was used to clean the tube 

with the addition of 12.5 % v v-1 HNO3: this liquid was also filtered. Finally the volume was made up 

to 50 mL by addition of 12.5 % v v-1 HNO3. In order to determine the mass of undigested granules, 

pre-weighed filter papers were dried at 105 °C and then furnaced at 550 °C . 
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 Atomic absorption spectroscopy (AAS) 

Iron was measured using a Perkin Elmer A Analyst 200 Atomic absorption spectrometer (Perkin 

Elmer, Waltham MA, USA). The analysis was kindly carried out by Nanthanat Sriprasert, PhD 

candidate, University of Southampton.  

 Inductively coupled plasma 

Acid digested granules were sent for determination of Sodium, Magnesium, Aluminium, Phosphor, 

Potassium, Calcium and Iron concentrations by inductively coupled plasma (ICP) analysis at the 

National Oceanography Centre (NOC, Waterfront campus, University of Southampton). Dr James 

Andrew Milton kindly carried out the analyses and provided details of the method presented in 

Appendix B.2. 

 Enzymatic hydrolysis 

3.6.1 Buffer solution 

The buffer solution used for enzymatic hydrolysis was a 50 mM pH 4.8 buffer as recommended by 

the NREL [125]. 210 g of Citric acid monohydrate was mixed with 750 mL of ultra-pure water. NaOH 

(approximately 60 g) was added to reach a pH of 4.3. The solution was then diluted to 1 L, and the 

pH was corrected by adding NaOH until pH 4.5. The 1 M stock citrate buffer stock was store in a 

4 °C fridge. It was diluted with ultra-pure water to 50 mM a maximum of 30 min prior to its use for 

enzymatic hydrolysis. 

3.6.2 Enzymatic hydrolysis procedure 

Generally, enzymatic hydrolysis was carried out at 5 %TS, 4 % enzyme based on TS for 72h. Using 

this low solids concentration made comparison between samples easier as it prevented 

interference from product inhibition, mixing problems and mass transfer limitations, and also made 

pH control easier.  

Two experimental set-ups were used: 1) 1 g TS was added to a 50 mL Nalgene™ PPCO centrifuge 

tube or 2) 5 g TS was added to a 250 mL Nalgene™ PPCO centrifuge tube. Material was weighed 

using a 4-decimal LC6215 balance. The solid was then mixed with 50 mM citrate buffer at pH 4.8 

[125] to reach the target total solids concentration of 5 %TS. If required the pH was adjusted further 

with 25 % w w-1 phosphoric acid. Once a stabilized pH of 4.8-5.2 was reached the enzymes were 

added. The enzyme used was Cellic C-Tec 3 (Novozymes, Sweden). Enzyme dosage was based on 

glucan content and was calculated as following: 

Enzyme dosageTested =
Enzyme dosageBase

% glucan Base
∗ % glucan Tested Equation 3-32 
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Where: 

Enzyme dosageBase = Enzyme dosage used for hydrolysis of the base material, in general 4 % based 
on TS. 

Enzyme dosageTested = Enzyme dosage to be applied on the tested material, % based on TS. 

% glucanBase = glucan percentage of the base material on a TS basis (depending on the experiment 
this could be newspaper, filter paper etc.). 

% glucanTested = glucan percentage of the tested material on a TS basis (after pre-treatment, 
extraction etc.). 

The centrifuge tubes were placed into a tumbling mixer (Associated Design & Manufacturing Co., 

Alexandria, Virginia, US) which rotated at 33 RPM, inside a SI60D incubator (Suart, Staffordshire, 

UK), as shown Figure 3-10. The temperature was maintained at 50 °C, and the reaction time was 

fixed at 72h unless otherwise noted. 

 

 

Figure 3-10: Enzymatic hydrolysis reactor used in this work. 
 

3.6.3 Hydrolysate sample, sugars analysis and hydrolysis yield 

Tubes containing hydrolysate were centrifuged at 5000 g in a Sorvall Legend XTR S/N: 41125528 

(Thermo Scientific, Waltham MA, USA) for 7 min. 0.20 mL of liquid supernatant was removed in the 

presence of a benzene flame to minimise contamination, and placed into 2 mL centrifuge tubes 

which were frozen immediately. After 72h, the pH of the supernatant was measured to check that 

no contamination had occurred (i.e. microbial conversion of sugars into lactic acid, indicated by a 

fall in pH) 

To measure the sugars, the 2 mL tubes were centrifuged at 13000 g for 7 min in a Galaxy 16DH 

centrifuge (VWR, UK). Depending on the target dilution (between 100-150 times), a volume of 

supernatant was placed in a 5 mL sample vial and 18 MΩ ultra-pure water was added for dilution. 

The tube was sealed with a 0.45 μm nylon filter cap, and analysed immediately or frozen. 
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The yield was calculated according to the formula from Kristensen et al. [38]: 

Percent hydrolysis (%):

(mR − mIS)
SGaq.phase

∗ [Glucose] + 1.0526 ∗ [Cellobiose]

1.111 ∗ %glucan ∗ Mass of TS
 

Equation 3-33 

Where:  

[Glucose] = glucose concentration in the supernatant, g L-1. 

[Cellobiose] = cellobiose concentration in the supernatant, g L-1. 

% glucan = Percentage glucan on a TS Basis.  

[intial solids] = Initial solids concentration, g L-1. 

mR = mass of the whole reaction, g. 

mIS = mass of insoluble solids after hydrolysis, g. 

SGaq.phase = specific gravity of the aqueous phase, g L-1 

1.0526 and 1.111 are the dehydration factors during cellulose chains hydrolysis into cellobiose and 

glucose respectively.  

 Production of paper 

On several occasions papers were created in order to incorporate some components in the 

structure (AIM, calcium carbonate or additives) to test their impact on enzymatic hydrolysis. The 

method used was based on the website www.wikihow.com/Make-Paper. Below is a simplified list 

of the steps followed: 

- Paper was shredded in an office shredder. 
- 1 L of tap water was added to 5 g of newspaper and mixed in a kitchen blender for 45 s. 
- The mixture was poured into and uniformly distributed across a 28 * 26.5 cm, 0.6 mm mesh 

screen (Inoxia, Guilford, UK), with a wood frame (see Figure 3-11). 
- The frame was covered with an absorbent fabric, and most of the water was removed using 

a sponge. 
- A second absorbent fabric was applied on top of the first, to remove excess water. 
- The fabrics were removed, and the paper was gently detached from the mesh screen. The 

paper was hung up and left to dry at room temperature overnight.  
 

 

Figure 3-11: Mesh screen used to collect the fibres. 
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If some product was added, this was done at the beginning and mixed with water in the blender. 

Because of the small amount of paper used in this method, most of the added product was removed 

by the water, and as a consequent was not fixed to the paper. Adding more paper was not a 

satisfactory solution, as the resulting paper grade would be higher than that normally used in the 

newspaper industry. With 5 g of material, which was the minimum amount needed to be able to fix 

the paper to the mesh, the grade was 67.4 gsm (g m-2) (assuming no loses during the process), 

whereas the grade of “The Sun” is 42.5 gsm. Too high a grade makes the paper too dense and can 

reduce cellulose accessibility [353]. If less water is added, it is more difficult to get a uniform paper. 

It was found by trial and error that adding 4 times the amount of the target product concentration 

led to approximately the right concentration. 
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Chapter 4 Characterisation of pulps and selection of 
representative material 

This chapter consists of 2 parts:  

 Comparison of the properties and hydrolysability of all batches of MSW pulp used in the 

work 

 Comparison of the composition and hydrolysability of different paper streams and selection 

of a representative UK Pulp material. 

 Comparison between different pulp batches 

Objective: To determine the composition and amenability to enzymatic hydrolysis of MSW pulps 

from different sources autoclaved at different temperatures. 

Methodology: Unless specified, the pulps were extracted via the washing/extraction process 

described in section 3.4.1. The pulps were characterised based on compositional and elemental 

analysis and calorific value (CV) according to the methods in sections 3.3.3.1, 3.3.5 and 3.3.7. True-

lignin and pseudo-lignin contents were also determined (see sections 3.3.3.3). The measured 

calorific values were compared with values from 2 empirical formulas based on elemental 

composition, modified from Komilis et al. [354]: 

CV = (81.8 C+304.2 H-35.8 O)*4.184*103 Equation 4-1 

CV = 113.4 C* 4.184*103 Equation 4-2 

Where: 

CV = Calculated calorific value, MJ kg-1 TS. 

C, H, O = carbon, hydrogen and oxygen content expressed on a %TS basis. 

4.184*103 = Conversion factor from kcal to MJ. 

The food waste contained in MSW was assumed to be the sum of carbohydrate not coming 

from lignocellulose (removed during a ND wash), plus lipids and proteins. Approximately 200 g 

of wet MSW material was placed on a clean surface. Any obvious non-fibre material was 

removed using tweezers, giving a sorted fibre (SF) fraction and a reject fraction assumed to be 

purely non-biogenic. TS and ash content of both fractions was determined to obtain the 

proportion of SF in MSW on a TS basis (%SFDry). The following analyses were carried out on SF. 

The proportion of carbohydrate from lignocellulose was determined by carrying out a ND wash 

(section 3.3.3.2) to isolate the fibre from the non-lignocellulosic material. By analysing the total 

carbohydrate content of the material before and after washing, it was possible to measure the 
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sugars from non-lignocellulosic sources which are likely to be those coming from food waste 

(Figure 4-1). 

 

 

Figure 4-1: Principle of the carbohydrate measurement in food waste. 

 

The percentage of carbohydrate from food waste in the SF was calculated using Equation 4-3.  

% PS from FW𝑆𝐹 = (1% PS before ND wash − % NDF ∗ % PS after ND wash) Equation 4-3 

Where: 

% PS before (and after) ND wash= Percentage of all polysaccharides in SF on a TS basis before 

and after ND wash (calculated using Equation 3-16) 

% NDF = as defined in Equation 3-17 

Lipid was measuring following the method in section 3.2.7 and Protein content was determined 

by measuring the TKN and multiplying this by a ‘nitrogen-in-protein‘ factor of 6.25 [355]. 

The food waste content of MSW pulp on a TS basis was obtained by multiplying SF by %SFDry. 

Pulp hydrolyses were carried out as described in section 3.6 using a 2 % enzyme loading based on 

TS. Some hydrolyses or compositional analyses were carried out by others (Dr Dhivya Puri, Jimena 

Sarli Quevedo). All saccharifications were carried out in the hydrolysis reactor described in section 

3.6.2.  

Results:  

The compositions of all pulp materials are presented in Table 4-1. This shows that UK pulp has a 

much higher ash content (10.8 % on average) compared to US pulp (1.8 %). This indicates that 

removing the fines prior autoclaving might significantly decrease the ash content of the final clean 

pulp, and that fines are therefore rich in ash. The glucan, other sugars, and AIM contents of the US 

pulp were the highest (55.5, 12.0, 26.3 %TS respectively) suggesting that US MSW contains more 

paper than UK MSW. For comparison with the compositional results, Table A-29 shows MSW 

compositions found in the literature. The large differences in composition of the different samples 
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could be due to different MSW sources, but also different segregation techniques to obtain the 

paper pulp. 

 

Table 4-1: Compositional analysis of different pulps used during this study. 

 

* Asterisks indicate composition was measured using Fibercap analysis (section 3.3.3.2). 
 

Values in Table 4-1 are plotted in Figure 4-2 as a function of the autoclave temperature. From this 

it seems that, independently of the pulp origin, the autoclave temperature affects the clean pulp 

composition apart for the other sugars content. The AIM content increased with autoclave 

temperature while the glucan content decreased. If a constant lignin content is assumed for UK 

MSW, this may indicate that at higher temperatures some organic content (possibly glucans) is 

transformed into pseudo-lignin (see section 2.2.3.5). 

 

 

Figure 4-2: Effect of autoclave temperature on glucan, other sugars and AIM content of pulps. 
 

The food waste contents of all samples are presented in Table 4-2 and plotted in Figure 4-3A as a 

function of autoclave temperature. From these results, it is clear that increasing the temperature 

enhances the food waste removal during the washing and pulp extraction process. The final food 

waste content is also closely related to the origin of the MSW. As an example, New Graphite 90°C 

pulp contains more than 9 % extra food waste as compared to 70° C Wales pulp. This could be due 

to differences in food waste collection services, resulting in higher food waste content in Graphite 

MSW. According to Fiberight, the fines removed prior to autoclaving are mostly food waste and ash 
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[pers. comm., Nick Thompson]. Table 4-2, however, shows no major difference between the food 

waste content of the 70 °C Wales pulp and the US (autoclaved at 110 °C). This could mean either 

that Wales MSW has an extremely low food waste content compared to US MSW, or that removing 

the fines does not significantly decrease the food waste content. In future work it would be 

interesting to measure the food waste content of US pulp obtained with or without fines, and to 

test the impact of fines on the enzymatic hydrolysis.  

 

Table 4-2: Food waste content of pulps used in this study. 

 

a Protein contents kindly provided by Dr Dhivya Puri. 
 

  

A) Food waste content B) True-lignin and pseudo-lignin content. ∆ 
represents US pulp and ◊ Wales pulp. 

Figure 4-3: Effect of autoclave temperature on food waste and lignin content of pulps. 

 

Results for true and pseudo-lignin are plotted in Figure 4-3B. From this figure, it seems that in the 

UK, autoclaving has little effect on pseudo-lignin formation, as the pseudo-lignin was only 1 % 

higher in the case of Wales material treated at higher temperature. Temperature seems, however, 

to have an impact on the true-lignin content. At higher temperature, more food waste is removed 

which increases the proportion of paper in the autoclaved material and therefore the true-lignin 

content. When the US pulp is considered with respect to the other results, it seems that pseudo-

lignin content is more related to MSW origin than to the thermo-mechanical process used, as 

almost no pseudo-lignin was found in US pulp (pseudo-lignin content 1.8 %TS) . Puri et al. [213] 

proposed that part of the MSW pseudo-lignin could be pieces of acid-insoluble plastics; another 

alternative source could be paper additives. 
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Table 4-3 shows the lignocellulosic content of the MSW pulps. The total lignocellulosic content (sum 

of carbohydrate from lignocellulose and true-lignin content) is plotted in Figure 4-3B as a function 

of autoclave temperature. It is clear that the higher the temperature, the lower the glucan 

percentage; while in contrast the percentage of true-lignin increases with temperature. Overall 

there was a reasonable correlation between autoclave temperature and the real lignocellulose 

content, suggesting that higher autoclave temperatures lead to higher lignocellulosic content in the 

final pulp (see Figure 4-4). This would explain why the missing mass is higher at low temperature 

(see Table 4-1), because less material is counted as lignocellulose by the modified NREL method. 

Note, however, that this explanation is based on only a few experimental points, and would need 

to be confirmed using a larger number of samples. 

 
Table 4-3: Lignocellulosic content of US and Wales pulp. 

 

a Total lignocellulose is the sum of glucan, other sugars coming from lignocellulose (corrected for 
food waste content) and true-lignin. 
 

 

Figure 4-4: Effect of autoclave temperature on lignocellulose content of Wales and US pulp. 
 

From the results obtained, autoclave temperature has an impact on the lignocellulose content but 

also on the distribution of lignocellulosic components (Table 4-4).  

There are several possible explanations for this:  

 A high autoclave temperature could hydrolyse some lignocellulosic carbohydrates which 

are then removed during the washing/extraction process.  

 Some sugars may be degraded into other forms and re-condensed on the fibres. This may 

explain why glucan conversion seems to reduce at autoclave temperatures higher than 

110 °C. Although this is an interesting hypothesis, it is difficult to prove by looking at the 

composition of the materials, as this new sugar form cannot be included in the pseudo-

lignin nor the missing mass (higher at low temperature).  

 It is believed that autoclaving opens up cellulose fibres, but the high temperature could 

also collapse some pores and thus reduce the pulp hydrolysability. 
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Table 4-4: Percentage of glucan, other sugars and true-lignin based on lignocellulose content. 

 

Results of elemental analysis are given in Table 4-5. No major differences were found between the 

pulps apart from in the nitrogen and oxygen content. As significant differences exist in terms of ash 

content (and ash contains some inorganic carbon, ≈7.3% in ash from newspaper batch 1 for 

example), in practice the difference might not be important. Temperature may have an impact on 

food waste removal and therefore protein removal, and this could explain the difference in nitrogen 

content in the pulps. Li et al. [25] found that MSW autoclaving produced fibres lower in oxygen and 

higher in hydrogen which should be more hydrolysable. No significant difference was found in this 

study for a temperature increase from 70 to 130°C for the Wales MSW.  

 

Table 4-5: Elemental composition of Wales 70 & 130 °C and US pulp.  

a By difference 
 

Table 4-6 shows the CV (measured and calculated) of the different pulps. No correlation was found 

between autoclave temperature and measured CV. The values are fairly consistent and the small 

differences might be caused by the lignocellulosic compound distribution. Values obtained from 

the bomb calorimeter were higher than those calculated using Equation 4-1. This might be due to 

too high an O2/biomass ratio, i.e. errors in estimation of O2 by difference. CVs calculated using 

Equation 4-2 were, however, even higher.  

 

Table 4-6: Calorific values of pulps used in this study. 

 

(%TS) Glucan Other sugars True-Lignin 

US pulp 63.1 8.6 28.3 
Wales 70°C 68.8 14.8 16.5 
Wales 130°C 58.1 11.3 30.7 

 

(%TS) N C H S O Missinga 

US Pulp 0.4 (0.0) 43.8 (0.4) 5.9 (0.1) 0.1 (0.1) 48.0 1.8 
Wales 70°C 0.5 (0.0) 41.8 (0.7) 5.7 (0.2) 0.1 (0.0) 42.0 10.0 
Wales 130°C 0.70 (0.1) 45.6 (0.9) 6.4 (0.1) 0.1 (0.0) 40.4 6.9 

a By difference 
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All enzymatic hydrolysis results are presented in Table 4-7. As can be seen, the glucan conversion 

results were quite variable. These results confirmed earlier concerns noted by Fiberight in 2012 

about the lower hydrolysability of Graphite material compared to the US pulp [pers. comm., Nick 

Thompson, Dr Dhivya Puri]. The general trend shown in Figure 4-5A is that an increase in the 

autoclave temperature reduces the glucan conversion.  

 

Table 4-7: Glucan conversion results for pulps used in this study. 

 
 

  
A) Autoclave temperature B) Food waste content 

Figure 4-5: Effects of autoclave temperature and food waste content on glucan conversion of 
different pulps. 

 

A number of hypotheses were put forward to explain this and the rest of this chapter describes the 

attempt to find out which are the most plausible: 

 The autoclave temperature might affect food waste solubility, and thus the ability of the 

washing/extraction process to separate the paper pulp from the food waste (see Figure 

4-3A). 

 Food waste could have a negative impact on enzyme hydrolysis 



Chapter 4 

128 

 High autoclave temperature might lead to condensation, crystallisation or caramelisation 

of compounds (e.g. starch). This might directly affect the pulp hydrolysability. This is 

supported by the fact that when the autoclave temperature applied to Wales MSW 

material increased from 70°C to 130 °C, glucan conversion dropped from 63 to 47 %. On 

Graphite MSW, however, the glucan conversion increased from 51 to 58 % (at 2 % enzyme 

on TS) when the autoclave temperature was increased (90 to 110 °C). There may thus be 

an optimum autoclave temperature.  

 Autoclaving might open up the fibre making cellulose more accessible, but higher 

temperatures might collapse fibre pores. Measurement of the WRV could indicate the 

degree of opening-up of the cellulose fibres, but this was not carried out.  

 Autoclaving could also partially hydrolyse the lignocellulosic material, as suggested by Li et 

al. [25].  

 In Lawrenceville, fines are removed from the MSW before being autoclaved. This might be 

beneficial for pulp hydrolysability. 

 People's habits and governmental policy affect MSW composition and thus might impact 

the pulp quality. As an example, in 2010/2015 in Wales 100 % of households were offered 

kerbside domestic food waste collections compared to 55 % of households in England [357]. 

 The pulping method may have an effect (especially for US and UK pulp).  

 The paper recycling rate might also affect the hydrolysability of the end-product [107] 

Glucan conversion as a function of the food waste content is plotted in Figure 4-5B, together with 

estimated values (50-60%) provided by Dr Dhivya Puri for the US pulp under the same enzymatic 

hydrolysis conditions. No correlation was found between food waste content and glucan 

conversion, suggesting that food waste does not adversely affect the enzymatic hydrolysis. As far 

as the author is aware this has never been reported in the literature. Testing of more different pulps 

is required to make sure that food waste does not affect hydrolysis; another interesting experiment 

would be to incorporate synthetic food waste into pulp in different proportions and carry out 

enzymatic hydrolysis.  

Glucan conversions of US and Wales pulp were plotted in Figure 4-6 as a function of their respective 

true-lignin pseudo-lignin and AIM contents. No strong correlation was found between pseudo-

lignin content and glucan conversion, while it seems that lignin and AIM could affect the hydrolysis, 

a phenomenon which will be discussed further in section 5.3.10.2. It would be interesting to know 

the pseudo-lignin content of Old Graphite pulp, especially at 150 °C, to provide additional evidence 

on whether high temperature leads to higher pseudo-lignin content and whether this affects 

hydrolysis. 
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Figure 4-6: Effect of Pseudo-lignin, true-lignin and AIM on glucan conversion of pulps. 
 

Before concluding this first part, it is important to note that all results were obtained from relatively 

small and therefore perhaps not fully representative fractions of an inhomogeneous material 

(MSW). Moreover, a maximum of 8 different samples were used in this study, which is not a 

sufficient number to establish relationships with any certainty. From these results, however, it 

seems that increasing the temperature enhances food waste removal which leads, as a direct 

consequence, to an increase in the lignocellulose content in pulp. Surprisingly, a lower proportion 

of carbohydrate in the lignocellulose content was found at high temperature suggesting that some 

carbohydrates 'disappeared' either by hydrolysis or by chemical re-structuring. In any case, it 

appears the autoclave temperature does have an impact on the hydrolysability and it seems that 

temperatures higher than 110°C negatively affect the glucan conversion. The origin of the MSW 

also has a clear impact on the material properties and composition. This is closely linked to people's 

habits, and possibly to the quality of paper used in each location: these issues are discussed further 

in section 4.2.No correlation was found between glucan conversion and pseudo-lignin content; 

however the highest pseudo-lignin content was just over 5 %. The pseudo-lignin in the US pulp was 

much lower than in the UK pulp at equivalent autoclaving temperature suggesting that pseudo-

lignin may have an effect on pulp properties. 

Difference in term pulp hydrolysability in the UK and the US could also be explained by the 

difference in paper production methods and recycled paper content (see section 2.2.5). As the 

composition of the paper fractions differs significantly (see Table 2-5), if some of these components 

are more easily hydrolysable than others, this will have a direct impact on the pulp hydrolysability. 
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 Comparison between different UK paper streams 

Objective: To compare the composition and enzymatic hydrolysability of different UK paper 

streams. 

Methodology: Compositional analyses were carried out using the modified NREL method (section 

3.3.3.1). Different fractions of MSW were hydrolysed both separately and mixed together in 

accordance with the proportions found in UK MSW (Table 2-5). Note that for this experiment the 

material designated as 'Other paper' in Table 2-5, was considered to be office paper only. 

Hydrolyses were carried out following the methodology in section 3.6 using 4 % enzyme on a TS 

basis for newspaper hydrolysis, and the same enzyme dosage based on glucan content (see 

Equation 3-33) for the other paper streams.  

Results: Results from compositional analysis are presented in Table 4-8. As can be seen, the 

composition varies quite a lot depending on the type of paper, especially the glucan content, AIM, 

and ash (which includes CaCO3) content. For comparison, paper compositional values were 

extracted from Wang et al. [79] and are presented in Table A-30. 

 

Table 4-8: Composition of different paper streams used in this experiment.  

 

a Batch 1 newspaper was used as a representative UK newspaper material (see section 3.3.1.2). 
 

Results from enzymatic hydrolyses of the different paper streams can be found in Figure 4-7. The 

results differ significantly depending on the type of paper. Office paper and cardboard show similar 

hydrolysis performances with virtually the same glucan conversions. The glucan conversion of 

newspaper was approximately 20 % lower, while that of magazines was only 17.0 ± 3.1 %. 

Surprisingly, the paper mixture showed very good conversion, close of that of office paper and 

cardboard, while it should theoretically be equal to the weighted average of 53.7 %. This again may 

indicate the difficulty of obtaining representative samples at laboratory scale. At 15 %TS and 

different enzyme dosages, Wang et al [79] also found that office paper and cardboard were the 

easiest substrates to hydrolyse in comparison to newspaper and magazines (lowest conversion) 

(see Figure 4-8).  
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Figure 4-7: Comparison of the enzymatic hydrolysis (glucan conversion) of different kinds of paper 
taken separately or mixed together. 

 

 

Figure 4-8: Glucan conversion of four types of paper using 2 different Novozymes Enzymes. 
Enzymatic hydrolyses were carried out at 15% solids and different enzyme loadings 
(E0). Figure extracted and modified from Wang et al. [79]. 
 

 

Table 4-9 shows yield conversions for newspaper from the USA and the UK. Even though the 

enzymes used for the US newspaper were far less advanced than Cellic Cetic 3 (saccharification 

yields for the first 4 samples were extracted from a 1974 paper), conversions were in a similar range 

or even better than those obtained in this study using “The Sun” newspaper. This suggests that US 

newspapers are more hydrolysable than UK. From this series of experiments, newspaper was 

selected as representative of UK pulp in order firstly to investigate why this material is poorly 

hydrolysable and secondly to have a homogenous material to test different optimisation 

approaches (pre-treatments, 2-step enzymatic hydrolysis etc.). UK MSW could have been chosen 

but the issue of homogeneity was of concern, especially at laboratory scale: as noted it was found 

to be very difficult to obtain representative and consistent pulp from this inhomogeneous material. 

Newspaper was chosen over magazine (conversion too low) or cardboard/office paper because it 
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can be considered as a material with a relatively constant composition, and as a challenging 

substrate for enzymatic hydrolysis. Li et al. [207] stated that increasing the glucose yield of 

newspaper was a priority to improve the conversion of MSW.  

 
Table 4-9: Yield comparison of US and UK newspaper used in this study. 

 

* Enzymes used were Tv QM9414 cellulase, (1.5 mg protein, 49.6 CU, 1.19) FP cellulase H 
mL-1; C, 5.60 mg glucose mL-1)  

** Enzymes used were 28.4 CBU based on TS of Novozyme 188 (Novozymes) 
 

Newspaper has a lignin content which is of the same order of magnitude as MSW (Table 4-10). 

Moreover, it appears that the normalized sugar yield for MSW without any pre-treatment is very 

similar to that for softwood newspaper [51], which also justifies its use to represent MSW. 

 

Table 4-10: Lignin content of MSW and newspaper [103, 359]. 

 

Finally, as will be seen in the next chapter, newspaper contains some extractives, calcium 

carbonate, ink, additives that may affect the process efficiency [169]. Its dense structure also makes 

it difficult to digest [353]. As a consequence of these characteristics, newspaper (specifically “The 

Sun”) was chosen as feedstock for most of the work carried out in this study. 

 Conclusions from chapter 4 

The work confirmed that MSW pulp is an inhomogeneous material which makes it difficult to obtain 

truly representative results at small scale. Moreover the composition of MSW pulp from different 

sources varies slightly due to different lifestyles and collection systems. These factors partly explain 

the different pulp composition and hydrolysability observed in this work 

 MSW Newspaper 

Lignin content (%TS) 18.2 ± 7.6 (adapted from [359]) 16.8 [103] 
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The temperature at which thermo-mechanical pre-treatment (autoclaving) is carried out was found 

to affect the food waste removal, possibly because high temperature induces higher food waste 

solubilisation. Consequently, the proportion of lignocellulosic material in the final pulp was higher 

at higher autoclave temperatures. The proportion of glucan from lignocellulose was lower at high 

temperatures, however, suggesting either that some carbohydrates were hydrolysed or that their 

chemical structure has changed. No evidence was found, however, to suggest that the presence of 

food waste had an impact on the hydrolysis. Autoclaving temperature also seemed to have no 

impact on pseudo-lignin formation, but this was related to the origin of the material. In fact almost 

no pseudo-lignin was found in US pulp, while approximately 5 % based on TS was found in UK pulp. 

The fines which are removed in the US could also be the fraction containing most of the pseudo-

lignin. Enzymatic hydrolysis seems to be favourably influenced by increasing the autoclave 

temperature up to 110°C (increase between 90 and 110°C for New Graphite material), then the 

conversion decreases (decrease for Wales pulp with a temperature increase from 70-130 °C). 

Optimum temperature might open up cellulose fibres, making them more accessible for cellulase; 

while higher temperatures in contrast might collapse the pores. Scanning electron microscopy of 

pulp cooked at different temperature would be useful in future work, to judge the effect of 

autoclaving on fibres.  

In their study on the factors that could affect the enzymatic hydrolysis of MSW, Rivers et al. [162] 

concluded that “optimal pre-treatment must be chosen based on additional process-performance 

characteristics and actual evaluation of the site-specific MSW”. Autoclaving has the benefits of 

making MSW separation easier, and of concentrating the clean pulp in lignocellulosic material by 

increasing food waste solubility and thus producing an organic liquor with a higher COD content; 

but it nevertheless needs to be specifically optimised for a specific type of MSW. Old Graphite 

material could have been more hydrolysable at lower temperature, for example. The 2 pulps 

obtained at low autoclave temperature (below boiling) showed satisfactory glucan conversion 

which indicates that a continuous pulper could advantageously replace an expensive autoclave. 

MSW paper fraction compositions in the USA and UK are significantly different. UK MSW contained 

much more newspaper and magazines which were found to be the two least hydrolysable 

materials. This could partially explain why in general US pulp is more easily hydrolysed. Another 

contributing factor could be because the recycling rate in the US is lower than in the UK, meaning 

that smaller amounts of chemicals able to affect cellulase are used. Newspaper was selected as a 

homogenous and representative component of UK pulp to investigate its poor hydrolysability and 

improve its conversion.   
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Chapter 5 Understanding the poor hydrolysability of 
newspaper 

In this chapter, results from the characterisation of newspaper are presented including the 

variability depending on the methods used. Poor hydrolysis results were obtained, confirming the 

need to investigate the factors that might explain this. This was carried out by multiple experiments 

designed to target the removal or the addition of different components.  

 Characterisation of newspaper 

Objectives: (i) To characterise different batches of newspaper, in particular “The Sun”, in terms of 

TS, VS, calcium carbonate and fibre content (carbohydrates and acid insoluble material). (ii) To 

identify a preferred method of compositional analysis for use in the current work.  

Method summary: TS, VS and CaCO3 content were determined as described in section 3.2.1. Fibre 

content was analysed using either the modified NREL method (section 3.3.3.1) or the Fibrecap 

method (section 3.3.3.2). To determine the true and pseudo-lignin content, the method described 

in section 3.3.3.3 was used. 

Results: Table 5-1 shows the TS and VS content for all batches of newspaper used in this research. 

As can be seen, the solids content varied slightly with newspaper type and batch.  

 

Table 5-1: Average TS and VS of 3 daily newspapers from November 2013. 

 
 

Newspaper is a dry material with a high organic content, from its lignocellulosic origins. The 

inorganic matter may come from wood (comprising between 1 and 2 % [360]), additives used during 

paper production (wax, additives, calcium carbonate etc.) or printing ink (e.g. black carbon). 

Although newspaper may appear to be a homogenous material with a consistent composition, it 

seems that the organic matter can vary significantly as well as the moisture content. The calcium 

carbonate content in all samples apart from the newsprint was quite high in comparison to the 

value of 2.1 % reported by Wang et al. [79]. These researchers, however, were using “The London” 

newspaper which, as note in section 2.2.4 is likely to have used lower quality paper. CaCO3 content 

in all batches is quite high and may cause problems in pH control.  
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Results for the fibre and carbohydrate content of “The Sun” batch 1 are presented in Table 5-2. 

Note that for the purpose of this comparison it was assumed that no glucose units came from 

hemicellulose (i.e. 100 % from cellulose). Hereafter, the designation glucan will be used to describe 

the polysaccharide chain releasing the glucose detected by Dionex (see section 3.3.3.1.2). Moreover 

in this table lignin is considered to be the same as AIM (measured by the modified NREL method).  

 

Table 5-2: Results for fibre composition by modified NREL method and Fibercap analysis. 

 
 

As can be seen, there are quite large differences between the results for each method. This is in 

accordance with the range of differences found by Foyle et al. [349] when testing different 

compositional analysis methods on newspapers (see Table A-31), and indicates some of the 

difficulties linked to newspaper characterisation. 

Concerning the two methods used (Table 5-2), the following comments can be made: 

- The total fibre content is almost the same, and the differences are only in the fibre 
distribution. 

- The sugars from hemicellulose were detected by HPLC, confirming they are really present. 
This means the material consists of at least 12 % hemicellulose. The 8 % found with Fibercap 
may be due to inefficient hemicellulose removal in ADF. This would lead to overestimation 
of the ADF value, and thus the hemicellulose content (difference between NDF and ADF) 
will be underestimated (see Equation 3-19). This also leads to overestimation of the 
cellulose content. 

- It is recognised that the modified NREL method (and the further modification described in 
section 3.3.3.1) generally leads to overestimation of the lignin content (possibly because of 
protein or carbohydrate interaction); but ADL is known to give a lower value due to loss of 
acid lignin in the acid detergent step [361]. By correlating the result to lignin from both 
methods with bomb calorimetry, Jung et al. [361] established that lignin measurement by 
the modified NREL method was the most accurate. This was using forage and not processed 
pulp, however, so the non-acid soluble material was more likely to be pure lignin. In the 
case of newspaper, the proportion of true-lignin cannot be known exactly using the 
modified NREL method, but knowledge of the amount of AIM may be useful. The difference 
between the two values for lignin can be equated to the pseudo-lignin. 

- The lignin percentage found by the Fibercap method (~13 %) is lower than that from the 
modified NREL method. This could be due to incomplete solubilisation of the cellulose 
caused by the 2-step sulphuric acid hydrolysis in the modified NREL method. As a 
consequence, the filtered substance is a mixture of residual cellulose and lignin. This could 
also partially explain the difference in cellulose values for the two methods. 

- The difference in lignin could also be explained by the removal of pseudo-lignin in the 
Fibrecap method. 

As a result of this comparison, the modified NREL method was selected for the rest of the study 

because it is a much safer method, and less time consuming.  

Compositional analyses of the different newspaper batches are presented in Table 5-3. 
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Table 5-3: Composition of the different newspaper batches used in this work. 

 
 

Carbohydrate contents in all batches were quite high but variable (50.7-64.4 %), with glucan 

accounting for between 70-80 %. This confirms newspaper as an interesting substrate for sugar 

production. The mannan content is quite large which might be problematic. The cellulase enzyme 

Genencor 300P (USA) has been found to be inefficient against mannan [51]. This may be due to the 

fact that the mannanases produced by Trichoderma reesei and Aspergillus Niger, which are the 

main the main cellulase-producing microorganisms, have their optimum pH at 3.5 which is in a 

different range from that of cellulase [362]. Hydrolysed mannan might reduce the access of 

cellulase to the cellulose and increase non-effective cellulase binding. 

The AIM content of all batches was quite high, ranging from 17.3 to a maximum of 27.3 %. This 

depends both on the type of fibre used to make the paper and on its quality (number of times 

recycled). If all of the AIM is lignin this might be a problem for enzymatic hydrolysis since, as 

previously noted, lignin can reduce conversion efficiency. 

For some batches (free batch, batch 3 and newsprint), a high 'missing mass' was noticed. This could 

be due to the presence of ink or extractives (not measured), acid soluble non-lignocellulosic organic 

material, and/or to analytical errors. In further calculations, the values were used without 

correction to 100 %. 

Newspaper compositions found in the literature are shown in Table A-32. As with the above results, 

the variability in composition is significant. 

Table 5-4 shows the elemental composition of newspaper (batch 1-3 and free batch). These values 

are quite consistent apart from the oxygen content. Newspaper contains some nitrogen, but it 

mostly consists of carbon, hydrogen and oxygen. Some sulphur was also detected but its content is 

insignificant. Note that the percent of undetected material was much higher for batch 1 in 

comparison to the others (the oxygen, however, was significantly lower). This is due to the fact that 

batch has a much higher organic content (see section 3.3.5). 
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Table 5-4: Elemental composition of newspaper samples. 

 

The composition of prepared AIM (Figure 5-1) is presented in Table 5-5. 

 

 

Figure 5-1: Prepared AIM from batch 1.  
 

Table 5-5: Composition of prepared AIM. 

 

After preparation of the prepared AIM, approximately 5 % of carbohydrate still remained. It is 

possible that the acid did not completely penetrate the fibres and hydrolyse the carbohydrates. The 

other sugars from hemicellulose were almost all hydrolysed by acid. The prepared AIM contained 

53.5 % of real AIM and 15.1 % of ash, of which 13.6 % was not acid soluble. 26.3 % of the initial 

mass was soluble in acid but was not carbohydrate.  

The prepared AIM mass balance during the third step of Fibrecap analysis is presented in Figure 5-2 

and includes the values of total carbohydrate, ash and missing mass. 

 

 

Figure 5-2: Prepared AIM mass balance from newspaper during third step of Fibercap analysis. 

 Glucan Other sugars AIM Ash Missing mass 

% TS 4.7 0.3 53.5 15.1 26.3 
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33.2 % of the initial AIM was removed during the whole process, of which 39.2 % was removed 

during the ADt wash. If it is assumed that no lignin solubilisation or lignin removal occurred during 

the ADL wash (AIM of ADL = true-lignin) this means that 66.8 % of the AIM is true-lignin and the 

pseudo-lignin content of batch 1 is 5.7 % of the TS content. Results for the other batches of 

newspaper can be seen in Table 5-6. 

 

Table 5-6: AIM, true-lignin and pseudo-lignin in newspapers used in this work. 

 
 

Elemental analysis of the prepared AIM and true-lignin from batch 1 was carried out in order to 

estimate the elemental composition of pseudo-lignin (Table 5-7). Note that both had a high sulphur 

content compared to newspaper batch 1 (see Table 5-4), possibly because of some residual 

sulphuric acid.  

 

Table 5-7: Elemental analysis of prepared AIM and true-lignin. 

 

If the ash content of the lignin is neglected as none of the elements considered are present in it, 

and the elemental compositions of the acid residual solid after the modified NREL measurement 

and the missing mass are assumed to be the same, the composition of pseudo-lignin can be 

estimated, with the result shown in Table 5-8. 

 

Table 5-8: Estimated elemental composition of pseudo-lignin. 

 

Conclusion: Newspaper has a carbohydrate content of approximately 60 % based on TS, which 

makes it an interesting substrate for enzymatic hydrolysis. The ash content is relatively high, 

however, in the range 10-18 % based on TS. This is mostly because calcium carbonate is used as a 

filler to improve the paper properties. The acid insoluble material is high, generally above 17 % on 

All %TS N C H S O Undetected 

Prepared AIM 0.4 (0.0) 43.1 (2.6) 3.6 (0.3) 0.3 (0.1) 37.5 15.1 
True-lignin 0.4 (0.1) 45.0 (1.8) 3.2 (0.2) 0.1 (0.1) 38.6 12.7 

 

 N C H S O 

Expressed as % of TS 0.4 49.7 5.3  0.7 44.5 
Expressed at g mol-1 * 100 0.0 4.1 5.3 0.0 2.8 
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TS. True-lignin was found to make up more than 60 % of the AIM. The pseudo-lignin could be as 

high as 10.5 % based on TS. To the best of the author's knowledge, the nature of this specific 

pseudo-lignin in the case of newspaper and its potential effect on enzymatic hydrolysis are 

unknown. The missing mass (possibly ink or extractives) can be as high as 15.9 % of the dry weight. 

The composition of different batches of the same newspaper bought at different times of year was 

not constant, and this material is thus not quite as uniform and homogenous as expected.  

 Enzymatic hydrolysis of newspaper 

Objectives: (i) To evaluate the glucan potential of newspaper without any pre-treatment. (ii) To 

determine the feasibility of enzymatic hydrolysis of newspaper at high solids concentrations at a 

laboratory scale. 

Method summary: in experiment 1, enzymatic hydrolyses were carried out as described in section 

3.6.2. Four batches of newspaper were used in this part of the work: batch 1-3 and the free batch. 

In experiment 2, hydrolysis of batch 1 was attempted at higher initial solids concentrations. 

Results:  

Experiment 1 

Results from the enzymatic hydrolysis of shredded newspaper are shown in Table 5-9. 

 

Table 5-9: Conversion of different newspaper batches. 

a Hydrolyses carried out at 5 %TS for 72h using 4 % enzyme based on TS. 
 

As can be seen, these results were fairly poor especially with respect to glucan conversion. The 

highest glucan conversion was 48.7 % but others were significantly lower (in the same range as 

reported in Table 2-8). 

The solids concentration was quite low so the conversion should not have been affected by mixing 

issues, and no sugar inhibition should have occurred. The enzyme dosage was also quite high, so 

higher conversions were expected. The very low glucan conversion from the free batch could have 

been be caused by poor paper quality, but differences in conversions obtained from “The Sun” 

newspaper were unexpected. 

Batch a 
Glucan 

conversion (%) 
Mannan 

conversion (%) 
Xylan 

conversion (%) 
Arabinan 

conversion (%) 
Galactan 

conversion (%) 

Batch 1 48.7 (1.2) 12.1 (1.4) 76.7 (3.9) - 9.4 (1.0) 
Batch 2 38.2 (4.4) 8.6 42.2 (4.1) 7.1 (2.3) 60.6 (11.0) 
Batch 3 29.7 (2.2) - 55.4 (1.3) 8.9 (0.3) - 
Free batch 20.2 (1.2) - - - - 
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The differences between glucan conversions for the different batches were also surprising. These 

may be related to the composition of the different batches, especially the AIM content. Mannan 

conversion was very low, as expected (see section 4.2). This is inconvenient in commercial terms as 

mannan with xylan is the most important sugar chain contained in newspaper after glucan. 

Many hypotheses have been put forward to explain the poor digestibility of newspaper, but the 

reasons are still unclear. Some authors have suggested it is caused by the fillers, other by the ink, 

lignin, and/or hornification. In the current work several experiments were therefore designed and 

conducted to find out why newspaper, despite its high carbohydrate content, is difficult to 

hydrolyse: these are reported in section 5.3. 

Experiment 2 

Newspaper hydrolysis at high solids concentration was attempted several times. Even with a strong 

citrate buffer, however, it was impossible to maintain the pH in the optimum range at TS 

concentrations above 10 % (data not shown). It is believed that this is because calcium carbonate 

acts as a buffer and neutralises the acidic dilution water [363]. When the TS content was above 

10 %, the amount of free water was very small, and it was impossible to measure the pH even after 

manually squeezing the wet pulp. Different buffer strengths were tested by changing the citrate 

buffer concentration (recommended as 0.05 N for a 5 %TS enzymatic hydrolysis [364]), and in all 

cases pH control was problematic. Using other buffer solutions (H3PO4, HCl, H2SO4) was challenging 

even at 5 % TS (see Appendix D.2.2). This was considered to be a problem, as pH is a crucial 

parameter to obtain the highest cellulase activity and thus maximise lignocellulose conversion (see 

Figure 2-13A) [127]. 

One option to resolve this issue was to install a system of acid or alkaline dosing linked to pH probes. 

This solution was not adopted for several reasons: 

 Only 2 CSTR fermenters with pH control were available. Using only 2 fermenters for long 

comparative experiments would have consumed too much time. Moreover, at solids 

concentrations higher than 10-15 %TS, CSTR mixing is inefficient. 

 The fact that at high solids content the amount of free liquid is small means that pH can be 

controlled only when the material starts to liquefy (after 12-24h). This makes it hard to 

compare results in a kinetic study.  

Conclusion: Considering the quantity of enzymes used and the low solids concentration, the glucan 

conversions obtained were lower than expected. For batch 1 the maximum glucan conversion was 

only 48.7 %, while results from the other batches were considerably lower. Carrying out hydrolysis 
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at a solids concentration above 10 %TS was found to be difficult because the pH could not be 

properly monitored and maintained. 

 Understanding the poor hydrolysability of newspaper 

This section focuses on identifying the effect of specific components and of mechanical treatments 

on newspaper hydrolysability, based on the possible factors listed in section 2.3.2 and 2.3.3. 

5.3.1 Neutral detergent fibre wash 

Objective: To evaluate the effect on glucan conversion in enzymatic hydrolysis of newspaper of a 

neutral detergent wash to remove non-fibrous material. 

Method summary: 3 L of ND was prepared and a wash was carried out following a slightly modified 

version of the method in section 3.3.3.2, as described below. 

 15 g of shredded newspaper (batch 1) was placed in a jelly bag and then in a 3-L beaker. 

 1.5 L of DI water was heated to 80 °C using a hot plate. It was then was added to the beaker 

with 35 mL of 2 % alpha amylase. 

 The mixture was left to react for 15 mL. 

 The jelly bag containing the solid was pressed, placed with 1.5 L of NDF in a 3-L beaker and 

heated gently to boiling point using a hot plate. 

 The mixture was maintained at boiling temperature for 30 min, after which the liquid was 

removed by pressing. 

 Another 1.5 L of NDF with 35 mL of 2 % alpha amylase was added to the jelly bag containing 

the solid and boiled for 30 min. 

 The mixture was finally washed g as described in section 3.4.3, placed into 1 L of DI water 

with 35 mL of 2 % alpha amylase and left for 15 min at room temperature. 

 The mixture was washed again using DI water. 

ND washed newspaper was analysed following the modified NREL method (section 3.3.3.1). 

Enzymatic hydrolysis was carried out as described in section 3.6. The enzyme loading was adapted 

based on glucan content of the ND washed newspaper composition, to give the same enzyme 

loading as that used in hydrolysis of the untreated newspaper (Equation 3-32). 

Results: The results of the compositional analysis are shown in Table 5-10.  

 

Table 5-10: Composition of ND washed newspapers (batch 1). 
  Glucan Xylan Mannan Galactan Arabinan AIM Ash Missing 

%TS 62.4 (0.6) 6.7 (0.1) 6.1 (0.2) 0.6 (0.1) 1.4 (0.9) 13.6 (0.5) 1.6 7.6 
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As can be seen, the ND wash brought the fibre content up to approximately 91 %. ND apparently 

did not remove all the non-fibrous material (excluding ash), with 7.6 % still present after washing. 

In a Fibercap analysis this would lead to overestimation of the total fibre content which then affects 

the hemicellulose content. 

Another interesting point is that the ND wash removed some AIM and carbohydrate (especially 

non-glucan compounds), as shown in Table 5-11. The pseudo-lignin content was analysed using the 

method described in section 3.3.3.3 and was found to be 27 % of the AIM. 

 

Table 5-11: Mass balance of different component during ND wash of newspaper batch 1. 

 

 

Some pseudo-lignin was removed during the wash (51.2 % in this experiment). 35.0 % of the lignin 

was also removed, however, which was quite surprising. Recycling and pulping might have 

disturbed the chemical bonds between fibres, making lignin more susceptible to removal by ND 

washing.  

The starch content in paper can be as high as 10 % [97] which means that the glucan measured 

using the NREL method may not be purely from lignocellulose. Amylase removes starch during ND 

washing, so this could explain the small difference in the glucan content.  

Another reason for these discrepancies could be that the fibre structure was very disturbed, and 

some compounds could have been removed during washing, because the pores of the jelly bag are 

bigger than those of the capsules used in the real Fibercap method. 

Concerning ash content, it is possible that the 1.6 % ash comes from colloidal silica which is often 

used in the paper making process [365] and is not removed by neutral detergent [348]. 

After ND washing glucan conversion reached 65.4 ± 0.6%, a significant improvement over the 48.7 

± 1.2 % conversion achieved with untreated newspaper (see Figure A-11). 

To the author's knowledge, no work has been done on enzymatic hydrolysis of ND washed residual 

solid, so only assumptions can be made to explain this increase. These include: 

- Samples were boiled for 1h in total. This could have re-opened the fibre pores thus reducing 
the hornification effect linked to newspaper drying. 

- The newspaper was ground. This increases the surface area for enzymatic attack and might 
increase the biodegradability. 

- Neutral detergent wash removed the ink which may be a cause of the poor hydrolysability 
- Starch was removed by amylase. Starch might affect cellulase. 
- Most of the inorganic content was removed. Ash may reduce the enzyme activity. 

 Glucan  Other sugars  AIM Lignin  Pseudo-lignin  Ash  Missing mass  

% Loss during 
ND wash 

0.4 5.8 40.4 35.0 51.2 93.0 11.0 
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- The part of the AIM that is been removed could be responsible for the poor conversion 
- Extractives were removed by ND washing. The extractives could adsorb or inhibit enzymes 

Experiments to test these theories are presented in the sections below. 

5.3.2 Impact of boiling on enzymatic hydrolysis 

Objective: To evaluate the effect of washing and boiling without ND and amylase on glucan 

conversion in the enzymatic hydrolysis of newspaper. 

Method summary: 15 g of shredded newspaper (batch 1) was used and the same steps were 

followed as in section 5.3.1, except that 3 L of de-ionised water was used without ND or amylase. 

Enzymatic hydrolysis was carried out as described in section 3.6.  

Results: Compositional analysis was not carried out for this material and it was assumed that no 

loss of material occurred during the washing 

A small increase in glucan conversion was observed (final conversion equal to 52.1 %, see Figure A-

11), which may have been caused by the removal of some components in the washing process, 

leading to an increase in the percentage of glucan in the material. The ash content fell from 17.3 to 

11 %. Consequently, if it is assumed that no fibre was lost during the boiling + washing, but only 

ash, this would lead to a glucan content of approximately 50 % and a glucan conversion of 48.9 ± 

2.5 % which is almost the same as for untreated newspaper (48.7 %). 

It can be concluded that the improvement of the glucan conversion after ND wash was not due to 

the boiling effect. 

5.3.3 Impact of size on enzymatic hydrolysis 

Objective: To evaluate the impact of particle size reduction on glucan conversion in the enzymatic 

hydrolysis of newspaper. 

Method summary: 15 g of shredded newspapers were ground to 0.5 µm using a Glen Creston 14-

140 mill (section 3.3.2). Enzymatic hydrolysis was carried out as described in section 3.6. 

Results: Surprisingly, the glucan conversion for the ground material was lower at 44.5 ± 2.2% than 

for the untreated newspaper (48.7 ± 1.24 %). One possible explanation is that friction during 

grinding may have changed the surface chemistry or morphology of the fibres, making them less 

accessible for enzyme attack [25]. This may also have an impact on Exo-1,4-β-d-glucanases (see 

section 2.3.1 for details on enzyme mechanism). Because the fibres are shorter, the enzymes have 

to pass from one cellulose chain to another more often, which increases the probability of 

adsorption or deactivation. Alternatively the difference could be due to a rapid sugar increase in 
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solution: if the short fibres are more easily available and hydrolysable, this could cause a sugar 

shock which might inhibit the enzymes. The size reduction however could not explain the higher 

glucan conversion of ND washed newspaper. 

5.3.4 Impact of ink on enzymatic hydrolysis 

Objective: To evaluate the impact of ink on glucan conversion in the enzymatic hydrolysis of office 

paper. 

Method summary: It was originally intended to use unprinted newspaper (BIC warehouse, Brooklyn 

NY, USA) in this experiment because of its similarities with “The Sun” newspaper (80 % recycled 

paper, approximately same mass per area). The conversion of this feedstock, however, was much 

lower than that of “The Sun” (see section 5.3.6.1). As a consequence, office paper was used instead 

(80 g m-2, 210*297 mm; made from 100 % recycled paper, from Office Depot, Florida, USA). A typical 

“The Sun” front page was scanned and printed on both sides of 20 sheets using a Konica Minolta, 

Bizhub 361 office printer (Osaka, Japan). Weights of office paper before and after printing were 

recorded in order to estimate the amount of ink based on TS, and to adapt the enzyme dosage. The 

paper was shredded, and hydrolysed (section 3.6) with 4 % enzyme based on TS for the unprinted 

office paper, and adapted to match the same enzyme dosage per g of glucan for the printed paper. 

Compositional analysis of the office paper (unprinted) was carried out using the modified NREL 

method described in section 3.3.3. The composition of printed office paper was calculated using 

results for unprinted office paper and the weight differences between printed and unprinted 

newspaper. 

Results: Ink was found to account on average for 6.1 % of TS, which is higher than the value reported 

by Kim et al. [85]. Compositional analysis results for the office paper are shown in Table 1-15. 

 

Table 5-12: Composition of office paper. 

 

The carbohydrate content was in the same range as the ~73 % reported by Wang et al. (see Table 

2-4), but their AIM content (6.1 %) was higher, and their ash content significantly lower (8.0 %). As 

with newspaper, the composition of office paper evidently varies from batch to batch. The low AIM 

(1.2 %) of office paper compared to newspaper used in this work (on average 22.4 %) is due to 

different pulping processes (chemical versus mechanical) which, in office paper production, target 

lignin removal. 
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The ink seems to have had no significant impact on conversion, which was 66.4 ± 3.7 % and 64.8 ± 

1.3 % respectively for the unprinted and printed paper (see Figure A-11). This is in agreement with 

Min et al. and Chen et al. [161, 366], but in contradiction to Moon et al. [159] and Van Wyk [160]. 

The glucan conversion for office paper was much higher than for newspaper (65.6 ± 3.5 % compared 

to 48.7 ± 1.2 %). This might reflect the difference in composition, especially AIM and lignin, and the 

lower quantity of additives used in office paper. 

5.3.5 Impact of starch on enzymatic hydrolysis 

Objective: To evaluate the impact of starch on glucan conversion in the enzymatic hydrolysis of 

newspaper. 

Method summary: 15 g of shredded newspaper batch 1 was diluted with DI water to 5 %TS and 

then hydrolysed with 5 % thermo-stable alpha amylase based on TS at 50 °C for 48h at a pH close 

to neutral. The supernatant of this first hydrolysis with thermo-stable alpha amylase was sampled 

and its sugar content was measured (section 3.6.3). The residual solid was washed using the 

procedure described in section 3.4.3. A second hydrolysis was carried out with cellulase (section 

3.6). Compositional analysis was done according to the modified NREL method (section 3.3.3.1). 

Results: No glucose was detected in solution in the hydrolysate of the first hydrolysis. It is unlikely 

this was due to a lack of amylase, an enzyme which is 100 times more effective at hydrolysing starch 

than cellulase is at glucan hydrolysis [pers. comm., Dr Dhivya Puri, Fiberight/University of 

Southampton], as the amount used was similar that used in Fibercap analysis. During starch 

hydrolysis, various compounds can be released: dextrin, maltotriose, maltose, and glucose, etc., 

depending on the relative location of the bond under attack [367]. It is possible that these sugars 

were not detected by the column used to measure the sugars obtained after hydrolysis of 

lignocellulosic material with cellulase. 

The composition of the pre-hydrolysed newspaper with thermo-stable alpha amylase is shown in 

Table 5-13. 

 

Table 5-13: Composition of pre-hydrolysed newspaper with thermo-stable alpha amylase. 

 
 

Several observations can be made:  

- The percentage of AIM was reduced. This may be due to the vigorous washing and the 
possible weakness of the chemical bonds 



Chapter 5 

146 

- The ash content fell from 17.3 to 5.4 %. Starch is mostly used as an adhesive or binder to 
fillers to be fixed by the paper: it is possible that when the starch was removed, the fillers 
were no longer bound to the paper and thus were easily removed during washing. This 
would explain the sharp fall in ash content. When the impact of boiling was studied in 
section 5.3.2, however, ash content was also found to be lower.  

- Ash removal could also be caused by washing: Wang et al. [169] also reported the removal 
of some of the ash contained in office paper by H2O washing. 

- No glucan was removed, indicating that “The Sun” newspaper is unlikely to contain any 
starch.  
 

The newspaper pre-hydrolysed with amylase was then hydrolysed with Cellic® CTec3. For some 

reason, this hydrolysis was very not successful, with a glucan conversion of 34.8 ± 0.8 % for the 

starch-removed material compared to 48.7 ± 1.2 % for the untreated newspaper. The second 

hydrolysis was done by adding 4 %TS enzyme, before compositional analysis was carried out, 

because an increase in the glucan content was not expected after the result of the first hydrolysis 

with thermo-stable alpha amylase. As a result, if the percentage of enzyme added is expressed on 

a glucan content basis, the enzyme loading was 6.28 % w w-1 glucan for the starch-removed 

newspaper compared to 8.50 w w-1 glucan for the untreated newspaper: this might explain the 

difference in conversion. It should be noted, however, that the value for glucan content determined 

in this experiment was uncertain (standard deviation of 6.3 %TS), which might affect the glucan 

conversion value.  

From this experiment, it can be assumed that no starch is present in “The Sun” newspaper, and 

thus starch removal does not explain the good hydrolysis yield of ND washed newspaper. 

5.3.6 Impact of inorganic matter enzymatic hydrolysis 

 Impact of calcium carbonate on enzymatic hydrolysis 

Objective: To evaluate the impact of calcium carbonate used as a filler in paper-making on 

enzymatic hydrolysis of newspaper. 

Method summary: Two experiments were carried out using 2 different materials (ND washed 

newspaper in experiment 1 and filter paper in experiment 2). 

In experiment 1, 70 g of newspaper batch 1 was washed with ND. The method used was slightly 

modified from that in sections 3.3.3.2 and 5.3.1. Shredded newspaper was boiled for 30 min with 1 

L of ND reagent without addition of alpha amylase. After 30 min, half of the liquid was removed, 

another 0.5 L of ND reagent was added and the mixture was boiled for 30 min. The sample was 

washed according to the ND washing procedure (section 3.4.3). The purpose of this ND wash was 

to remove the calcium carbonate, without affecting the proportion of fibre in the material. The ND 
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washed newspaper composition was analysed according to the modified NREL method (section 

3.3.3.1).  

Calcium carbonate was added during the preparation of paper from ND washed newspaper 

following the method described in section 3.7. This was done by trial and error until a similar 

concentration was obtained as in newspaper batch 1 (see Table 5-1). Hydrocarb 90, a source of 

calcium carbonate often used as a filler in the paper industry and by some researchers [169], was 

kindly provided by OMYA UK (Melton, Yorkshire, UK). Calcium carbonate in newspaper was 

measured according to the method in section 3.2.1  

Enzymatic hydrolysis was carried out as described in section 3.6. The enzyme loading was adapted 

to the same value based on glucan content as for the hydrolysis of the untreated newspaper (see 

Equation 3-32).  

pH was monitored and maintained between 4.8 to 5.2 by addition of 20 % w w-1 phosphoric acid, if 

needed, to compensate for the calcium carbonate buffer capacity.  

Experiment 2 was designed to allow comparison of results from other studies in the literature that 

used filter paper to investigate the effect of CaCO3
 free in solution on cellulase [169]. Calcium 

carbonate was added to Fisher Brand Cat no. FB59035 filter paper (Fisher Scientific, Loughborough, 

UK). This was achieved by reforming some paper, following the method described in section 3.7. 

Sets of paper were created without addition of CaCO3 and with approximately 10 % CaCO3 on a TS 

basis (Test 1). For the paper without CaCO3 addition, 5-10 % CaCO3 on a TS basis was added in the 

reaction medium for enzymatic hydrolysis (Test 2). Hydrolyses were carried out at 5 %TS using 4 % 

enzyme dosage based on TS for filter paper and the same dosage based on glucan for filter with 

CaCO3 (Equation 3-32). The experimental design is shown in Figure 5-3. 

 

 

Figure 5-3: Test 1 and Test 2 experiment description. 
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Results:  

Experiment 1 

The results of compositional analysis of the washed material are presented in Table 5-14. 

Table 5-14: Composition of ND washed newspaper using the method in section 5.3.6.1. 

 
 

Washing was highly effective in reducing the calcium carbonate content (from 9.6 to 0.2 %), making 

this a good substrate for studying the effect of calcium carbonate addition on cellulase. The final 

ash content (3.1 %) was higher than the 1.6% achieved using the real ND wash on newspaper batch 

1 (Table 5-10). This can be explained by the conditions in which the ND washing was carried out, 

which were far from the optimum recommended by Mertens et al. [347] (1 g of solid for 100 mL of 

neutral detergent). 

Two types of paper were made using the ND washed newspaper as a raw material 

 Reformed ND washed newspaper. 2 batches were created. On one batch, the drying 
process was accelerated using a domestic iron (called “without CaCO3 (ironed)”), while the 
other batch of material was allowed to dry overnight at ambient temperature (called 
“without CaCO3”). 

 Reformed ND washed newspaper in which calcium carbonate was incorporated into the 
structure (called "with CaCO3"). A maximum of 9.6 % calcium carbonate based on TS (ND 
washed paper including CaCO3) could be incorporated in the structure. 

The results of hydrolysis of these three samples are shown Figure 5-4. 

 

Figure 5-4: Glucan conversion of ND washed newspaper without CaCO3, without CaCO3 (ironed) 

and with CaCO3 in the structure  
 

As can be seen, adding calcium carbonate did not decrease the glucan conversion, which was 54.6 

± 4.7 % with CaCO3 compared to 49.8 ± 4.3 % without CaCO3. These results suggest that with correct 

pH control calcium carbonate does not adversely affect cellulase hydrolysis. In principle it could 

even marginally increase conversion, because Ca2+ reduces non-productive enzyme adsorption 
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onto lignin and the inhibitory effect of lignin [147]. Note that experimental results reported in 

Appendix D2.2 suggested that at the CaCO3 concentration used, pH control will be difficult without 

citrate buffer, but can be achieved using phosphoric acid buffer. 

Ironing considerably reduced the conversion which fell to 29.5 ± 1.1%. The high temperature may 

have collapsed the pores, as the drying process does in paper production [171]. This result 

suggested that hornification could be one of the main limitations to the enzymatic hydrolysis of 

newspaper. 

Experiment 2 

Results for the enzymatic hydrolysis of filter papers with calcium carbonate in the paper structure 

and in the buffer solution (Figure 5-3) are presented in Figure 5-5. 

 

 

Figure 5-5: Glucan conversions of filter paper with or without CaCO3
 incorporated in the structure, 

and with 5-10 %TS CaCO3
 free in solution in the reaction medium.  

 

No significant difference in glucan conversion was found between filter paper with (75.3% ± 3.1%) 

and without CaCO3 in the structure (71.7% ± 2.8%). Adding calcium carbonate in the filter paper 

structure thus appears to have no significant impact on hydrolysis when the pH is correctly 

controlled. This is accordance with the previous results for newspaper washed with ND (experiment 

1). When calcium carbonate was added at 5 and 10% on a TS basis in the dilution water (i.e. free in 

solution), however, the glucan conversion was 9 and 13 % lower than without CaCO3 addition. It 

seems that CaCO3 has an effect when it is free in solution but not when incorporated in the 

structure. As suggested by Chen et al. [171], CaCO3 may adsorb cellulase or reduce the water 

availability. When CaCO3 is incorporated, it is slowly released into the reaction medium as the 

hydrolysis progresses. Possibly cellulase adsorption by CaCO3 happens at approximately the same 

rate as cellulase is naturally adsorbed by the biomass and, as a consequence, when calcium 

carbonate is incorporated almost no difference in the glucan conversion is observed. 
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The main conclusion from this experiment was that calcium carbonate used as a filler was not 

responsible for the poor hydrolysability of newspaper. 

 Impact of all inorganic matter on enzymatic hydrolysis 

Objective: To evaluate the impact of inorganic matter on the enzymatic hydrolysis of newspaper. 

Method summary: Ash was removed from newspaper following the method proposed by Jiang et 

al. [368]. 20 g of newspaper (batch 2) was placed in a glass container with 200 g of a 5 % w w-1 

phosphoric acid solution. Phosphoric acid was selected because it is effective for demineralisation, 

but does not greatly disturb the physical structure of the material [368]; however some 

carbohydrate losses can occur. The mixture was agitated for 2 h at room temperature. The residual 

solid was diluted with an excess of DI water and mixed for 20 min. The liquid was filtered using a 

Buchner funnel and filter paper. This washing step was repeated until neutral pH was reached. 

Compositional analysis was carried out following the method in section 3.3.3.1. Enzymatic 

hydrolysis was carried out as described in section 3.6. The enzyme loading was adapted to the same 

value based on glucan content as for the hydrolysis of the untreated newspaper (see Equation 

3-32). 

Results: Compositional analysis of the newspaper after ash removal is presented in Table 5-15. 
 
Table 5-15: Composition of de-ashed newspaper compared to newspaper batch 2. 

 
 

Ash removal was slightly disappointing, but its content was around half that in the untreated 

material. Consequently if ash had an impact on cellulase hydrolysis it should be noticeable. The AIM 

content appeared to be slightly higher (27.9 compared to 23.5 %), possibly because some sugars 

were hydrolysed and some ash was removed.  

The glucan conversion of the demineralised newspaper was 32.0 ± 0.3% compared to 38.2 ± 4.4% 

for the untreated newspaper.  

Removing ash thus did not seem to have any beneficial effect on the enzymatic hydrolysis of 

newspaper: on the contrary, glucan conversion was around 6% lower for newspaper with less ash. 

Most of the metals present in ash (K+, Al3+, Mn2+, Fe3+, Cu2+, and Zn2+) are known to have some 

inhibitory effects on cellulase even at low concentration. Only Ca2+ and Mg2+ were found to have a 

stimulating effect on cellulase [369]. In the case of newspaper, either the impacts of metals on 
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cellulase are compensated, or their effects are negligible compared to the main limiting factor. 

Heavy metals in newspaper (section 2.2.3.6) may not be present in concentrations high enough to 

have an impact on enzymatic hydrolysis. It is likely that the difference in glucan conversion 

difference was caused by an increase of the AIM content. 

From this it was concluded that the poor hydrolysability of newspaper could not be attributed to 

inorganic matter content, including calcium carbonate. 

5.3.7 Impact of prepared AIM on enzymatic hydrolysis 

Objective: To evaluate the impact of AIM on the enzymatic hydrolysis of newspaper. 

Method summary: 1.5 g of prepared AIM was added to ND washed newspaper batch 1 using the 

same material and procedures as for CaCO3 in section 5.3.6.1. The amount successfully integrated 

in the structure was determined by measurement of the difference in composition of ND washed 

newspaper and of ND washed paper with prepared AIM, as described by Equation 5-1. 

Prep AIMadded = ∆AIM + ∆Ash Equation 5-1 

Where: 

Prep AIMadded = Amount of prepared AIM added on ND washes paper, %TS. 

∆AIM = Difference in AIM content after and before addition of prepared AIM, %TS. 

∆Ash = Difference in ash content after and before addition of prepared AIM, %TS. 

The amount of real AIM added was: 

AIMadded(%TS) = ∆AIM Equation 5-2 

Enzymatic hydrolysis was carried out as described in section 3.6. The enzyme dosage was the same 

based on glucan as the dosage used for ND washed newspaper (see Equation 3-32).  

Fisher Brand Cat no. FB59035 filter paper was also used to test the impact of AIM on enzymatic 

hydrolysis, following the same principles as described in section 5.3.6.1. 1.5 g of prepared AIM was 

added to 5 g of filter paper to give a target AIM content of approximately 10 % based on TS (test 1). 

5 -10 % prepared AIM based on TS was also added in the reaction medium for enzymatic hydrolysis 

(test 2). To provide comparative results for a further experiment, a test with 15 % prepared AIM 

added in the reaction medium was also carried out.  

The prepared AIM was expressed in terms of true-lignin or pseudo-lignin concentration based on 

Equation 5-3 
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CPseudo−lig =
Pre AIMadded ∗ %Pseudo − ligPrep AIM ∗ Mass of TS

VR
 Equation 5-3 

Where: 

CPseudo−lig = Concentration of pseudo-lignin in the reaction medium, g L-1. 

%Pseudo − ligPrep AIM = as defined in Equation 3-22. 

VR = Volume of the reaction medium, L. 

Results: Table 5-16 shows the compositional analysis of ND washed newspaper with or without 

addition of prepared AIM. 

 

Table 5-16: Composition of created ND washed newspaper with or without AIM addition. 

 
 

An increase in the AIM concentration of 5.0 % (corresponding to 43 % more AIM overall) compared 

to the ND washed newspaper could be achieved (see Table 5-16). With the ash included, the total 

prepared AIM added was 6.87 % on a TS basis. 

Results from the enzymatic hydrolysis of both materials are presented in Figure 5-6A. 
 

 
 

A) ND washed newspaper (batch 1) B) Filter paper  

Figure 5-6: Glucan conversion for ND washed newspaper and filter paper with and without 
prepared AIM addition. 

 

Prepared AIM seems to have a negative influence on cellulase hydrolysis since the glucan 

conversion dropped from 49.8 ± 3.4 % without prepared AIM to 28.0 ± 3.4 % with prepared AIM, 

i.e. by 22 % for only a relatively small amount of prepared AIM addition. At this point, it was still 
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unclear whether this decrease was caused by lignin or pseudo-lignin. Kumar et al. [102] also found 

a decrease of 22 % in glucan conversion following addition of a small amount of non-structural xylan 

(pseudo-lignin). In the current work, however, the reduction in glucan conversion was unlikely to 

be caused by the inorganic fraction in AIM, because it has been previously shown that ash did not 

affect hydrolysis (see section 5.3.6.2). 

The results obtained with filter paper were similar, that is to say a reduction in glucan conversion 

when prepared AIM was incorporated into the structure (from 75.3 ± 3.1% to 55.8 ± 0.9% or 19.5 % 

lower in test 1; see Figure 5-6B. The AIM and ash content was 8.42 %TS (equivalent to 6.56 % AIM 

on a TS basis). When prepared AIM was added free in solution, the average reduction in the glucan 

conversion was only 10 %, and this was independent of the prepared AIM concentration up to 10 % 

w w-1 in solution (test 2) (Figure 5-6B). Adding more prepared AIM in solution (15 % w w-1 based on 

TS) significantly decreased the glucan conversion (15 % lower, see in Figure 5-7A). 

 

 
A) B) 

Figure 5-7: Glucan conversion as a function of the prepared AIM added and the concentration of 
true-lignin and pseudo-lignin in the reaction medium. 

 

From Figure 5-7B it can be deduced that a small concentration in solution of pseudo-lignin 

negatively affects the enzyme, but at an acceptable level. This was maintained up to concentrations 

of 0.9 and 1.9 g L-1 of pseudo-lignin and true-lignin respectively. Higher concentrations significantly 

decreased the conversion (15% lower). This might signify that some enzyme adsorption or inhibition 

may occur, but also that the cellulose pores are obstructed and the enzymes cannot access the 

fibre. One reason for this could be if wet strength resin or sizing agent was added to the paper. The 

presence of wet strength resin or sizing agent would also provide an explanation for obstruction of 

the cellulose pores. 

Glucan conversions of all newspaper batches (shown in Table 5-9) are plotted according to their 

AIM content in Figure 5-8. A strong correlation was found with a net decrease in glucan conversion 

when the AIM content increases. This supports the theory that the AIM strongly reduces newspaper 

conversion. 
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Figure 5-8: Impact of the AIM content of all tested newspaper batches on glucan conversion. 
 

5.3.8 Effect of hornification on enzymatic hydrolysis 

Hornification is believed to be one of the main limitations on the use of paper in a sugar platform 

biorefinery [171]. This was evaluated in this section. 

Objective: To evaluate the effect of WRV on enzymatic hydrolysis of newspaper. 

Method summary: 1 kg of newspaper (batch 2) was shredded and transported to Test-Tech 

(Amersham, UK, http://test-tech.co.uk/), a company specialising in paper testing. Two tests were 

carried out. In test 1, a Valley beater test (see Figure 2-22B was undertaken, using 460 g TS of 

shredded newspaper and 23 L of tap water. The mixture was first dispersed for 15 min in an AB 

Lorentzen & Wettre Valley beater (Kista, Sweden), with no weight on the Valley beater. 3 kg of 

weight was then added to the beater. Test 1 lasted 1h 30 min and a sub-sample of 1.5 L was taken 

every 15 min until 1h then at the end of the run, a 5-L sub-sample was taken. The sub-samples were 

placed in 2-L Nalgene bottles. The WRV of each sub-sample was measured on site according to the 

standard method by Test-Tech using approximately 1 g of material. Test-Tech staff kindly ran 

another Valley beater run (test 2) for 4h with sampling every 1h. To confirm that the laboratory 

beater was operating correctly, wetness measurements were conducted on the beaten fibre 

samples. The Schopper Riegler wetness (test ISO 5267 part 1 [370]) measures the amount of fibre 

damage/flexibility/debris produced during beating by drainage rate using a constant mass of 2 g of 

fibre. The higher the result, the greater the degree of fibre damage and conversion.  

The sub-samples were brought back to the laboratory at Southampton, and placed in a fridge 

overnight. Each sub-sample was then filtered using a Whatman GF/A glass microfiber filter, 

manually squeezed to remove some water and stored in a plastic box until required. Compositional 

analyses were carried out using the method described in section 3.3.3.1.1. Enzymatic hydrolysis 

was carried out as described in section 3.6. The WRV of all newspaper batches (listed in section 

3.3.1.2) was measured as described in section 3.3.4  
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Results: The effect of the Valley beater on the water retention values is shown in Figure 5-9A. Even 

after 1h 30 of beating, the WRV only increased by approximately 17 points. After 4h, a slightly better 

value of 142.1 w w-1 was achieved. The results are very low compared with a test run carried out 

on the same day with MSW pulp from Fiberight’s demonstration plant in Lawrenceville (Figure 5-9 

A). In order to check if the valley beater was operating correctly, the Schopper Riegler wetness was 

also measured for test 2 (Figure 5-9 B). A significant increase occurred through the beating cycle, 

which indicated that the beater was operating well. 

 

  
A) WRV B) Schopper Riegler wetness (test 2, newspaper 

only) 

Figure 5-9: WRV and Schopper Riegler wetness of newspaper and MSW as a function of Valley 
beating time. 

From these results, it can be concluded that it was extremely difficult to force water through the 

fibres of the newspaper. According to Test-Tech, this behaviour is typical of paper in which resin is 

used to improve the wet strength, as is frequently done in the paper recycling industry and thus in 

newsprint [pers. comm., Robert Langley CEO of Test-Tech]. Wet strength resins can inhibit the 

hydration of the fibres, as can the use of sizing agents. The nitrogen content found in the newspaper 

(Table 5-4) could also indicate the presence of a wet strength agent [92]. 

More details on the effect of additives are given in section 2.2.3.3 and 2.2.3.4. If these additives are 

insoluble in acid, they could be part of AIM and thus be responsible for the poor hydrolysability of 

newspaper.  

Although the improvement in the WRV value after beating was relatively low, some increase 

occurred that could have an impact on the enzymatic hydrolysis. The results of the enzymatic 

hydrolysis are shown in Figure 5-10. 

Surprisingly the conversion at beating time = 0 min was even lower that in the enzymatic hydrolysis 

of unbeaten batch 2 (23.5 % compared to 38.2 %). After this, glucan conversion increased with the 

valley beating time and the WRV in a linear way, but remained lower than the unbeaten newspaper 

glucan conversion. Possible explanations for this could be that as the valley beater disperses the 
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pulp and opens the fibres, it also exposes more the enzyme to the lignin and AIM, which might 

increase inhibition, ineffective adsorption and denaturation  

 

Figure 5-10: Evolution of the glucan conversion as function of beating time and WRV value.  
Dash lines represents the glucan conversion of unbeaten newspaper batch 2. 
 

The conclusion from this part of the work is that hornification of the original material, as indicated 

by its low WRV, could be the main limitation of newspaper for sugar production  

The WRV of all the samples used in this study are presented in Table 5-17. Glucan conversion was 

plotted as a function of WRV in Figure 5-11A and in Figure 5-11B WRV was expressed as a function 

of the pseudo-lignin content. 

Table 5-17: WRV of newspaper samples tested. 

 

 
A) WRV and glucan conversion 

 
B) Pseudo-lignin and WRV 

Figure 5-11: Relationships between Glucan conversion, pseudo-lignin and WRV for the newspaper 
batches tested. 
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A good correlation was found between glucan conversion and WRV (R2 = 0.82), and an even higher 

one between the WRV and pseudo-lignin content (R2 = 0.99). This supports the hypothesis proposed 

in section 5.3.7 that AIM and pseudo-lignin are responsible for coating the fibre and thus for the 

poor hydrolysability of newspaper.  

5.3.9 Other experiments  

Three other experiments were designed to clarify the role of other factors in the low glucan 

conversion.  

 Hemicellulose removal 

Objective: To evaluate the impact of hemicellulose removal by acid detergent washing on 

enzymatic hydrolysis of newspaper. 

Method summary: Hemicellulose was removed by applying an acid detergent (ADt) wash as in the 

second step of Fibrecap analysis (see section 3.3.3.2). 10 g of shredded newspaper (batch 1) was 

placed in a 3-L beaker filled with 1 L of ADt (liquid/solid ratio 10:1). The mixture was heated for 

either 30 min or 1h using a hot plate and manually mixed by shaking the beaker every 5-10 min for 

30 s. The pre-treated solid was placed in a jelly bag and washed as described in section 3.4.3. 

Compositional analysis was done using the modified NREL method (section 3.3.3.1). Because of the 

small amount of material collected, only one analysis could be carried out i.e. no duplicates. 

Enzymatic hydrolysis was carried out following the procedure in section 3.6. 

Results: Probably because the structure of the fibre was very disturbed, after washing only a few 

grams could be collected in the experiment run for 1h. This was insufficient for any analysis or 

hydrolysis and results were thus obtained only for 30 min ADt wash. The results of compositional 

analysis of the ADt washed material are presented in Table 5-18. 

 

Table 5-18: Composition of ADt washed newspapers. 

 
 

For the purpose of this section, it was assumed that hemicellulose contains no glucan and is only 

made of other sugars (i.e. mannan, xylan, arabinan and galactan). 

The proportion of other sugars associated with hemicellulose seems to be high, and even though 

this value expressed as total fibre content is 4.1 % lower than for the unwashed newspaper, it still 

implies inefficient hemicellulose removal by ADt. This is confirmed in Appendix D.2.3. 
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The glucan conversion of the ADt washed material was lower than the conversion of the untreated 

newspaper (43.0 ± 0.4 % compared to 48.7 ± 1.2 %). This is probably due in part to the fact that the 

enzyme dosage was not adapted based on the glucan content (6.4 % compared to 8.5 % w w-1 glucan 

for ADt washed material and untreated newspaper, respectively). Even at the same enzyme dosage, 

however, it can be assumed that the glucan conversion for ADt washed material would not be much 

higher than for the untreated newspaper, and is likely to be lower than for ND washed newspaper 

(65.4 % see section 5.3.1). It is also possible that some condensation (possibly of hemicellulose) 

happened during the treatment that inhibited enzymes or blocked access to fibres.  

The xylan conversion of untreated newspaper batch 1 (approximately 77 %, data not shown) leads 

to a final xylose concentration in solution of 2.6 g L-1. According to Figure 2-17, with this 

concentration almost no cellulase inhibition should occur. Moreover, Xiao et al. [139] who 

generated this data used celluclast 1.5L (Novozymes) which is three generations older than the 

Cellic Ctec 3 used in this PhD. It is likely that the enzyme tolerance to sugars has been improved. If 

hemicellulose was actually limiting the access of cellulose to cellulase, the enzymatic hydrolysis of 

ADt washed newspaper (although it did not fully succeed) would have led to a much higher 

conversion due to disturbance of the structure and to hemicellulose removal which gives better 

access to cellulose.  

To confirm the hypothesis that hemicellulose was not the main component responsible for the poor 

hydrolysability of newspaper, the experiment presented in section 5.3.9.2 was conducted. 

 Hydrolysis of newspaper by a combination of cellulase and 
hemicellulase 

Objective: To evaluate the impact of hemicellulose removal by hemicellulase enzymes on enzymatic 

hydrolysis of newspaper. 

Method summary: Enzymatic hydrolysis of newspaper (batch 2) was carried out as described in 

section 3.6. The cellulase dosage (Cellic Ctec 3, Novozymes) was 3.5 % on a TS basis. The 

hemicellulase used was a commercial mixture Cellic Htec 3 from Novozymes. The average 

hemicellulase dosage was 1.4 % based on TS. The cellulase dosage used was lower than usual, 

because Htec 3 contains background cellulase activity [371]. The pH was maintained at 4.8 using a 

50 mM citrate buffer. Sugars in hydrolysate were measured following the method in section 3.6.3. 

Results: The enzymatic hydrolysis results for batch 2 newspaper using pure cellulase or a 

combination of cellulase and hemicellulase are presented in Table 5-19. 
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Table 5-19: Conversion after hydrolysis using cellulase with and without hemicellulase. 

 

The first observation is that the glucan conversion was 5 % lower when hemicellulase was used with 

cellulase compared to when cellulase alone was used. No explanation, however, was found. 

No improvement was noted in terms of hemicellulose sugar hydrolysis from use of a combination 

of cellulase and hemicellulase compared to cellulase only. On the contrary no mannan was 

detected, and the xylan conversion was around 8 % lower than when cellulase alone was used. This 

could mean that Ctec 3 contains enough hemicellulase, and that no extra hemicellulase needs to 

be added. Hemicellulose contained in paper can also be partially resistant, as suggested by Gübitz 

et al. [372]. Approximately 50 % of the hemicellulose appears to be trapped in the cellulose matrix 

or associated with lignin-carbohydrate complexes, making enzymatic hydrolysis difficult. 

Considering the results of the previous section (5.3.9.1) and the fact that adding extra hemicellulase 

did not lead to any glucan conversion improvement, however, the hypothesis that hemicellulose is 

a major limitation to the production of sugars from newspaper can be rejected.  

 Impact of extractives on enzymatic hydrolysis 

Objective: To evaluate the impact of extractives on enzymatic hydrolysis of newspaper. 

Method summary: Extractives were removed according to the NREL method [373], using ethanol 

as a solvent. About 8 g of dried and ground newspaper (batch 1) was placed in a cellulose crucible 

inside a Soxhlet apparatus. Approximately 200 mL of ethyl alcohol, 190 proof, USP grade was placed 

in a 250 mL round bottom boiling flask with around 15 g of glass balls to ensure a uniform liquid 

temperature in the flask. Ethanol was brought to the boil using a heating mantle with a temperature 

able to maintain a minimum of 4-5 siphon cycles per hour for 24h. 

The cellulose crucible and sample were removed from the apparatus and ethanol was evaporated 

from this and from the round bottom boiling flask, by placing them in a 105 °C oven for 30 min. 

They were then removed and cooled in a desiccator after which the flask was weighed. The solid 

was carefully washed (section 3.4.3). Compositional analysis was carried out using the method in 

section 3.3.3. 

Enzymatic hydrolysis was carried out following the method in section 3.6 and the enzyme dosage 

was calculated using Equation 3-32 to match the enzyme dosage per g of glucan for the untreated 

newspaper.  
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Results: Some glass balls were found in the solid, probably because of a too violent reflux. These 

were carefully removed, but some were lost, which led to the flask mass being lower than the initial 

mass. As a consequence, the extractives content could not be measured. Based on the colour of 

the flask as seen in Figure 5-12 and the long extraction time, however, it was assumed that most of 

the extractives were removed. The compositional analysis of the newspaper after extraction is 

presented in Table 5-20. 

 

 

Figure 5-12: Flask after extractives removal by Soxhlet extraction. 
 
Table 5-20: Composition of newspaper after extractives removal. 

 
 

The carbohydrate content was very high, and the AIM fraction was considerably lower than the 

original content. The ash content and the missing mass were however much lower.  

By applying an ethanol organosolv pre-treatment to Typha capensis with a sulphuric acid catalyst, 

Audu et al. [374] found that a large amount of pseudo-lignin was created due to the degradation of 

carbohydrates. On recovering the organosolv lignin, they found a high lignin purity, which tends to 

suggest that ethanol does not remove the pseudo-lignin but only pure lignin. They were working at 

high temperature (>170 °C), however, and lignin removal is very dependent on the severity of the 

pre-treatment. It is thus possible that the pseudo-lignin was actually not removed by the ethanol, 

but as suggested previously by the washing (section 5.3.5). It is also possible that part of the AIM is 

actually extractives. 

The calcium carbonate content was much lower after extraction. Calcium carbonate precipitates in 

the presence of ethanol [375], and it was assumed that it had done so and been washed out during 

the washing. The missing mass was much lower, which means that it is possible that the 6.5 % 

missing mass in the original composition of “The Sun” newspaper batch 1 is actually extractives 

(Table 5-3). 
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The glucan conversion after removal of extractives was higher (56.2 ± 1.1 %) than for the untreated 

newspaper (48.7 ± 1.2 %), but lower than for the ND washed material (65.4 ± 2.6 %). In comparison 

with the ND washed material, only the missing mass was greatly different (7.6 % for the ND washed 

material compared to 0.4 %), while the AIM contents were very similar. Cellulase inhibition by 

ethanol remaining in the pulp [376] can be excluded because of the intensity of the washing. 

Another reason for the lower conversion could be that the fraction of missing mass could have a 

beneficial effect on cellulase. Femi-Ola et al. [377] studied the effect of different wood extracts on 

cellulase activity from different strains of Bacillus Subtilis. They found that some extracts have a 

negative effect but some could give an increase of up to ~20 % of the cellulase activity 

independently of the extract concentration (in the range 25-100 mg mL-1). Feng et al. [378] recently 

showed that addition of 1.8 mg mL-1 of saponins (an extractive-like compound) enhanced the 

glucose yield from 34.29 to 46.28 %. Leskinen et al. [379] also noticed an improvement in 

lignocellulose conversion with wood extractive addition and found that it was substrate dependent 

but also depends on extractive hydrophobic properties. Up to 29 % increases in glucose yield were 

obtained with hydrophobic birch extractive fractions. 

It is thus not excluded that extractives in newspaper may enhance the cellulase activity. This is only 

speculation, which could not be tested in the current work due to the difficulty of getting pure 

extractives from newspaper. The proportion of AIM removed during the pre-treatment could also 

differ from the NDF, and this might explain the glucan conversion difference. 

5.3.10 Experiments with additives 

The work in this section focussed on establishing the effect of wet strength resin and sizing agent 

on the enzymatic hydrolysis of newspaper and evaluating the possibility of these additives being 

part of the composition of acid insoluble material.  

 Impact of additives on enzymatic hydrolysis 

Objective: To evaluate the impacts of 2 types of additive (wet strength resin and sizing agent) on 

the enzymatic hydrolysis of newspaper. 

Method summary: Two paper additives were kindly provided by Test-Tech. These were a wet 

strength resin Kymene 617 ZW (Ashland, Covington KY, USA) and a sizing agent Aquapel F217 

(Ashland). Paper was created using the methodology described in section 3.7, with filter paper as 

the initial material. Additives (liquid form) were diluted 100 times in boiling water, and the mixture 

was added during pulping. The paper industry normally uses these materials in concentrations of 

0.1-2.0 % applied at 60°C [380]. Before the fibres were removed from the mixture using a sieve (see 

Figure 3-11), the mixture was therefore placed in a 2-L Nalgene bottle and allowed to react for 4h 
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at 60 °C in a Gallenkamp (S/N: 101400YY2C) orbital shaking incubator. The produced paper was 

dried overnight at ambient temperature and compositional analysis was undertaken as described 

in section 3.3.3.1. Differences in the composition of the produced paper with or without additives 

were considered to be due to additives. To imitate the experiment with AIM and CacCO3 described 

in sections 5.3.6.1 and 5.3.7, 5 and 10 % of additives based on TS were also added in the reaction 

medium (test 2). Enzymatic hydrolysis was carried out keeping the ratio of enzyme to glucan the 

same as in the paper made of filter paper (test 1). 

Results: The amounts of additives incorporated in the filter paper are presented in Table 5-21. 

Table 5-21: Amount of additives incorporated in filter paper. 

 
 

These were fairly large amounts of additive but close to the range of pseudo-lignin content 

encountered in the newspapers used in this study (5.7-10.5 % based on TS, see Table 5-6). 

Consequently, the test should show if additives had an effect on the enzymatic hydrolysis of filter 

paper, and allow an estimate of the impact. 

Glucan conversions in test 1 and test 2 are presented in Figure 5-13, and compared with the glucan 

conversion of the produced filter paper. 

 

Figure 5-13: Effect of additives on the enzymatic hydrolysis of paper prepared from filter paper for 
test 1 and test 2. 

 

Wet strength resin did not lead to lower glucan conversion for either Test 1 or 2. Sizing agent, 

however, decreased the glucan conversion by approximately 10 % for Test 1 and 2. This is not quite 

in accordance with the result for AIM, where a 20 % decrease in the glucan conversion was achieved 

(see Figure 5-6 in section 5.3.7). The glucan conversion results of test 1 suggest that cellulose could 
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be coated by sizing agent (becoming less accessible for enzymes), or that cellulase is inhibited by 

sizing agent. Test 2 gave the same glucan conversion reduction but the additives during the reaction 

may have been active and coating the fibres due to the more suitable temperature. Aquapel F217 

is sold in home craft internet websites so it may not be as strong as sizing agents used in the paper 

recycling industry: this might explain the lower impact on glucan conversion when compared to the 

AIM addition. 

 Additives as a component of the acid insoluble material 

Objectives: (i) To test the solubility of sizing agent and wet strength resin in water and 72 % w w-1 

sulphuric acid. (ii) To provide insights into potential mechanisms by which additives may affect 

hydrolysis by comparing SEM images of newspaper and virgin softwood fibres. 

Method summary: Solubility of additives (Kymene 617 ZW and Aquapel F217) in concentrated 

sulphuric acid and water was evaluated by adding them to test tubes containing approximately 2 

mL of 72 % w w -1 sulphuric acid or deionised water. Colour change, gas emission or heating were 

taken as indicating solubility.  

SEM images of ground newspaper (see section 3.3.6) were compared to examples from the 

literature showing virgin softwood fibres. 

Results: The results of testing additives in deionised water or 72 % w w-1 sulphuric acid are shown 

in Figure 5-14. 

 

 

Figure 5-14: Colour change of a solution of 72 % w w-1sulphuric acid and deionised water after 
addition of Kymene 617 ZW (left) and Aquapel F217 (right). 

 

It seems that the wet strength resin was soluble in 72 % w w-1 sulphuric acid while Aquapel F217 

was not, as indicated by the two phases. This does not mean that additives used in the paper 

industry have the same solubility in sulphuric acid or DI water, but it does not exclude the 

hypothesis that AIM is partially composed of additives. 
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The presence of additives may also be suggested by observing the fibres by SEM and comparing 

them to images of fibres from virgin softwood (Figure 5-15). 

 

  
A) wood softwood fibres [381]  

  
B) ground newspaper 2000x 5000x 

Figure 5-15: SEM images of wood softwood and ground newspaper. 
 

Cellulose fibrils are clearly visible in SEM images of softwood fibres (Figure 5-15), and there is no 

obvious barrier to cellulase accessing the cellulose. In the case of newspaper, it appears that 

something is coating the fibres, and this may possibly reduce or prevent access to the cellulose 

fibrils. Additives create links between themselves and fibres, and also surround the fibres (see 

section 2.2.3.3 and 2.2.3.4). This reduces the contact between fibres and water. From these images, 

it is thus not excluded that additives are responsible for coating the fibres. 

AKD (alkyl ketene dimers) and ASA (alkenyl succinic anhydrides) which are commonly used as sizing 

agents in the European papermaking industry [94, 95] have as their main molecules Diketene and 

Succinic anhydride with the following formulas 

Diketene: C4H4O2 Succinic anhydride: C4H4O3 

A B 
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These are relatively close to the empirical chemical formula for pseudo-lignin (Table 5-8, 

C4.1H5.3O2.8). This obviously does not confirm that pseudo-lignin is sizing agent, but it does not 

refute the hypothesis. 

5.3.11 Effect of true-lignin on enzymatic hydrolysis 

Objective: To evaluate the effect of true-lignin on the enzymatic hydrolysability of filter paper. 

Method summary: Around 10 g of dried and ground prepared AIM from newspaper (batch 1) was 

subjected to the third step of Fibrecap analysis (section 3.3.3.2) in order to create true-lignin. 1. 5 

g of true-lignin was added to a mixture of 1 L water + 5 g of filter paper to create new paper with 

true-lignin in its structure as described in section 3.7. Compositional analysis of the new paper was 

carried out following the modified NREL procedure (section 3.3.3.1) but the sugars were not 

analysed and therefore only the AIM content was given. The amount of true-lignin added was 

calculated using Equation 5-2. Test 1 consists in a comparison of the hydrolysability of filter paper 

with or without true-lignin incorporated in its structure. As in section 5.3.6.1 and 5.3.7, test 2 

corresponds to the enzymatic hydrolysis of filter paper with 5 to 10 % true-lignin based on TS in the 

reaction medium (free in solution). All enzymatic hydrolysis was carried out following methodology 

in section 3.6. With true-lignin incorporated in the structure the enzyme dosage was adjusted 

following Equation 3-32.  

Results: The amount of true-lignin produced was just enough for this experiment, so no 

compositional analysis was carried out. It was assumed that the resulting material had 

characteristics close to those presented in Figure 5-2. The AIM content of the created filter paper 

was 13.1 %TS, which corresponds to 10.1 % of true-lignin on a TS basis. 

The results of the enzymatic hydrolysis are presented in Figure 5-16. 

 

Figure 5-16: Effect of true-lignin on enzymatic hydrolysis of paper prepared from filter paper for 
test 1 and test 2. 
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According to these results, it can be concluded that 5 % true-lignin on a TS basis in solution did not 

affect enzymatic hydrolysis, but a significant decrease (almost 30%) in glucan conversion occurred 

at 10 %TS true-lignin in solution. This may mean that the enzyme can cope with a certain lignin 

concentration but is inhibited at higher concentrations. By adding up to 8 g L-1 organosolv lignin 

from softwood in solution during the enzymatic hydrolysis of Avicel, Tu el al. [382, 383] found an 

increase in glucan conversion from 67.6 to 71.7 %. In contrast, they found a decrease in conversion 

when adding organosolv lignin from hardwood. Finally by removing lignin in ethanol organosolv 

pre-treated sweetgum (OPSG), they noticed an increase in conversion of 49 %; while removal of the 

organosolv lignin led to a decrease of 15.1 %. The difference could be related to different 

electrostatic and hydrophobic interactions and hydrogen bondings between enzymes and lignin. 

This indicates the complexity of the interactions between lignin and enzyme, at least when free in 

the reaction medium. It should be noted, however, that the lignin obtained in the current study 

was not organosolv lignin.  

Li et al. [384] produced acid insoluble lignin from corn stover using a 2-step sulphuric acid hydrolysis 

according to the NREL method (section 3.3.3.1). Because the material was not treated, it can be 

assumed that the lignin they obtained was similar to that in the current study (no pseudo-lignin). 

At 10 and 20 % lignin based on TS added during the hydrolysis of Avicel, no yield difference was 

noticed because the enzymes were abundant enough not to be influenced by lignin (at least during 

the first 30 min hydrolysis). When they added 1 and 10 % lignin to the solution, they noticed that 

the maximum enzyme adsorption capacity of Avicel decreased from 179.7 to 112.1 mg g-1 Avicel. 

They concluded that lignin added in solution reduced the surface area of cellulose for cellulase and 

also absorbed enzyme (56.6 % of the enzyme). In another experiment the same researchers found 

that incubating the enzyme with acid insoluble lignin decreased the enzyme efficiency, especially 

by lowering the hydrolytic activity. 

Figure 5-17 shows how the true-lignin in solution (test 2) affected the enzymatic hydrolysis of filter 

paper in this experiment and in the AIM experiment (Test 2 in section 5.3.7). 

From Figure 5-17, it can be seen that true-lignin alone does not explain the reduction in the glucan 

conversion as at equal true-lignin concentrations significant differences in performance exist 

depending on whether AIM or true-lignin only was used. This means that even in solution pseudo-

lignin adversely affects hydrolysis. The inhibitory concentrations are summarised in Table 5-22. 
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Figure 5-17: Glucan conversion as a function of the concentration of true-lignin  
Data obtained from experiments carried out with AIM (true-lignin in presence of 
pseudo-lignin) and pure true-lignin. 

 
Table 5-22: Effect of concentrations of true-lignin and pseudo-lignin in solution used in this study 
on the enzymatic hydrolysis of filter paper. 
 

 

When true-lignin was integrated in the filter paper structure, the glucan conversion decreased by 

approximately 25 %, or slightly more than for the same concentration in solution. As with CaCO3 in 

the filter paper, it is possible that lignin was progressively released in the reaction medium and 

affected the enzyme hydrolysis. The obtained true-lignin was quite sticky and it is also possible that 

the material had deposited on the fibre network reducing the access for cellulase. When the AIM 

experiment is taken into account, adding 6.6 % of AIM (which corresponds to 4.4 % true-lignin) into 

the filter paper structure brought the conversion to 50.5 % while 10.1 % true-lignin led to a glucan 

conversion of 55.8 %. This indicates that pseudo-lignin in the structure affects the conversion more 

than does lignin.  

 

 
 

 

Figure 5-18: Effects of true and pseudo-lignin content of newspaper batches on glucan 
conversion. 

 

 Moderate impact (g L-1) Severe impact (g L-1) 

True-lignin - 5.3 g 

Pseudo-lignin 0.5 1.4 
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One important consideration is that the effect of lignin in this study might be accentuated as 

compared to the native lignin found in newspaper. The lignin used was derived from the AIM 

obtained from the NREL method (2-step acid hydrolysis), which has been found to cause 

condensation reactions. This lignin might contain more phenolic hydroxyl groups and less aliphatic 

hydroxyls, and thus be more toxic by exhibiting higher affinity and adsorption capacity toward 

cellulases [384, 385].  

It is still unclear what pseudo-lignin is, although some of the above results suggest that it could be 

made up of paper additives such as sizing agent which, like the pseudo-lignin, is able to decrease 

the yield when incorporated in the fibre or in solution. Additives could also be responsible for the 

low WRV of newspaper which inevitably limits its bioconversion. The low WRV, however, could also 

be caused by multiple paper recyclings which would involve multiple drying steps that could worsen 

the hornification effect. This was tested in the next experiment. 

5.3.12 Effect of multiple paper recyclings on hydrolysis of newspaper 

Objective: To evaluate the effect of multiple recycling cycles on the enzymatic hydrolysis of 

newspaper and filter paper. 

Methodology: For this experiment, 5 batches of paper were made from newspaper and 5 from filter 

paper using the technique described in section 3.7 (approximate final weight 18-20 g for each 

batch). Around 3 g of each created paper was hydrolysed as described in section 3.6, and the rest 

was blended again to create a new batch of the paper. This was repeated until no more of the paper 

was available (see Figure 5-19). 

 

 

Figure 5-19: Schematic of paper preparation for paper recycling experiments. 

 

Results: Figure 5-20 shows the glucan conversion results for the experiment. 

Recycling the filter paper decreased the glucan conversion by a maximum of 10 %. This could be 

due to some fibre degradation during the recycling, or because of the creation of short fibres that 
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could either cause a sugar shock or increase the ineffective adsorption or denaturing of enzyme 

(see discussion in section 5.3.8).  

In the case of newspaper (Figure 5-20B), the glucan conversion was higher after the first recycling. 

This could be because some pseudo-lignin was removed during the recycling. This beneficial loss 

might compensate for the negative impact of shorter fibres. 

 

  
A) Filter paper B) Newspaper 

Figure 5-20: Evolution of glucan conversion as a function of number of recycling cycle. 

 

The results of the experiment demonstrated that if recycling short and low quality fibres in the 

paper pulp industry negatively affects the conversion of newspaper into sugars, this is only due to 

the use of additives and not because it produces shorter fibres. 

 Conclusions from Chapter 5 

At low solids concentrations and relatively high enzyme dosages, poor glucan conversions were 

obtained with newspaper. The highest was around 50 % for the first batch that was purchased after 

which the conversion significantly decreased. A number of experiments were designed and carried 

out in order to understand the reasons why newspaper did not hydrolyse well.  

Increasing by approximately 40 % the AIM content in the structure of paper made from ND washed 

newspaper (mostly made of fibres) reduced the glucan conversion by more than 20 %. Similar 

results were obtained with filter paper, but the reduction was only 10 % when prepared AIM was 

added in the reaction medium. This could mean that some adsorption or cellulase inhibitions 

occurred, but also that the access to cellulose was reduced. Prepared AIM is mostly made of 

inorganic matter, true-lignin and pseudo-lignin. Removing inorganic matter from newspaper did 

not show any impact on enzymatic hydrolysis. This implies that AIM is responsible for the poor 

hydrolysability of newspaper. A strong correlation between the decrease in the glucan conversion 

and the AIM content of all the batches tested supports this hypothesis. Similarly, results tended to 



Chapter 5 

170 

show that the hydrolysis performance was closely related to the water retention value of the 

material. A very good correlation (R2 = 0.99) was found between water retention value and pseudo-

lignin suggesting that pseudo-lignin could coat fibres and perhaps prevent access.  

Incorporating sizing agent in the filter paper decreased glucan conversion by 10 %. The same result 

was obtained with sizing agent in the reaction medium. Adding approximately 10 %TS true-lignin in 

the structure of filter paper significantly decreased the conversion. When 5 % true-lignin based on 

TS was added to the reaction medium, no effect was seen while a significant decrease was observed 

at 10 %. True-lignin could be responsible for the poor hydrolysis yield of newspaper and the reason 

could be that it reduces the access of cellulase to cellulose, but at high concentration in solution it 

also affects the enzymes.  

These results do not explain the full effect of AIM on enzymatic hydrolysis and in this regard it seems 

possible that pseudo-lignin has a greater negative affect on the glucan conversion including when 

it is free in solution in the reaction medium. The same effect was noticed with sizing agent, which 

is an additive commonly used in the paper recycling industry and which appeared to be insoluble 

in sulphuric acid. It is, however, still unclear what are the mechanisms involved: fibre coating, 

adsorption or inhibition. 

If additives were actually a major reason for the poor hydrolysability of newspaper, this could call 

into question the paper recycling policy in the UK. Besides the fact that it is a polluting industry, it 

seems that it may also reduce the possibilities of using waste paper for other purposes such as sugar 

or bioethanol production, because more and more additives are generally used to deal with shorter 

and shorter fibres. Moreover, the results suggested that recycling paper without the use of 

additives did not decrease the conversion, but on the contrary a small increase was noticed. 

Newspaper was used as a representative material for UK clean pulp, and the results tend to show 

that the pseudo-lignin could be composed of additive and be a result of the UK recycling policy. In 

the USA the recycling rate is lower and a lower pseudo-lignin content was found. In Lawrenceville, 

however, the fines are removed. These might contaminate UK clean pulp (e.g. small bit of plastics) 

and increase the pulp pseudo-lignin content. In the next chapter, treatments to increase newspaper 

conversion are tested. 
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Chapter 6 Modelling tools 

This chapter is in two parts. The first describes the model that was developed in order to select the 

best pre-treatment and subsequent series of processes, based on experimental data obtained from 

enzymatic hydrolyses carried out according to the method in section 3.6. These conditions are 

optimal to produce the maximum sugar yield (perfect mixing, no sugar inhibition, fairly high enzyme 

dosage). Consequently the main purpose of this model was to determine the relative cost of any 

pre-treatment to maximise the sugar yield, rather than to select the ideal process. This first part 

thus focuses only on pre-treatment and hydrolysis costs, neglecting the energy required for mixing 

in the hydrolysis reactor. The model was developed in conjunction with the trials described in 

Chapter 7: i.e. the modelling was used in planning the experimental work, which then produced 

data that were put back into the model. For this reason the model development has been described 

before the outcome of the trials that informed it. 

To select the optimum hydrolysis conditions, a more complex model of the enzymatic hydrolysis 

was created, and details of this are presented in the second part of this chapter. In chapter 8 to 

chapter 9, both models are combined together in a fully integrated model of the whole process. 

Much of the data used in the modelling was obtained from literature and other sources, and this is 

presented in Appendix C. Note that some data originally expressed in US tons have been converted 

to metric tonnes. 

 Model 1: Selection of best pre-treatment and process chain 

6.1.1 Mechanical pre-treatment 

For size reduction of the newspaper feedstock, two mechanical pre-treatments were considered: 
a blender as used by Wang et al. [79] and a shredder as used in the University of 
Southampton laboratory. The energy required for the blending of paper is about 15 
kWh tonne-1 at 15 %TS [79].  

Table A-18 shows energy consumption values to shred MSW. These values are quite variable and 
depend on the type of waste, the moisture content, the final product size and the 
technology used. It was decided to take the average of all values found in  

Table A-18, apart from the value of 55.1 kWh tonne-1 for a 1 cm final size from [386]. In fact such a 

small size was not required even for the majority of laboratory-scale work carried out in this 

research. The average was 8.0 kWh tonne newspaper-1 on a wet weight basis. 

The energy required to shred newspaper is thus much lower than to blend it. For this reason, 

shredding was chosen for the mechanical pre-treatment.  
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6.1.2 Pre-treatment prior to enzymatic hydrolysis and hydrolysis 

Data on pre-treatments used in the model included: 

 Pre-treatment conditions and performance. 

 Prices for chemicals (see Table A-19). 

 Other costs linked to the pre-treatment (heating, etc.).  

Data was taken from the literature and results from the different pre-treatments tested on 

newspaper (presented in chapter 7) were also fed back into the model. Losses of solid, sugars and 

AIM during the pre-treatment and any improvements in the hydrolysis were taken into account, 

based on experimental results wherever possible. 

During the work on pre-treatment optimisation, the composition of the pre-treated material was 

not always analysed: consequently some of the conversions were based on the composition of the 

untreated material.  

 Autoclaving 

Information on calculating the energy consumption of an autoclave was hard to find. As a 

consequence a very simple model was used. The autoclave was assumed to be perfectly insulated 

and thus heat losses were considered to be zero. This assumption is commonly made [387, 388]. 

The energy for autoclaving therefore corresponds to the energy needed to heat the water + reagent 

+ newspaper to reach the target temperature. The energy to reach the target temperature is 

calculated using Equation 6-1. 

Q =
CM ∗ (Tf − Tin) ∗ MM

3.6 ∗ 106
 Equation 6-1 

Where: 

Q = Energy required to heat the mixture (newspapers, water and reagent) to the target 
temperature, kWh. 

CM = Heat capacity of the mixture, taken as 4180 J kg-1 K-1 (heat capacity of water). This 
approximation was also used by [239]. 

Tf = Final temperature of mixture after autoclaving, °C. 

Tin = Temperature of mixture before autoclaving, taken as 20 °C. 

MM = Mass of the mixture, kg. 

 

6.1.3 Washing 

The washing is modelled as a 3-step process as shown in Figure 6-1: 1) The pre-treated material is 

centrifuged or pressed to a TS of 33 %, to separate the liquid which contains most of the 
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components removed in the pre-treatment (ink, AIM etc.). 2) The pressed solid is washed with 

water. 3) The solid is again centrifuged/pressed to a TS of 33 %.  

 
 

Figure 6-1: Flow diagram of the washing process in the model. 
 

 Mechanical press versus centrifuge 

The most common processes used in industry to separate liquid from solids are centrifugation and 

pressing. Information on these processes was obtained from Tsang et al. [389]. The data used 

comes from three water reclamation facilities operated by Orange County Utilities (see Table A-20).  

The authors monitored 3 solid/liquid separation processes: a screw press, a centrifuge and an 

electro-dewatering press which had average operating costs of 12.5, 89.3 and 239.9 kWh tonne-1 

respectively. This screw press energy consumption value is within the range of 6.6-15.5 kWh tonne-

1 given in a US EPA wastewater dewatering design manual, which also states that a belt filter press 

uses 10-25 kWh tonne-1 for an incoming feed at 3% solids [390]. A screw press process was 

therefore selected for the model due to its lower energy requirement. This is also the process that 

Fiberight is using. 

In order to take account of the fact that pressing becomes increasingly difficult at high solids 

contents (e.g. easier to reach 15 than 20 %TS), it was assumed that 20 % of the total energy required 

is used to reach 15 %TS. As a consequence, the energy consumption function for solids 

concentration (defined as the ratio TS end/TS start) was split into 2 curves (data in Table 6-1.) 
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Table 6-1: Data used for screw pressing energy consumption in the model. 
Data from [389]. WFR= Water Reclamation Facility. 

 

It was assumed that 50 % of the solids losses during pre-treatment occurred after the first pressing 

(step 1 of the washing process), while the other 50 % occurred after the second pressing (step 3 of 

the washing process). 

 Washing with water 

For washing, the ratio used by Xu et al. [214] was used, i.e. 100 units of water per unit of solids (wet 

weight basis) to clean the pre-treated material. The energy consumption for washing processes 

such as that operated by Fiberight is very low, and for the purposes of modelling was considered 

negligible. In addition, the model calculates the solids content of the material to be pressed based 

on the amount of washwater and solid; but the solids content will be higher than this, as most of 

the water will drain away by gravity (i.e. without direct energy input). In reality therefore the energy 

consumption of the press will be slightly lower than calculated in the model. It was therefore 

assumed that omission of the energy consumption for mixing during washing compensates for the 

over-estimated energy requirement for pressing. 

6.1.4 Hydrolysis 

Experimentally-derived data presented in Chapters 7 to 9 were used in the model. For selection of 

the best pre-treatment, hydrolyses were carried out at 5 %TS, 4 % enzymes on TS, for 72h.  

6.1.5 AIM extraction 

AIM has a high calorific value, and could be beneficially recovered from the washwater used to 

clean the material after pre-treatment. Based on the work of Mussatto et al. [391] on lignin 

precipitation and recovery from black liquor, it was assumed that 79 % of the AIM content could be 

recovered. 0.8 % vol H2S04 was found to be the optimum to precipitate AIM from black liquor (see 

Figure A-8), and this value was therefore adopted for modelling. 

In case of sulphuric acid pre-treatment there is no need to add more acid, because lignin (and 

pseudo-lignin) is mostly acid insoluble. Lignin and AIM were considered similar in the model. The 
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amount of AIM in the washwater was therefore calculated by multiplying the mass of solids added 

by the original AIM concentration and the percentage loss of AIM in washing. The amount of AIM 

that could be precipitated was calculated by multiplying the AIM in the washwater by 79 %. 

The model assumed that AIM was filtered using a microfiltration unit. Energy consumption data 

was taken from [239] and is presented in Table A-22. AIM was assumed to be collected at 33 % TS. 

AIM energy filtration requirement was calculated by multiplying the total volume of wastewater 

(Volume of washwater and volume of H2O4, both in m3) by 0.4 kWh m-3. 

The recovered AIM was considered to have the same calorific value as lignin. Calorific values for 

lignin in the literature are quite variable, as can be seen in Table A-17. An average value was 

therefore taken, equal to 24.1 MJ kg-1 TS. 

6.1.6 Anaerobic digestion 

The amount of sugars contained in the washwater was calculated based on the sugars solubilised 

during pre-treatment. The theoretical COD of the sugars was then obtained from the relevant 

chemical equations, e.g. for glucose 1.07 g COD g glucose-1. Conversion factors for other sugars are 

listed in Table A-23. Theoretical methane production was based on the conversion factor 1 g of COD 

= 0.35 L CH4. 

The COD in the washwater was expected to be low due to the large volume of water used, and 

therefore it was decided to model wastewater treatment provided by an ambient temperature (i.e. 

unheated) UASB reactor to eliminate the need for a heat input. To take account of the fact that 

some components in the washwater (for example calcium, residual lignin etc.) may be inhibitory to 

the anaerobic treatment process, and that at ambient temperature the methanogenic activity and 

overall methane yield is generally lower [392, 393], it was assumed that actual methane yield was 

80 % of the theoretical maximum based on COD removed.  

The energy required for pumping the influent through the UASB was taken as 0.1 MJ m-3 (0.03 kWh 

m-3) based on Yan [394]. 

6.1.7 Combined heat and power  

A combined heat and power (CHP) or cogeneration unit uses a heat engine to produce both heat 

and electricity from a combustible fuel. Table A- 26 present a short review of CHP energy 

efficiencies. Reported values are quite variable, and for this study efficiencies of 35 % usable 

electrical energy and 50 % usable thermal energy were therefore assumed. The model assumes the 

biogas/residual solid after hydrolysis/AIM is used to produce heat and electricity. 



Chapter 6 

176 

6.1.8 Combustion of the post-hydrolysis solid 

Combustion of the post-hydrolysis solid (PHS), which is the residual fraction after hydrolysis, is an 

important factor in reducing the external heat and electricity requirement for the plant. The 

calorific value of this material is not known and depends partially on the degree of enzymatic 

conversion of the original material, which has the effect of concentrating the lignin and thus 

increasing the calorific value. For this reason results were taken from a study on similar MSW 

(unpublished work, Fiberight), in which the average calorific value of pH 5 cooked pulp after 

enzymatic hydrolysis at 5 %TS and 4 % enzymes was 20.2 MJ kg-1  TS. 

PHS could be used as the raw material for a 2nd enzymatic hydrolysis, and if so it will be pressed to 

33 %TS in order to avoid compressing the fibre. If PHS is to be burnt, then it can be pressed to 

50 %TS to reduce the energy required for evaporation of the water. In the second scenario, energy 

is needed to dry the material to a suitable solids content for combustion: this was fixed at 80 %TS 

[395]. This allowed calculation of the mass of water to be evaporated. 

The energy to evaporate water from paper fibres was taken as 2.55 GJ tonne-1 of water evaporated 

[396]. To take the remaining water into account, it was assumed that for every 1% increase in 

moisture content starting from 0% (i.e. 100 %TS), there was a 1% decrease in heating value [395]. 

6.1.9 Sugars produced 

The mass of sugars produced was estimated based on the hydrolysis yield in each case. It was 

assumed that 20 % of the produced sugars remained in the residual solid fraction after pressing to 

33 or 50 %TS [pers. comm., Dr Dhivya Puri]. In this scenario the sugars were concentrated and sold. 

In a scenario where PHS was burnt, it was assumed that the PHS was washed with the washwater 

also used to wash the pre-treated material, in order to retain the residual sugars. The PHS was then 

pressed to 50 %TS again and the liquid sent to AD. It was assumed that 100 % of the sugars present 

in the pulp were removed during this washing. 

6.1.10 Economic value 

For modelling purposes, it was considered that water was completely recycled and therefore did 

not represent a cost. The US dollar to UK pound conversion used in modelling was based on the 

exchange rate during development of the model, of £1 = US$1.43 but the model allows adjustment 

of this value. The cost of heating by steam injection was calculated as 0.036 £ kWh-1 based on [240]. 

Because UK heat infrastructure is poorly developed, it was assumed that the heat generated on site 

is used in the plant and any surplus heat is lost and does not represent a source of income.  
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The sugar selling price was based on the settlement price of sugar n°11 which is used in trading raw 

sugar around the world [397]. The sugar selling price was taken as 0.20 £ kg-1 based on February 

2016 values.  

The UK Government’s Feed-in Tariffs (FIT) and Renewable Heat Incentive (RHI) [398] provide 

income for the production of heat and electricity from biogas: the values used in modelling are 

given in Table A-24 and Table A-25. As the process model was intended to represent a full-scale 

commercial plant, values corresponding to the highest capacity were selected. 

Production of electricity from a CHP using biomass is not eligible for the Feed-In Tariff but does 

benefit from the RHI at 4.22 p kWh-1 independently of capacity [399]. Production of electricity from 

biomass (without co-firing) is eligible for 1 Renewable Obligation Certificate (ROC) MWh-1, which 

had a value of 44.33 £ MWh-1 in 2015-2016 [400]. It was assumed for modelling purposes that 

surplus electricity would be sold to the grid at 4.91 p kWh-1 [401]. Other utility and reagent costs 

are presented in Table A-19. 

6.1.11 Selection of the best process 

To find the best series of processes, it was decided that some form of assessment parameter was 

needed. This had to take into account the input costs including enzyme price, electricity, heat and 

chemical requirement etc. It also needed to incorporate the sugar output. The amount of sugars 

must drive the decision process, but cannot be separated entirely from other sources of income 

(e.g. electricity). Consequently the following ratio was proposed and used in the modelling for 

comparison of alternative scenarios: 

Whole process ratio =  
Energy revenue

Operational costs
∗  

Sugarsout 

Input (wet weight)
∗ 1000 Equation 6-5 

Where: 

Whole process ratio = dimensionless ratio for assessment of the best overall process. 

Energy revenue = Revenue from incentives for generation of heat and electricity from renewable 

sources (FIT, RHI) and from sale of surplus electricity, £. 

Operational costs = cost of energy (steam and electricity for mixing, heating, filtration, etc.), 

chemicals, enzymes and membrane cleaning [NB: membrane cleaning not required in model 1], £. 

Sugarout = Amount of sugars obtained from the whole production process, kg. 

Input (wet weight) = Mass of material processed, kg. 

 

The following parameters were also defined for the purposes of reporting on performance: 

Sugar revenue = Revenue from sugar sales, calculated from Sugarout multiplied by the sugar selling 

price, £. 
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Revenue= Energy revenue + Sugar revenue, £. 

Sugar price =  
Sugarsout

Operational costs
, £ kg-1. 

Modelling was carried out assuming a standard input of 1 tonne of newspaper coming into the 

plant. 

 Model 2: Selection of the best hydrolysis conditions 

6.2.1 Kinetic model of the enzymatic hydrolysis 

The kinetic model for enzymatic hydrolysis is described in Appendix C.1. 

6.2.2 Energy requirement for enzymatic hydrolysis 

 Mixing energy consumption 

A horizontal reactor as described by Jorgenson et al. [186] was chosen for enzymatic hydrolysis, 

due to its ability to work at both low and high solids concentrations (up to 40 %TS) and its low 

energy consumption. The reactor is based on free fall mixing and employs a horizontally-mounted 

drum on a rotating shaft with mixing paddles. The rotation speed can be <6.6 rpm without adversely 

affecting enzymatic hydrolysis, which leads to a low energy requirement. 

The volume of each chamber in the reactor used by Jorgenson et al. [186] (Figure 6-2A) was 56.5 L 

(20 cm wide and 60 cm in diameter, 5 chambers in total). They found no adverse effects from filling 

up to 12 kg per chamber, corresponding to a filling coefficient K = Massinput/Total volume of 0.21 kg 

L-1. 

 
(A) Diagram of the liquefaction reactor used by [186].  

 
(B) Horizontal reactor design used for synthetic polymer production [402, 403]. 

Figure 6-2: Details of horizontal reactor designs used for the modelling.  
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The energy consumption for mixing was estimated based on the work of Sychev et al. [402] and 

Zhurba et al. [403]. The reactor they used is shown in Figure 6-2B. The reactor characteristics were 

L/D = 3 and D/dm = 1.25, where: 

L = Reactor length, m. 

D = Reactor diameter, m. 

dm = Diameter of rotor used, equal to 0.37 m. 

The power (or Newton) number is a dimensionless number defined as  

Kn = N/ρnr
3dm5 Equation 6-2 

Where: 

ρ = Density of the liquid, kg m-3. 

N = Power required for mixing, W. 

nr = Rotation frequency of the rotor, s-1. 

It was found experimentally that: 

Kn =
5 ∗ 102 ∗ Frc

β ∗ 𝐾 ∗ (
di

dm
)4/3

𝑅𝑒𝑐
 

Equation 6-3 

Where: 

µ = Dynamic viscosity, Pa s. 

Rec =
ρnrdm2

μ
. = Centrifugal Reynolds number. 

Frc = Centrifugal Froude number, equal to 
𝑛𝑟

2dm

g
. 

β =  −0.039Rec
−0.243KK−1, dimensionless. 

K = Filling coefficient L L-1. 

(
di

dm
)  = Ratio of diameters of rotor considered to rotor used in original work. 

Equation 6-3 was used without modification, the only additional value needed was the viscosity at 

each stage in the hydrolysis. 

The efficiency of the electric motor used in mixing was taken as 85 %. 

 Viscosity 

Data from Dunaway et al. [404] were used to estimate the variation in viscosity during enzyme 

hydrolysis. The substrate used in their study was corn stover slurry pre-treated with sulphuric acid 
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(190 °C, 14.6 % acid, 30 %TS, 5 min residence time). Viscosity was measured using a Physica MCR 

300 Modular Compact Rheometer (Anton Paar, Graz, Austria) during hydrolysis at 10, 15, 20 and 

25 %TS in a CSTR. At high solids concentrations, corn slurry acts as a non-Newtonian material (like 

paper pulp [405]), and the apparent viscosity depends on the shear rate following Equation 6-4 

[404, 406]. 

µ = KpI ∣ γ ∣n−1 Equation 6-4 

Where: 

µ = Apparent viscosity, Pa s. 

KpI = Consistency index, Pa sn. 

n = Power law index. 

γ = Shear rate, s-1. 

If the logarithm of Equation 6-4 is taken, Equation 6-5 is obtained. 

Ln(µ) = ln(KpI) + (n − 1) ∗ γ Equation 6-5 

For each TS, Dunaway et al. [404] obtained graphs like those shown Figure 6-3A. From these curves, 

values of KpI and n could be obtained at different reaction times for every initial TS. 

 

  

A) Viscosity as a function of shear rate and time 
(25 %TS) 

B) % of theoretical maximum glucose 
conversion as a function of time and TS 

Figure 6-3: Results for viscosity and hydrolysis of corn stover mixes [404]  

The enzymatic hydrolysis results are shown in Figure 6-3B. Using these, it is possible to estimate 

the TS inside the reactor at any time, and to find a correlation between KpI, n and TS (see Figure 

6-4). The correlation equations obtained and used in modelling were: 

n = 0.0026 ∗ TS−1.478, R2 = 0.96 Equation 6-6 

KS = 0.0564 ∗ 𝑒𝑥𝑝35.327∗TS, R2 = 0.92 Equation 6-7 
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Figure 6-4: Evolution of the parameters KS and n as a function of TS. 
 

The last parameter needed for calculation of the viscosity inside the reactor was the shear rate for 

a horizontal reactor. Zhurba et al. [403] studied shear rates in a horizontal apparatus using a 

solution of sodium salt of carboxymethycellulose (Na CMC). Their results for shear rate as a function 

of rotation frequency are shown in Figure 6-5. 

 

 

Figure 6-5: Shear rate at different rotation frequencies for different filling coefficients [403]. 
 

Correlations between shear rate, K and speed were found (Equation 6-8 and Equation 6-9), and 

were assumed to be applicable to newspaper slurry. Values for different filling coefficients K were 

obtained by interpolation. 

𝐾 = 0.5       γ = 10.16 ∗ nr Equation 6-8 

𝐾 = 0.38      γ = 11.91 ∗ nr Equation 6-9 

From these equations, and knowing the carbohydrate conversion, it is possible to calculate the 

power consumption at any reaction time. The energy requirement was calculated from the power 

consumption using the trapezoidal rule. 

 Heating  

The required reactor dimensions were calculated using the same filling coefficient K as in Jorgensen 

et al. [186], of 0.21 kg material L-1 reactor. The ratios D/l and d/dm were assumed to be the same 
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as in [402] (3 and 1.25 respectively). Consequently, knowing the volume, the reactor length, rotor 

and reactor diameters could be calculated. 

The energy for initial heating of the material was calculated as described in Appendix C.3. In this 

model, however, heat losses were also considered.  

The reactor was assumed to be made of stainless steel with 75 mm medium-density mineral wool 

insulation to the external surface [407]. The minimum thickness for a reactor wall was unknown 

and was therefore estimated based on the volume of the reactor contents using data from [408] 

(shown in Figure A-9). 

Temperatures were assumed to be constant and uniform: the values taken are shown in Table 6-2. 

Heat flow calculation formulas are given in Appendix C.3. 

 

Table 6-2: Temperature used for heat calculations. 

 
 

6.2.3 Use of membranes for sugar concentration 

As noted earlier, for economically viable bioethanol production, the ethanol concentration before 

distillation must be >4 % w v-1 which requires a sugar concentration before fermentation of 80 g L-

1 [39, 185]. 80 g L-1 was thus used as a minimum target sugar concentration, in order to compare 

the effect of the various parameters considered (TS, enzyme dosage, time). To investigate the effect 

of this target concentration, modelling was also carried out at 180 g L-1. 

For calculation of hydrolysate volumes, it was assumed that after enzymatic hydrolysis the PHS 

were pressed to 33 or 50 % TS (see section 6.1.8). 

It was decided to model membrane technology for sugar concentration, rather than a multi-step 

evaporator process, because of its lower energy consumption [409]. In order to obtain a clean sugar 

solution and to facilitate nanofiltration, it was considered prudent to include a microfiltration step 

prior to sugar concentration (data in Table A-22). In theory an ultrafiltration step could also be an 

attractive option for cellulase recovery; but Puri et al. [343], using paper pulp derived from MSW, 

found that only 10 % of the original enzyme activity could be recovered. This is not sufficient to 

justify the extra costs of membrane filtration, and the process was therefore not modelled. 
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To model the nanofiltration concentration process, data from Almazán et al [238] was used to 

calculate energy consumption as a function of the initial and targeted sugar concentrations. The 

basic equations are given in Appendix C.4. 

Almazán et al. [238] measured the rejection coefficient R (see Equation A- 26) as a function of 

transmembrane pressure (TMP) for four different initial sugar concentrations These data were used 

to model TMP versus rejection coefficient using logarithmic equations (Figure 6-6).  

 

 

Figure 6-6: Rejection coefficient as a function of TMP [238]. 
 

The permeate flux is linearly dependent on TMP. Variation in the permeate values as functions of 

the different initial sugar concentration are shown in Figure 6-7. 

 

Figure 6-7: Permeate flux (Jv) depending on glucose concentration and TMP [238]. 
 

It was initially assumed that 5 % of the initial sugars were lost and thus found in permeate. From 

this assumption all of the other required parameters can be calculated, and a value of R could be 

obtained. From Figure 6-6 it can be seen that for each initial sugar concentration there is a minimum 

and a maximum rejection value (Rmin and Rmax). The R value obtained was compared to these and 

if it was not within range, it was fixed at one of those values, and the other parameters were then 

adapted. This was necessary, otherwise a too low pressure can be found leading to an insignificant 

permeate flux (Figure 6-7). 
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Once the R value was fixed, it was possible to determine the TMP, by solving the equations deduced 

from Figure 6-6. Finally, the permeate flux was evaluated using Figure 6-7. Again for intermediate 

initial sugar concentrations, the values were interpolated.  

The energy consumption was then calculated using Equation 6-10 [240]. Note that thermal energy 

input during filtration was not considered, because the hydrolysate coming out from the hydrolysis 

reactor will be at almost the right temperature for filtration (optimal temperature = 50 °C [238]). 

Therefore the thermal energy will be negligible relative to the pumping energy requirement.  

E =
TMP

η
∗ Flowin Equation 6-10 

Where: 

E = Pumping energy consumption, W. 

TMP =Transmembrane pressure, in Pa. 

Flowin = Feed flow rate, m3 s-1. 

Η = Pump efficiency (usually 0.5-0.85 [409], taken as 0.5 to allow for the presence of other soluble 
materials in the hydrolysate) 

As an alternative approach (scenario 2) literature values for energy consumption in nanofiltration 

were used. Table A-28 shows values for energy consumption depending on the membrane type. 

These are quite variable and values from Metcalf & Eddy [239] were selected for their reliability, 

and as they have been used in similar modelling work (e.g. [213]). The values used in modelling are 

summarised in Table 6-3. 

 

Table 6-3: Nanofiltration membrane data from Metcalf & Eddy [239]. 
 

 
 

Finally, for both scenarios, it was necessary to model the costs of membrane cleaning. Data used in 

modelling are shown in Table A-27. The values are quite variable depending on their source and on 

the type of membrane used. An average value of 2.6 £ £-1 (excluding one outlying result) was taken 

for the ratio between pumping/cleaning costs in nanofiltration. The cost of membrane cleaning was 

calculated by multiplying the energy required for pumping by the cost of electricity (Table A-19) 

and dividing by 2.6 £ £-1. 

The amount of sugar obtained after filtration at the targeted final sugar concentration is calculated 

from the volume of hydrolysate multiplied by the target concentration and by the proportion of 

flow retained.  

Energy consumption  5.3 kWh m-3 
Product recovery 82.5 % 
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Depending on the initial and targeted sugar concentration; the permeate can contain quite a lot of 

sugars that could be recovered for energy production via AD. It was assumed that COD conversion 

would follow the parameters given in section 6.1.6, and the biogas produced would be used in a 

CHP plant as described in section 6.1.7. 

 
The process flow diagram modelled is therefore as shown in Figure 6-8. 
 

Figure 6-8: Overall membrane filtration process. 
 

6.2.4 Optimum hydrolysis conditions and scenario descriptions 

The optimum hydrolysis conditions were defined as those where the total amount of sugar 

produced divided by the total cost of production (including mixing, heating, filtering, membrane 

cleaning and enzymes), was a maximum. This was defined as the hydrolysis ratio. 

Hydrolysis ratio (kg £−1) =  
Sugars out

Operational costs
 Equation 6-11 

Two modelling scenarios were considered. Scenario 1 uses the sugar concentration model 

described in section 6.2.3, while scenario 2 uses values from Metcalf & Eddy [239] for nanofiltration. 

The parameters varied in the modelling were TS content, enzyme dosage, hydrolysis time, target 

sugar concentration, filling coefficient, mixing rotation frequency.  

 Combined model 

In chapters 8 and 9, model 2 is combined with model 1 to find the hydrolysis parameters to 

maximise the overall process efficiency. This was called the combined model.  
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Chapter 7 Pre-treatment optimisation  

In this chapter, a range of pre-treatments to improve newspaper hydrolysis was tested. These 

included basic pre-treatments used in the Fiberight process (washing, autoclaving) as well as 

blending. Surfactant addition, alkaline pre-treatment and dilute acid soaking were also tested. The 

model described in section 6.1 was then used to select the optimum pre-treatment. For modelling, 

hydrolyses parameters were fixed at 5 %TS and 4 % enzymes based on TS as described in section 

6.1.4. Conversions were based on experimental data, and results are presented based on processing 

of 1 tonne of newspaper on a wet weight basis. 

The chronological order of the work carried out in chapters 7 to 9 is presented in Figure A-14 for 

information. 

 Basic pre-treatments 

Objective: To evaluate the effect of selected pre-treatments on the enzymatic hydrolysis of 

newspaper. The pre-treatments selected were washing and autoclaving, as currently used on MSW 

in the Fiberight process, and blending. 

Method summary: Four experiments were carried out using newspaper batch 1. In experiment 1, 

approximately 10 g of shredded newspaper was placed in a sieve in a small-scale version of a 

washing machine (Figure 7-1). The ratio liquid/solid (on a TS basis) was the same as that used in the 

Fiberight process, approximately 25:1. Temperature was maintained at 50 °C using a hot plate and 

the mixture was stirred for 10 min by a magnetic stirrer, with manual mixing using a spatula for 15s 

every minute. At the end of the washing process, the material was manually pressed to a solids 

concentration of approximately 33 %TS. The residual liquid was kept for COD analysis (section 3.2.5) 

as a basis for estimation of the potential methane production. 

In experiment 2, 15 g of newspaper was placed in a round-bottom glass container with either 150 

g of DI water (experiment 2a) or without any water (experiment 2b). The material was autoclaved 

for 40 min at 100 °C.  

For experiment 3, 15 g of shredded newspaper was first wet autoclaved as in experiments 2a, 2b 

then washed as in experiment 1. 

In experiment 4, 15 g of shredded newspaper was blended at 15 %TS using DI water for dilution, 

for 5 min in a kitchen blender. The material was then manually pressed to approximately 33 %TS. 

All enzymatic hydrolyses were done following methodology in section 3.6. It was assumed that the 

initial composition of shredded and unshredded newspaper was the same. 
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Figure 7-1: Small-scale washing machine. 
 

Results: The effect of the pre-treatments on glucan conversion is presented in Figure 7-2. 

 

Figure 7-2: Impact of different Fiberight pre-treatments on glucan conversion of newspaper. 
 

Apart from blending, which gave an increase of approximately 6 %, the pre-treatments were not 

justified in terms of improved glucan conversion. The improved conversion in blending was 

probably due to size reduction and/or re-hydration of the fibres. It is possible that some ash was 

removed during the blending process, which could have increase the glucan content per unit weight 

and therefore led to an overestimate of glucan conversion. For this reason and because the energy 

consumption in blending may be 3 times higher than in shredding depending on the type of blender 

used [410, 411] (see section 6.1.1), blending was not adopted in the rest of the study. Autoclaving 

in the presence of water had no apparent effect on glucan conversion. Without water, glucan 

conversion was reduced by around 13 %. The absence of water at high temperature may have 

collapsed the cellulose fibres which would explain the poor conversion. The COD of the different 

streams is shown in Table 7-1.  

The low COD values indicate that almost no potential contaminants or even carbohydrates were 

removed. This also means that the pre-treatment steps not only have no effect on the 

hydrolysability, but also did not lead to extra energy sources from recovery of the COD via AD. Based 
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on these results, none of these pre-treatments were selected for application to newspaper which 

was therefore only shredded. 

Table 7-1: COD of water fractions generated during pre-treatments. 

 COD mg L-1 

Washwater (exp 1) 426.7 
Liquid after autoclaving (exp 2a) 603.2 
Washing water from autoclaved material (exp 3) 359.6 

 

 Effect of surfactant addition on enzymatic hydrolysis of newspaper 

Surfactant (PEG 6000) was initially investigated as way to increase the glucan conversion of 

newspaper batch 1. The conversion did increase but the results did not justify further investigation, 

as more efficient pre-treatments were found afterward. The selected optimum pre-treatment (see 

section 7.3) was less effective on other batches, however, especially batch 3, and the use of 

surfactants such as Tween 80, SDS, PEG or a combination of these was thus re-introduced in 

subsequent work. The work described in this section therefore consisted of two main parts: 

 Short investigation using PEG 6000 with newspaper batch 1 

 Study of the effect of several surfactants on enzymatic hydrolysis of newspaper batch 3 

7.2.1 Effect of PEG 6000 addition on enzymatic hydrolysis of batch 1 

Objective: To determine the potential improvement in glucan conversion from the use of PEG 6000 

during enzymatic hydrolysis of newspaper. 

Method summary: Enzymatic hydrolysis of shredded newspaper (batch 1) was carried out as 

described in section 3.6, except that 0.6 % PEG 6000 on a TS basis was added to the reaction 

medium. The model described in section 6.1 was used to evaluate the benefit of PEG addition.  

Results: Enzymatic hydrolysis of newspaper with PEG addition gave a glucan conversion of 54.0 ± 

1.2%, compared to 48.7 ± 1.2% without PEG. This increase of 5.3 % could potentially be of economic 

interest considering the relative prices of PEG and enzymes. Explanations for the improvement in 

glucan conversion could be that the surfactant increased the hydrophilicity of newspaper, 

facilitated enzyme access or prevented unproductive enzyme adsorption on AIM. 

The results from the modelling are presented in Table 7-2. 

 

Table 7-2: Results of modelling hydrolysis of newspaper batch 1 with or without PEG addition.  

 

 Operational 
costs (£) 

Revenue 
(£) 

Sugarsout 
(kg) 

Whole process 
ratio 

Sugar price 
(£ kg-1) 

Newspaper 90.8 146.6 237.5 256.1 0.38 

Newspaper with 0.6% 
PEG addition  

98.0 146.7 245.2 241.3 0.40 
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Although PEG increased the glucan conversion, the extra sugar (~3.2 %) did not justify its usage with 

untreated newspaper (lower whole process ratio), and at this stage this solution was not adopted. 

7.2.2 Effect of different surfactants on hydrolysis of newspaper batch 3 

Objective: To determine the potential improvement in glucan conversion from different surfactants 

(SDS, PEG, Tween 80) used alone or in combination in the enzymatic hydrolysis of newspaper batch 

3. 

Method summary: In a preliminary experiment, enzyme dosages of 2 and 4 % based on TS were 

tested on newspaper batch 3 which was hydrolysed at 5 %TS for 72h. Based on the results, 2 % 

enzyme was selected for use in the rest of this section, with other conditions as described in section 

3.6. 

Four sets of tests were then carried out in which PEG 6000, SDS and Tween 80 were added at 

different concentrations in the enzymatic hydrolysis of newspaper batch 3.  

In test 1a, trials were carried out at PEG concentrations of 0.25, 0.5, 1 and 5 % based on TS in 

hydrolyses at 4 % enzyme, and with 0.5 % PEG at 2 % enzyme. In test 1b, trials with Tween 80 at 

0.25 and 0.5 % and with SDS at 0.5 % (all based on TS) were carried out at 2 % enzyme. In test 1c, 

the effect of adding PEG 4h before hydrolysis at 2% enzyme was investigated. In this test, the 

newspaper was diluted to 5 %TS using DI water and 0.5 % PEG on a TS basis was added. The mixture 

was then agitated for 4h at room temperature before adding enzyme at 2%. 

In test 2, a protocol based on the work of Xin et al. [236] was followed in which 0.5 % SDS based on 

TS was mixed with 20 g of newspaper and 400 mL of deionised water and placed in a 1-L container. 

The solution was agitated at 150 rpm for 1h in an incubator at 40 °C. The solid was collected in a 

jelly bag and half of it was washed following the procedure in section 3.4.3. Both fractions (washed 

and unwashed) were hydrolysed using 2 % enzyme according to the methodology in section 3.6.  

Test 3 consisted in mixing 0.5 % SDS and 0.5 % Tween 80 on a TS basis into the reaction medium to 

identify any possible synergy during enzymatic hydrolysis carried out at 2 % enzyme.  

Test 4 involved washing newspaper with 0.5% SDS (same procedure as in test 2) and then adding 

0.5 % Tween 80 based on TS during hydrolysis at 2 % enzyme. 

The model described in section 6.1 was used to compare the benefits of the different approaches 
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Results:  

Preliminary test 

In the case of newspaper batch 3 it appeared that the difference in enzyme dosage had no effect 

(glucan conversion of 29.1 ± 0.4% at 2% enzyme compared to 29.7 ± 2.2% at 4% enzyme. It is 

possible that the high AIM content (23.4 %TS, see section 5.1) of this batch means most of the 

cellulose is coated, and consequently all of the accessible cellulose can be as easily hydrolysed at 

2 % as at 4 % enzyme. A 2 % enzyme dosage was therefore used in this part of the work, unless 

specified. 

Test 1 

Results of hydrolyses carried out at 4 % enzymes on TS for newspaper batch 3 with PEG 6000 

additions of 0.25, 0.5, 1 and 5 % (test 1a) are shown in Figure 7-3. 

PEG appeared to have a beneficial effect on the enzymatic hydrolysis of newspaper batch 3 as the 

conversion increased by up to 11 %. This effect seems, however, to plateau after 0.05 % w w-1 

addition. The results of modelling the effect of PEG addition are given in Table 7-3.  

 

Figure 7-3: Impact of PEG 6000 added in reaction medium on hydrolysis of newspaper batch 3. 
The dashed line represents the baseline (no PEG addition). 

 

Table 7-3: Modelling results for effect of PEG addition on newspaper hydrolysis. 

 
a Newspaper batch 3 hydrolysed at 5 %TS, 4 % enzyme for 72h with or without PEG addition 

PEG addition (%TS) 0 0.25 0.5 1 5 

Glucan conversion (%) 29.7 (2.2) 35.8 (4.7) 41.2 (2.8) 41.1 (3.4) 41.8 (1.3) 
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Addition of 0.5 % PEG on a TS basis in enzymatic hydrolysis of newspaper batch 3 had a great effect 

on the whole process ratio and significantly more sugars were released. In contrast to the results 

at the higher PEG dosage of 5%, a dosage of 0.5% led to a lower sugar price and was therefore 

selected for further experiments. It can be seen that the poor hydrolysability of newspaper batch 3 

as compared to batch 1 seriously compromises its use as a feedstock in a sugar-based biorefinery. 

Newspaper batch 1 produces 87 % more sugars, 47 % more cheaply and has a whole process ratio 

53 % higher. This variability in newspaper composition and hydrolysability could be a real concern 

if such feedstock is used in a commercial plant. 

The results for hydrolysis at 2 % enzyme when PEG was added with the enzyme or 4h before (test 

1b) are shown in Figure 7-4. 

 

Figure 7-4: Effect of adding 0.5 % PEG 6000 based on TS before and at the beginning of enzymatic 
hydrolyses of newspaper batch 3 at 2 % enzyme, 5 %TS for 72h. 

 

In this experiment, PEG did increase the glucan conversion by approximately 6% independent of 

the time at which it was added. This improvement, however, was lower than achieved at 4 % 

enzyme for the same amount of PEG. This suggests that PEG makes cellulose more available, 

possibly by reducing the fibre coating or facilitating enzyme access [353]. In this case enzyme 

availability might become critical, which could explain why the conversion was lower at 2 % 

compared to 4 % enzyme (35.2 ± 2.0% for 2% compared to 41.2 ± 2.8% % for 4% enzyme, see Figure 

7-3). 

The effect of addition of Tween 80 at 0.25 and 0.5 % based on TS (test 1c) on the glucan conversion 

is shown in Figure 7-5. 

Addition of 0.5 % Tween 80 based on TS significantly increased glucan conversion, to a higher 

degree than PEG addition. Kim et al. [353] used 0.5 % of Tween 80 on a TS basis in enzymatic 
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hydrolysis of newspaper, and found an increase in digestibility of approximately 10 %. In another 

study [193], the same authors also found that PEG gave a smaller improvement than Tween 80. 

 

 

Figure 7-5: Impact of addition of Tween 80 on glucan conversion. 
 

SDS gave a similar increase to the other surfactants, with a glucan conversion of 36.3 ± 2.6%. This 

is in conflict with the findings of Xin et al. [236] who stated that traces of SDS could reduce cellulose 

digestibility. Eriksson et al. and Xiang et al. [229, 237] also found that SDS decreased enzyme activity 

and deactivated enzymes. However, Erikson et al [229] indicated that SDS was effective at reducing 

enzyme-lignin interactions; it could thus perhaps also reduce interactions between enzyme and 

pseudo-lignin. As already noted, enzyme was not the limiting factor for hydrolysis of newspaper 

batch 3, so even if SDS did adversely affect cellulase activity, this was apparently compensated for 

by the beneficial effect it had on the pulp. 

Test 2 

The effect on glucan conversion of washing newspaper batch 3 with SDS is presented in Figure 7-6. 

 

Figure 7-6: Effect of SDS washing on glucan conversion of newspaper batch 3. 
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The SDS wash was very effective at improving the glucan conversion of newspaper batch 3. No 

significant difference was found from washing or not washing the SDS-washed newspaper. This may 

indicate that the beneficial effect occurred during the SDS wash and that most of the inhibitors 

were removed when the material was pressed. In a real process, omitting the second washing step 

would save water and energy. 

Because no difference was found, the unwashed solution was further investigated and a mass 

balance was carried out. The results are shown in Table 7-4. Approximately 22.4 % of the AIM was 

removed which is likely to be the reason for the increase in conversion. Note that SDS was also very 

effective at removing ash. 

 

Table 7-4: Material losses during SDS washing of newspaper batch 3. 

 

Test 3 & 4 

Combining SDS and Tween 80 gave glucan conversions of 35.1 ± 0.5% and 36.9 ± 2.2% for the case 

where Tween 80 and SDS were added during hydrolysis and the case where newspaper wash 

washed with SDS and Tween 80 was added during hydrolysis, respectively. These increases in 

conversion were smaller than when the surfactants are used alone. As Tween 80 is non-ionic while 

SDS is anionic it is possible that antagonist effects occurred, limiting the action of either enzyme or 

surfactants during the hydrolysis.  

The prices of the surfactants used are given in Table A-19. SDS is by far the cheapest, and gave 

similar or even better improvements in glucan conversion than the other surfactants, when it was 

added to the dilution water or used to wash newspaper batch 3.  

Results of modelling the impacts of the different surfactants are presented in Table 7-5.  

 

Table 7-5: Model results for effect of surfactant addition. 

 
a Newspaper batch 3 hydrolysed at 5 %TS, 2 % enzyme for 72h with or without surfactant  
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From this, it is clear that addition of SDS to the reaction medium during enzymatic hydrolysis of 

newspaper batch 3 is economically viable. It produces cheaper sugars and, compared to the option 

without surfactant, the amount of sugar produced is 20 % higher. Because of the low price of this 

surfactant, its use has very little impact on operational costs and greatly increases the whole 

process ratio. SDS washing is also an attractive solution, but it requires extra operational and 

investment costs (not considered in this model) and the final sugar quantity is lower than with 0.5 % 

SDS addition during hydrolysis, which was therefore selected as the best option. 

7.2.3 Alkaline pre-treatment 

Alkaline pre-treatment has been found to be very effective in treating newspaper prior to enzymatic 

hydrolysis [40, 192]. Sodium hydroxide was used to determine the effect on the enzymatic 

hydrolysis of newspaper batch 1. Different conditions were experimentally tested. Results were 

incorporated in an extended version of the model in section 6.1 and the best overall option was 

found. Attempts to reduce the chemical costs by partially replacing NaOH with lime were tested. 

The glucan conversions and economic benefits were evaluated. 

7.2.4 NaOH pre-treatment  

Objective: To evaluate the effect of alkaline pre-treatment using NaOH on the enzymatic 

hydrolysability of newspaper. 

Method summary: Approximately 15 g of shredded newspaper was placed in a glass round-bottom 

container and pre-treated with 150 g of NaOH at concentrations from 0.5-5 % w w-1, at residence 

times of 15, 30, 45 min and 1h at temperatures of 100 and 121 °C in a Monarch autoclave (Rodwell, 

Basildon, UK); and of 6, 12, 24 and 48h for temperatures of 25 °C (room temperature) and 50 °C 

(Gallenkamp incubator, S/N: 101400YY2C). For the experiment in the autoclave, the samples were 

removed as soon as the temperature was cool enough to open the device (< 70 °C). For the other 

temperature conditions, the reaction was stopped manually after the targeted period of time. The 

solid was then pressed and washed following the procedure described in section 3.4.3. 

Enzymatic hydrolyses were carried out as described in section 3.6. The composition of the pre-

treated material was not determined, so glucan conversions were expressed based on the 

composition of untreated newspaper. 

Results: The results from the NaOH pre-treatment are presented in Figure 7-7. 

Up to a certain point, NaOH pre-treatment seemed to improve the glucan conversion, especially at 

room temperature. For long reaction times, however, at temperatures of 50, 100 and 121 °C the 

improvement was reduced, and the pre-treatment could even have a negative effect. This could be 
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caused by lignin condensation when conditions become too severe [412]. Lignin condensation 

forms strong carbon-carbon bonds between lignin subunits [413], limiting its removal; and also 

probably leads to cellulase toxicity or higher enzymes absorption. The phenomenon has also been 

noticed by Leustean [414] who found pre-treating newspaper in a 120 °C autoclave with 2 % NaOH 

at a liquid/solids ratio 3:1 gave an improvement in conversion for up to 30 min pre-treatment after 

which conversion decreased with increasing pre-treatment time.  

  

 
 

Figure 7-7: Glucan conversions after NaOH pre-treatment. 
Dotted horizontal lines represent the glucan conversion obtained with shredded 
newspapers without any pre-treatment. 

 

These results are, however, in disagreement with those of Wang et al. [415], who found no 

degradation of the yield at any NaOH concentration, when pre-treatment time at 121 °C increased. 

Wang's study used Bermuda grass, however, and alkaline pre-treatment is highly substrate 

dependent, mainly depending on the physical and chemical composition as well as the lignin 

content. In Wang’s experiments, it was noticed that the more severe the pre-treatment, the higher 

the fibre losses. For process optimisation and selection of the best pre-treatment conditions, 
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literature data was adapted and used for solids and AIM removal as AIM was not measured in this 

part of the work. These data are summarised in Table A-33. Experimental sugar conversions 

obtained in this work were, however, used.  

After optimisation, the best conditions were determined and compositional analysis was carried 

out and compared to the results from modelling. 

7.2.5 Extended version of model 1 section 6.1. 

The effects of NaOH concentration, temperature and residence time were modelled to select the 

optimal alkaline pre-treatment. In this investigation, losses of solids, AIM and sugars were not 

measured and instead data from the literature [214] was adapted and used. These values are 

presented in Table A-33. For the purposes of modelling, it was considered that the percentage of 

AIM removed was the same as the percentage of lignin removed given in Table A-33. No data were 

available for treatment at 100 °C so lignin removal and solids recovery at 100 °C were fixed at 90 % 

of values at 121 °C, based on linear interpolation of data from [214] (Figure 7-8). Losses of solids 

and other materials in pre-treatments at 5 % NaOH (w w-1) were assumed to be equal to those at 

2 % for each temperature and residence time. After selection of the best conditions, losses were 

determined experimentally and these values were used in modelling. 

 

Figure 7-8: Effect of treatment temperature and NaOH concentration on solids recovery [214]. 
 

Only solids and lignin losses were found in the literature, so losses of other materials (ash, missing 

mass, carbohydrate) were assumed to be equal to the solids losses taking into account the lignin 

losses.  

It was assumed that the proportion of each component removed followed the initial repartition. 

This assumes that glucan, other sugars, missing mass and ashes were equally affected by alkaline 

treatment: in reality, this is not true as cellulose is more recalcitrant than hemicellulose to chemical 

attack [416]. 
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To model the effect of the pre-treatment conditions, empirical equations were derived relating the 

glucan conversion to the pre-treatment time. Because of the complexity of the curves (see Figure 

7-7) no equation could be found that fitted all of the experimental data. Simple linear relationships 

between each available point were thus assumed. 

7.2.6 Selection of optimum conditions for NaOH pre-treatment of newspaper 

Objective: To identify the optimum conditions for NaOH pre-treatment of newspaper, and select 

those to be used in further investigations. 

Method summary: The model presented in section 6.1 was used to select the best NaOH pre-

treatment conditions, corresponding to the highest process ratio, at every tested temperature.  

After selection of the best process, 200 g of shredded newspaper was pre-treated following the 

appropriate conditions, and losses of material/glucan/other sugars/AIM/ash/calcium carbonate 

were determined, by measuring the solids loss, the composition of the pre-treated material 

following the modified NREL, ash and CaCO3 using the methods presented in section 3.3.3.1 and 

section 3.2.1. Water retention values were measured according to method described in 

section3.3.4 

Results: The results from modelling are presented in Table 7-6.  

 

Table 7-6: Performance parameters under different pre-treatment conditions. 
NaOH 0.5 w w-1 and NaOH solution/solids ratio was 10. 

 

The highest whole process ratio was obtained for pre-treatment at 50°C for 14h. Working at 100 °C 

considerably reduced the pre-treatment time but also produced more than 15 % extra sugars. The 

whole process ratios, however, are similar. These conditions (100 °C, 0.67h = 40 min, 0.5 w w-1) 

were selected for testing at larger scale and for further modelling.  

A relatively large batch of shredded newspaper batch 1 (200 g) was pre-treated in order to allow 

estimation of the losses of solid/glucan/other sugars/AIM/ash/calcium carbonate, and to obtain 

real data for use in the model. The pre-treated material is shown in Figure 7-9. Losses in pre-

treatment were compared with results given by the model in Table 7-7. 
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Figure 7-9: Alkaline pre-treated newspaper. 
Pre-treatment carried out using 0.5 w w-1 NaOH for 40 min at 100 °C  

 
Table 7-7: Comparison of material losses results from the model and experimental data. 

 
a Pre-treatment using 0.5 w w-1 NaOH at 100 °C for 40 min at a NaOH solution/solids ratio of 10. 
 

The model was satisfactory at predicting losses of solid, glucan, other sugars (max error 15 %). The 

removal of AIM was slightly overestimated. NaOH pre-treatment may have a stronger impact on 

switch grass than on newspaper (more efficient AIM removal) [214]. Surprisingly, a significant 

fraction of the ash and calcium carbonate was removed. This is probably due to the peeling-of fibres 

caused by the alkaline hydrolysis, which also detached ash and CaCO3. The assumptions discussed 

in section 2.4.1.3.1 may also offer potential explanations. 

The composition of NaOH pre-treated newspaper is presented in Table 7-8. 

Table 7-8: Composition of alkaline pretreated newspaper. 

 
a Pre-treatment using 0.5 w w-1 NaOH at 100 °C for 40 min 
 

Although some carbohydrates were lost during the pre-treatment step, the treated sample had a 

higher carbohydrate concentration (~71 %) making it an even more interesting substrate for sugar 

production. This was because the AIM and ash removals were very high.  

Glucan conversion after enzymatic hydrolysis at 72h at 5 %TS and 4 % enzymes on a TS basis was 

calculated based on the real composition of the material hydrolysed. The results were 63.5 ± 2.1 % 

and 48.7 ± 1.2% for NaOH pre-treated and untreated material, respectively. 
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Although the enzyme dosage on a glucan basis for the treated material was lower than for 

untreated newspaper (7.0 compared to 8.5 %), glucan conversion was approximately 14 % higher. 

This improvement is probably due to the removal of AIM (possibly mainly lignin). NaOH has 

probably disturbed the fibre structures making cellulose more accessible for enzymes. NaOH also 

makes cellulose swell, which increases its ability to take up water [417]. The WRV of NaOH pre-

treated newspaper batch 2 is shown in Table 7-9 and compared with the for newspaper batch 2. 

The pre-treated fibres were able to absorb more water, which could improve the contact between 

cellulase and fibres and may be another reason for the improved glucan conversion. 

 
Table 7-9: WRV of untreated and NaOH pre-treated newspaper batch 2. 

 

Calculated energy that could be produced from AD and combustion of the PHS is presented in Table 

7-10. 

Table 7-10: Energy recovery by AD and combustion of AIL and PHS. 

 

In section 6.1.5 it was noted that, in theory, recovering AIM removed during pre-treatment using 

sulphuric acid followed by filtration could be an attractive solution to provide an extra source of 

energy. In practice, however, the requirement in sulphuric acid and the subsequent cost did not 

justify this operation. H2SO4 costing an extra £89.8 would be required to obtain an additional 456.6 

kWh equivalent to £16.4 extra income from the production of heat and electricity. 

 

Table 7-11 shows the results of modelling the process with pre-treatment of shredded newspaper 

at 100 °C for 40 min using 0.5 w w-1 NaOH in a NaOH solution/solids ratio of 10, using the 

experimental data in Table 7-7 and Table 7-8 instead of literature values. 

With the experimental data, it was found that 14.4 % of the operational cost was due to NaOH. 

Combining lime and NaOH generally gives similar results to those found when NaOH is used alone 

[219] and would reduce chemical costs (lime is more than 4 times cheaper) [220]). This was tested 

in the next section.  

 WRV (% w w-1) 

Newspaper  98.7 (2.5) 

NaOH pre-treated newspaper  116.9 (1.4) 
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Table 7-11: Model results using experimental values. 

 
 

7.2.7 NaOH with lime addition  

Objective: To evaluate the effect of combined lime and NaOH pre-treatment on the enzymatic 

hydrolysability of newspaper, with a view to reducing the costs of alkaline pre-treatment. 

Method summary: 15 g of shredded newspaper (batch 1) was pre-treated with 0.5 % w w-1 alkaline 

(NaOH/lime) for 40 min at 100 °C in a ratio liquid/solids 10:1, following the procedure described in 

section 7.2.4. The tested ratios of NaOH/lime were 25:75, 50:50, 75:25 (w/w). At a NaOH/lime ratio 

of 25:75, 150 g of solution of 25 % * 0.5 % w w-1 NaOH was prepared and mixed with 15 g of the 

newspaper substrate. Then 75% * 0.5% * 150 g of lime was added. The other ratios were tested in 

the same way. A pre-treatment based on 1 % w w-1 alkali for 40 min at 100 °C at a NaOH/lime ratio 

of 100:25 was also tested.  

Enzymatic hydrolysis was carried out as described in section 3.6. The model described in section 6.1 

was used to study the influence of the lime addition on the performance parameters for the plant.  

Results: Table 7-12 presents the consequences of using lime in combination with NaOH on the 

losses of solid/glucan/other sugars/AIM/ash/calcium carbonate. 

 

Table 7-12: Material losses (%) in newspaper pre-treatment with combined lime and NaOH. 

 

 

Adding lime reduced the loss of material. At NaOH/lime ratio 100:25, the loss of solids was reduced 

by more than 20 %. According to Xu at al [218], positively charged calcium (2+) provides linkages 

within the negatively charged biomass in alkaline conditions and thus reduces solids losses. The 

lowest solids loss was achieved for NaOH/lime ratio 25:75 where the solids removal was almost 

50 % less than when pure NaOH is used. The AIM loss also decreased.  
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The impact on the glucan conversion of different proportions of lime can be seen in Figure 7-10. 

Apart from the case where 25 % of NaOH was replaced by lime, the glucan conversion was highest 

when only NaOH was used and decreased when some of it was substituted. Despite a significant 

reduction in the AIM removal, good glucan conversions were achieved (at least 15 % higher 

compared to untreated newspaper). This supports the explanations given by Xu et al. [218] who 

suggested that lignin removal was not the main advantage of applying an alkaline pre-treatment to 

lignocellulosic material, but fibre swelling and structure disruption were also important. 

 

Figure 7-10: Effect of NaOH/lime ratios on glucan conversion. 
 

Results from the modelling are presented in Table 7-13. Adding lime combined with NaOH slightly 

increased the cost requirement because less fibre was lost, leading to a higher enzymes demand. 

When the percentage NaOH/lime was 25:75, approximately 15% extra sugars could be produced 

compared to when NaOH was used alone. Moreover, the process ratio was around 10 % higher, i.e. 

slightly higher than without pre-treatment with 40 kg extra sugars per tonne wet weight of 

newspaper. 

 

Table 7-13: Model results for effect of different NaOH/lime ratios. 

 
a Enzymatic hydrolyses carried out 5 %TS and 4 % enzyme on TS for 72h. 
 

Although this pre-treatment significantly improved the whole process ratio, the costs of application 

(chemicals, heating requirement) were too high, and it was not considered economically feasible. 

By replacing 75 % NaOH with lime it was possible to reduce the loss of fibres and thus increase the 
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amount of sugars produced. Alkaline pre-treatment may not be suitable as a first pre-treatment in 

this process, but has real potential as a second pre-treatment for the PHS, as the lignin content will 

be high and the amount of material smaller, leading to a lower heat requirement. 

 Dilute acid soaking 

7.3.1 Sulphuric acid soaking 

Objective: To evaluate the effect of sulphuric acid soaking on the enzymatic hydrolysability of 

newspaper and on calcium carbonate removal. The effect of acid concentration was also studied as 

this will drive the economic aspect. 

Method summary: The materials used in this part of the work were newspaper batches 1 and 3. 

Sulphuric acid soaking was undertaken following a procedure slightly modified from that proposed 

by Wang et al. [169]. 15 g wet weight of shredded newspaper was placed in a round glass container 

with 50 g of 1, 2 or 3 % vol sulphuric acid (H2SO4 solution/solids ratio of 3.3:1). Only 1 % vol H2SO4 

was tested on newspaper batch 3. The mixture was allowed to react for 3h at room temperature, 

then pressed washed as described in section 3.4.3. To estimate the solids loss, the residual solids 

were weighed and TS, VS and ash content was determined (section 3.2.1). Because of the limited 

amount of material available, no replicates were done. Compositional analysis was undertaken 

following the modified NREL method described in section 3.3.3.1. Enzymatic hydrolysis was at 5 %TS 

and 4 % enzyme based on TS (section 3.6). Water retention value was measured according to the 

method in section 3.3.4.  

It was found that a large fraction of the AIM was removed during sulphuric acid soaking followed 

by intense washing. To determine which fraction of AIM was removed, pseudo-lignin or true-lignin, 

the procedure described in section 3.3.3.3 was undertaken. The model described in section 6.1 was 

used to select the optimum acid concentration.  

Results: Compositional analyses of newspaper pre-treated with different concentrations of 

sulphuric acid are presented in Table 7-14. 

As can be seen, for each concentration a significant amount of other sugars and of AIM was 

removed by the soaking. The other sugars content dropped on average by 4.37 % and the AIM was 

reduced by 3.9%. The ash was also reduced by approximately 12 %, because most of the calcium 

carbonate was removed and converted into gypsum. As a result the glucan content was slightly 

higher. The missing mass value is quite high: one possible explanation is that during compositional 

analysis the sulphuric acid may have been left too long in contact with the fibre, leading to some 

glucan degradation. 
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Table 7-14: Composition of newspaper after sulphuric acid soaking. 

 

Pre-treatment of newspaper batch 1 for 3h at a H2SO4 solution/solids ratio of 3.3:1. 
 

The percentage losses during the pre-treatment are presented in Table 7-15. 

 

Table 7-15: Effect of sulphuric acid concentration on material losses. 

 

Pre-treatment carried out on newspaper batch 1 for 3h at a H2SO4 solution/solids ratio of 3.3:1. 
 

The main purpose of this pre-treatment, which was originally for efficient calcium carbonate 

removal, was successful as removal was above 89.6 % and reached 99.7 % at the highest sulphuric 

acid concentration. Some glucan and other sugars were lost during the pre-treatment. They are 

likely to have been hydrolysed by acid to form mono-sugar molecules that were probably removed 

during the intense washing [418]. From Table 7-15, it is clear that a significant percentage of AIM 

was removed. Lignin is not hydrolysed by sulphuric acid; however, because lignin is stuck to 

hemicellulose (by ether and ester bonds), it could be released when hemicellulose is hydrolysed 

and removed during washing. The action of sulphuric acid on pseudo-lignin is unknown. If it is 

assumed that pseudo-lignin is composed of additives (wet strength resin or sizing agent), most are 

insoluble in acid (see section 5.3.10.2 and [419]). AIM could have been removed by the fibres 

peeling off. This can be explained using a modified schematic based on Vyas et al. [420]. According 

to this, AIM is not hydrolysed, but is released from the fibres and removed during washing. This is 

the same principle for lignin removal. 

 

Figure 7-11: Schematic of fibre peeling-off that could release AIM and lignin 
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Ash was well removed by the pre-treatment mainly because most of the calcium carbonate was 

removed. Approximately 55 % of the inorganic matter (not including calcium carbonate) was also 

removed. Sulphuric acid is generally effective at demineralising biomass [368]. 

Glucan conversions based on the glucan content of each residual solid after pre-treatment are 

presented in Figure 7-12. 

 

Figure 7-12: Effect of sulphuric acid concentration on glucan conversion of batch 1. 
 

Sulphuric acid soaking increased glucan conversion by 19 % on average. The sulphuric concentration 

1 % vol gave the lowest solids loss and the highest glucan conversion. It also led to lower chemical 

costs and likely lower investment because of the milder conditions. The sugars lost during pre-

treatment could be recovered by AD. 

There may be several reasons for the improved glucan conversion, but one factor is likely to be AIM 

removal which makes fibres more accessible to cellulose, and also reduces their adsorption. 

Moreover, even if hemicellulose is not the main limitation on conversion, it is possible that its 

removal also makes the fibres more accessible. 

The WRV of newspaper treated with 1 % vol H2SO4 were measured and the result is compared to 

the WRV of untreated newspaper (batch 1) in Table 7-16. 

Table 7-16: Comparison of WRV for untreated and sulphuric acid pre-treated newspaper 

 

 

Treatment increased the WRV by around 8% which may have contributed to the glucan conversion 

improvement. The results of the modelling are presented in Table 7-17. 

 WRV (% w w-1) 

Newspaper (batch 1) 112.2 (0.9) 
Sulphuric acid soaked newspaper (batch 2) 121.0 (1.0) 
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Table 7-17: Model results for effect of sulphuric acid concentration 

 

Enzymatic hydrolysis carried out at 5 %TS and 4 % enzyme base on TS for 72h. 
 

1 % vol sulphuric acid soaking for 3h gave the highest whole process ratio, above that for untreated 

newspaper. Sugar production was 10.1 % higher, and costs were 28.9 % lower. This was mainly due 

to lower enzyme use, caused by solids loss during pre-treatment, which was compensated for by a 

much higher glucan conversion. The revenue for the case of untreated newspaper is higher because 

combustion of the PHS will produce a significant amount of heat and electricity. However, this 

process has to be driven by the sugar yield, or other high value product (lignin, biogas) that can be 

obtained with the studied pre-treatment. 

Around 1.2 kg of shredded newspaper (batch 1) was pre-treated with 1 % vol sulphuric acid at a 

liquid/solids ratio 3.3:1 in order to prepare a large quantity of feedstock for a kinetic study. This 

gave more reliable data on losses which were then used in the rest of the study. The data are shown 

in Table 7-18 and the resulting material can be seen in Figure 7-13. The composition of the material 

from the large-scale pre-treatment is presented in Table 7-19. 

 

Table 7-18: Losses for larger-scale sulphuric acid soaked newspaper. 
Batch 1 at 1 % vol for 3h. 

 

 

Table 7-19: Composition of larger-scale sulphuric acid soaked newspaper. 
Batch 1 at 1% vol for 3h. 

 
 

The glucan content was higher than that obtained at small scale but the missing mass was much 

lower (see Table 7-14). This supports the idea that the original compositional analysis was not 

correct, and that some of the monomers were further hydrolysed by sulphuric acid during analyses. 
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Figure 7-13: Newspaper pre-treated with 1 % vol sulphuric acid 3h at room temperature. 
 

An AIM mass balance was carried out on batch 1 and the results are presented in Figure 7-14. 100 % 

of the initial pseudo-lignin was removed, while only 17.3 % of true-lignin was removed. Pseudo-

lignin was thus much more affected by acid compared to true-lignin. This may support the 

assumption that additives (wet strength resin or sizing agent) are part of the composition of AIM, 

because acid hydrolysis is commonly used in the paper industry to remove these components [421]. 

 

Figure 7-14: Mass balance of AIM in newspaper during sulphuric acid soaking pre-treatment. 
 

In chapter 5, pseudo-lignin was shown to affect enzymatic hydrolysis, so its removal might explain 

the improvement in conversion after sulphuric acid soaking. 

Enzymatic hydrolysis of the large batch of pre-treated material at 5 %TS and 4 % enzyme was not 

carried out. A kinetic study was undertaken, however, and the results are presented in section 8.1. 

The selected sulphuric acid pre-treatment was tested on newspaper batch 3. Glucan conversion for 

newspaper batch 3 was 33.5 ± 1.0 % with and 29.7 ± 0.5 % without sulphuric acid soaking: from 

this, it is clear that the pre-treatment did not improve conversion as much as for newspaper batch 

1. AIM was reduced by almost 50 % and the remaining AIM was composed of 88.4 % true-lignin. 

This means that 85.5 % of the pseudo-lignin was removed during the pre-treatment. While this may 

appear to be a high value, the remaining material still contained 19.2 and 2.5 % true-lignin and 
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pseudo-lignin respectively. It is possible that this lignin concentration was still too high and the 

consequent inhibition/deactivation/adsorption explains the reduced improvement.  

Table 7-20 shows the impact of sulphuric acid soaking on the model results for newspaper batch 3.  

Table 7-20: Model results for effect of sulphuric acid pre-treatment 

 

It can be seen that sulphuric acid soaking of newspaper batch 3 still produced cheaper sugars, but 

the quantity of sugar was 25 % lower. Because of the losses of fibres, less enzyme was needed, 

which significantly reduced the operational costs but the whole process ratio was lower. This pre-

treatment was therefore less effective for batch 3 than batch 1 and it was less profitable. 

A significant amount of work in this research was carried out assuming that newspaper was a fairly 

homogeneous material. For this reason it was assumed that most of the results for newspaper 

batch 1 would be applicable to every other batch of newspaper. This was also the case for most of 

the pre-treatments tested on batch 1, and for a core part of this research which was the enzymatic 

hydrolysis optimisation model developed based on experimental data using newspaper batch 1. 

When the selected pre-treatment was tested on batch 3, it became clear that the results obtained 

were different depending on the batch of feedstock. The selected pre-treatment, which was very 

efficient on batch 1, was no longer ideal and further investigations were carried on to improve the 

hydrolysability of on batch 3. Unfortunately by this time batch 1 had run out, and consequently the 

new improvement method could not be tested on batch 1 and incorporated in the developed 

model.  

7.3.2 Issues related to sulphuric acid pre-treatment 

Objective: To assess the potential for sulphate-related problems on AD of washwater from diluted 

sulphuric acid soaking pre-treatment 

Methodology: The amount of water required to wash the pre-treated material was unknown and 

for modelling purpose was estimated to be either 10 or 100 times the amount of solid to be washed. 

Two cases were considered. 

 Case 1: Sulphuric acid only reacts with calcium carbonate to form gypsum (Equation 2-3).  

CaSO4 → Ca2+ + SO4
2−  Equation 7-1 
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[SO4
2−] = 2.5 ∗

MwSO4
2−

MwCaSO4

 Equation 7-2 

Where: 

[SO4
2-] = Concentration of sulphuric acid in the washwater, g SO4

2-  L-1. 

2.5 = Maximum gypsum 1solubility in water at 25 °C, 2.5 g CaSO4 L-1 [223]. 

Mw = Molecular weight, g Mol-1 

 

 Case 2: Sulphuric acid does not react with anything. 
 
Results: The impact of these 2 cases on the COD/SO4 ratio is seen in Table 7-21. In both cases, the 

COD/ SO4 ratio was <10 meaning that anaerobic digestion of the washwater to recover the lost 

sugar may be problematic (see section 2.6.3.4).  

Some work with sulphuric acid soaking continued, however, in order to allow comparisons with the 

performance of other options (e.g. phosphoric acid soaking), and to provide data for the case where 

washwaters are not processed or are treated by systems other than AD 

 

Table 7-21: Estimation of COD/SO4 ratio for different washwater/pre-treated solids ratios. 

 

 

7.3.3 Phosphoric acid soaking 

Objective: To evaluate the effect of sulphuric and phosphoric acid soaking on the hydrolysability of 

batch 3 newspaper and on calcium carbonate removal, for comparison with batch 1. 

Method summary: The material used was newspaper batch 3. This section consists of 3 parts. 

In part 1, phosphoric acid soaking was carried out in the same way as the sulphuric acid soaking 

described in section 7.3.1. The concentrations tested were 0.5, 1, 2 and 3 % vol phosphoric acid. 

Enzymatic hydrolyses were carried out as described in section 3.6. TS, VS and compositional 

analyses were conducted to determine the loss associated with this pre-treatment (see section 

3.2.1). Because of the limited amount of material, TS and VS analyses were done without replicates.  
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In part 2, after selection of the optimal phosphoric acid concentration using the model described in 

section 6.1, 250 g of newspaper batch 3 was soaked with phosphoric acid in a plastic basin. The 

mixture was allowed to react for 3h at room temperature and was regularly manually mixed to 

ensure good contact between acid and fibre. The pseudo-lignin content was determined using the 

procedure in section 3.3.3.3. Enzymatic hydrolysis of this material was carried out at 2 % enzyme 

based on TS as an attempt to decrease the operational costs of acid pre-treatment. The model 

described in section 6.1 was used to compare different conditions. 

Part 3 was a side experiment designed to evaluate the optimum water usage in washing in order to 

obtain the highest glucan conversion.  

 15 g of shredded newspaper batch 3 was soaked in phosphoric as described in 
part 1 of this section.  

 After reaction, the pre-treated material was collected in a jelly bag and squeezed 
to remove most of the acid-rich liquid but it was not washed. 

 Each sample of pre-treated material was then placed in the plunger-based 
washing machine (see Figure 3-7A) and washed for 10 min. 3 different 
water/initial newspaper ratios were tested: 50:1, 100:1 and 200:1 (TS basis).  

 The material was then collected in the jelly bag, squeezed and hydrolysed at 
5%TS, 2% enzyme on TS for 72h (section 3.6). Its CaCO3 content was measured 
(section 3.2.1). The washwater COD was measured using the method in section 
3.2.5. 

It was assumed that the efficiency of the washing can be assessed by: 

 A high glucan conversion (for the same pre-treatment) which is obtained when the 
residual acid contained in the pulp has been washed out.  

 A high CaCO3 removal as with unlimited source of water, virtually 100 % of the CaCO3 was 
removed after acid soaking 

Results: 

Part 1 

The impact of different phosphoric acid concentrations on the compositions of pre-treated 

material during the acid soaking can be seen in Table 7-22.  

 

Table 7-22: Composition of newspaper pre-treated at different phosphoric acid concentrations. 
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The first observation is that the carbohydrate content increased significantly, especially the glucan 

content. This is mainly because most of the ash was removed (≥85 %, including almost 100 % of the 

calcium carbonate; Table 7-23). This is because phosphoric acid reacts with calcium carbonate to 

create calcium phosphate which is likely to be washed out during the washing process. 

3CaCO3 + 2H3PO4 = Ca3(PO4) + 3CO2 + 3H2O Equation 7-3 

Other losses of material are presented in Table 7-23. 

Around 45 % of AIM was removed during the pre-treatment, almost certainly for the reasons 

discussed in section 7.3.1. Carbohydrates were less affected by phosphoric acid than by sulphuric 

acid, which explains the high final glucan and other sugars content.  

 

Table 7-23: Effect of phosphoric concentration on material losses. 

 

 

The effect of phosphoric acid concentrations on glucan conversions is shown in Figure 7-15. 

 

Figure 7-15: Impact of phosphoric acid concentrations on glucan conversion. 

Phosphoric acid led to an extra 2-4 % glucan conversion depending on the concentration used. This 

improvement was fairly similar to that achieved using sulphuric acid. This is in disagreement with 

Wang et al. who found significantly lower conversion when phosphoric acid was used [125]. While 

the improvement was not large, it was worth noting that the glucan content of the material was 

much higher. Results from the modelling are presented in Table 7-24. 
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 Based on these results the 0.5 % phosphoric acid concentration was selected as the optimum, at it 

gave the lowest operational costs and sugar price and the highest sugar production and whole 

process ratio. Sugar production was 24 % lower but the sugars were 18 % cheaper as compared to 

when no pretreatment was applied. Even though phosphoric acid is more expensive than sulphuric 

acid (490 compared to 122 £ tonne-1), 0.5 % vol phosphoric acid gave better results than the 1 % 

sulphuric acid soaking, but more importantly it avoids, at no extra overall cost, the use of sulphuric 

acid.  

Table 7-24: Model results for effect of phosphoric acid concentration. 

 

Enzymatic hydrolyses were carried out at 4 % enzyme on a TS basis 
 

Part 2 

Compositional analysis and component losses for the large batch of newspaper soaked with 0.5 % 

vol phosphoric acid at a liquid/solid ratio of 3.3 for 3h at room temperature are presented in Table 

7-25 and Table 7-26. It can be seen that the losses were in the same range as in the small-scale 

experiment. 

 

Table 7-25: Composition of phosphoric acid soaked newspaper batch 3  

 

Table 7-26: Material losses during phosphoric acid soaking of newspaper batch 3 

 

 

The AIM of this material consisted of 90 % true-lignin. The pre-treatment removed 91.2 % of the 

pseudo-lignin and 43.2 % of the true-lignin. This, however, was still insufficient to boost the glucan 

conversion to an economically acceptable level.  
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Enzymatic hydrolysis at 2 % enzyme on TS was tested to evaluate the effect of this on the economic 

balance. The result was quite disappointing, as no improvement was seen (glucan conversion of 

26.9 ± 1.1%), but on the contrary a 2.2 % decrease. As the glucan content was higher, cheaper 

sugars were obtained but in lower quantities (Table 7-27).  

 

Table 7-27: Model results for effect of 2% enzyme dosage with phosphoric acid soaking 

 

Enzymatic hydrolysis carried out at 5 %TS and 2 % enzyme base on TS for 72h. 
 

In the case of newspaper batch 3, reducing the enzyme dosage produced almost the same amount 

of sugar as at 4 % enzyme, but cut the operational cost by approximately half (see Table 7-24 for 

comparison). At this stage the conversion remained low, and more research was therefore carried 

out to further improve the sugars production. 

Part 3 

Results for different washing conditions after phosphoric acid treatment are presented in Table 

7-28. According to the assumptions made in the methodology of this section, the optimal conditions 

should be the same for sulphuric acid soaking. 

 

Table 7-28: Effect of liquid/solids ratio on glucan conversion, CaCO3 of the pre-treated material 
and COD of the washing water.  

 
a Enzymatic hydrolysis carried out at 5 %TS and 4 % enzyme base on TS for 72h. 
 

It can be seen that 100 tonnes of water tonne-1 of pre-treated material is the minimum required for 

washing, as 50:1 was not effective in removing calcium carbonate. This means that if sulphuric acid 

is used, the treatment of the wastewater via AD is compromised (large amount of washwater with 

a low COD concentration and low COD/SO4 ratio (see Table 7-21).  
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 Combination of acid soaking pre-treatment and surfactant 

Objective: To evaluate the effect on glucan conversion of combining phosphoric acid soaking and 

surfactant addition on newspaper batch 3. 

Methodology: The material used in this section was that obtained in section 7.3.3, namely a large 

batch of newspaper batch 3 soaked in 0.5 % vol phosphoric acid for 3h at room temperature.  

Four sets of tests were carried out. Tests 1-3 followed the protocols described in section 7.2.2. In 

test 4, 15 g of newspaper batch 3 was soaked in 0.5 % vol phosphoric acid for 3h at room 

temperature in the presence of 0.5 % PEG or SDS on a TS basis. The material was then washed 

following the procedure described in section 3.4.3.  

Results:  

Test 1 

The results of the PEG experiment are shown in Figure 7-16. 

Only a small improvement in glucan conversion was found, except for the highest PEG addition 

which gave an increase of 7.6 %. This requires a considerable amount of PEG, and based on the cost 

of this reagent might significantly increase production costs. The impact on the process economics 

is shown in Table 7-29. 

 

Figure 7-16: Impact of PEG 6000 added in reaction medium on hydrolysis of newspaper batch 3 
soaked with 0.5 % phosphoric acid. 
Dashed horizontal line represents the baseline (no PEG addition). 
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Table 7-29: Modelling results for PEG addition with phosphoric acid soaked newspaper  

 
a Newspaper batch 3 hydrolysed at 5 %TS, 4 % enzyme on TS for 72h with or without PEG addition 
 

0.5 % PEG 6000 based on TS was found to be economically feasible at it produces slightly more and 

cheaper sugars compared to the baseline with no PEG addition. This addition was therefore chosen 

for further investigations. A higher improvement in glucan conversion was expected than that 

actually achieved, as phosphoric acid removes almost all of the pseudo-lignin which is believed to 

coat fibres. As a consequence, PEG 6000 should be able to stop enzyme binding to lignin as more 

fibre should be accessible than in untreated newspaper. 

Figure 7-17 shows the benefit of using PEG at a lower enzyme dosage with newspaper batch 3. At 

the lower enzyme dosage, glucan conversion was increased by on average ~3 % with no significant 

difference depending on when it was added. 

 

 
Figure 7-17: Impact of adding 0.5 % PEG before and at the beginning of enzymatic hydrolysis of 

phosphoric acid-soaked newspaper batch 3 at 2 % enzyme, 5 %TS for 72h. 

 

The effect of all the surfactants tested on the glucan conversion can be seen in Figure 7-18. PEG 

6000 gave the lowest improvement in glucan conversion. SDS followed by 0.5 % Tween 80 on TS 

enhanced hydrolysis most, by 5.6 and 5.2 % respectively. This is interesting because SDS is a very 

cheap additive. This result is, however, once again in disagreement with those of Eriksson et al. and 

Xiang et al. [229, 237]. Results from the model are presented in Table 7-30.  
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Figure 7-18: Effect of surfactant addition on glucan conversion in phosphoric acid-soaked 
newspaper batch 3. 

 

Table 7-30: Model results for effect of surfactant addition. 

 
a Enzymatic hydrolyses of 0.5 % vol phosphoric acid soaked newspaper at 5 %TS, 2 % enzyme on TS 
for 72h. 

Even though SDS did not give the highest amount of sugars (0.5 % Tween 80 on a TS basis gave the 

maximum sugar production), its low cost makes it the best solution in the case of untreated 

newspaper batch 3. SDS was thus selected for testing on MSW in section 7.6. 

 

Test 2 

The effect of an SDS wash on phosphoric acid soaked newspaper and of the subsequent washing 

on glucan conversion is shown in Figure 7-19. A SDS wash without a further wash using water 

improved the glucan conversion of phosphoric acid soaked newspaper by more than 6 %. When the 

SDS washed material was washed with water, the improvement was only 2.2 %. On newspaper 

batch 3, however, no effect of the second washing was noticed (see Figure 7-6). 

A SDS wash before hydrolysis of phosphoric acid soaked newspaper did not significantly increase 

the conversion compared to when SDS was added to the reaction medium (compare Figure 7-18 

with Figure 7-19). A pre-wash would lead to extra operational and investment costs, and for this 

reason it was not considered a viable process improvement. 
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Figure 7-19: Impact of SDS washing on glucan conversion. 
Enzymatic hydrolyses of 0.5 % vol phosphoric acid soaked newspaper batch 3 were 
carried out at 2 % enzyme based on TS and 5 % solids for 72h. The resulting material 
was either washed or not. 

This investigation of SDS in the wash and in the reaction medium with treated and untreated 

newspaper suggests that during a SDS wash, it is not the removal of a component that improves 

the conversion but more the presence of SDS itself. 

Test 3 

Combining surfactants did not lead to extra sugar release, with glucan conversions of 30.4 ± 0.4 % 

for addition of SDS and Tween 80 during hydrolysis and 26.4 ± 1.7% for SDS wash and Tween 80 

added in hydrolysis. This was possibly due to antagonistic effects between the surfactants: similar 

results were obtained with untreated newspaper (section 7.2.2). 

Test 4  

The effect of adding PEG or SDS during the phosphoric acid soaking is presented in Figure 7-20. 

 

Figure 7-20: Impact of PEG 6000 and SDS in phosphoric acid soaking of newspaper batch 3.  
Enzymatic hydrolyses were carried out at 2 % enzyme based on TS, 5%TS for 72h. 



Chapter 7 

217 

No beneficial effect in terms of glucan conversion was apparent from adding either PEG or SDS; and 

as expected no significant difference was found in terms of material loss during the pre-treatment 

(data not shown). 

 Scanning electron microscopy imaging of pre-treated material 

Objective: To provide insight into potential mechanisms by which pre-treatments may affect 

hydrolysis by comparing SEM images of treated and untreated newspaper samples. 

Method summary: Newspaper was pre-treated with 0.5 w w-1 NaOH at a liquid/solids ratio of 10, at 

100 °C for 40 min (batch 2) (section 7.2.6), or soaked with 1 % vol sulphuric acid for 3h at room 

temperature (section 7.3.1) at a liquid/solids ratio of 3.3:1. SEM was carried out following the 

procedure in section 3.3.6. 

Results: SEM images are presented in Figure 7-21. 

 

 
A) Ground and dried newspaper batch 1. 

 
B) NaOH pre-treated newspaper batch 2. 

 
C) Sulphuric acid soaked newspaper batch 1. 

Figure 7-21: SEM images of newspaper after pre-treatments (grinding, NaOH and H2SO4) 

 

Figure 7-21A shows the untreated newspaper. The surface of untreated pulp appears smooth and 

coated. No cellulose fibrils are visible. SEM images of NaOH pre-treated newspaper (Figure 7-21B 

A B C 
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also showed no clear cellulose fibrils, except at the end of the fibres where cellulose seems to be 

more accessible. The surface seems to be slightly rougher, a difference which was also highlighted 

by Li-Hong et al. [40]. NaOH pre-treatment was optimised for batch 1. Parameters were fixed to 

give the highest glucan conversion and, it is supposed, avoid recondensation of lignin. The higher 

AIM content of batch 2 means that after lignin solubilisation, some re-deposition may have 

occurred onto the surface of cellulose fibrils. This has also been suggested by Puri [213] when using 

1% NaOH extracted dried milled MSW pulp. Unfortunately no material from batch 1 was available 

to provide a better comparison Figure 7-21C shows SEM images of sulphuric acid soaked 

newspaper. It seems that some of the coating was removed as some cellulose fibrils are visible. The 

surface appears smoother and the access from the fibre end is very clear. 

Sulphuric acid soaking removes a significant amount of extraneous material (including AIM), and 

leads to a great increase in glucan conversion (68.8 compared to 48.7 %, Figure 7-12). As can be 

seen in the images, it appears that the coating is reduced, making the cellulose more susceptible to 

enzymatic attack. The reduction in the coating, which could possibly be associated with the AIM, 

may be one explanation for the improvement in glucan conversion. It would also explain the 

increase in WRV: this could also be caused by removal of CaCO3 which makes paper hydrophobic 

[166, 421]  

 Application of selected pre-treatments to MSW 

Objective: To determine the effect of two pre-treatments previously tested on newspaper, namely 

phosphoric acid soaking and washing with SDS, on MSW pulp. 

Method summary: In both tests, 5 kg of 70 °C Wales pulp was washed with 30 kg of water and 

extracted with 250 L of water. In the case of the SDS wash, 0.5 % w w-1 SDS was added to the 

washwater. For the phosphoric acid test, a phosphoric acid solution was prepared and then added 

to the washed MSW (assumed TS 33 %) to give 0.5 % vol phosphoric acid solution and a liquid/solids 

ratio of 3.3. The mixture was allowed to react for 3h with regular manual mixing. Enzymatic 

hydrolyses were carried out as described in section 3.6 at 5 %TS, 2 % enzyme for 72h. In this test, 

glucan conversion was calculated based on the glucan content of untreated pulp.  

Results: The effect of the different pre-treatments tested on the glucan conversion of 70 °C MSW 

is presented in Figure 7-22. 

Pre-treatments using phosphoric acid and SDS led to average conversion increases of approximately 

7 and 4 % respectively, compared to the untreated MSW 
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These pre-treatments appeared to be less effective on MSW pulp than when applied to newspaper. 

This could be because more substances are present that might interact with SDS/phosphoric acid, 

leading to lower removal of pseudo-lignin. In future it would be interesting to increase the chemical 

loading and assess any associated benefits. This could have 2 major consequences: 

 Increased pre-treatment costs 

 Wastewater maybe less suitable for AD  

 

Figure 7-22: Effect of SDS wash and phosphoric acid soaking on glucan conversion of 70°C Wales 
MSW.  

 

Due to shortage of time a decision had to be made between continuing to investigate different pre-

treatments for MSW pulp and optimising the water balance for the overall process. It was decided 

that the latter was more important, and thus no further work was carried out on pulp pre-

treatments. The current work, however, established some technically feasible and economically 

beneficial pre-treatments, and provided the experimental data and parameters needed for 

modelling; it is therefore suggested that further optimisation should be carried out in future work. 

 Conclusions from Chapter 7 

Three different surfactants were tested as supplements during enzymatic hydrolysis: PEG 6000, 

Tween 80 and SDS. SDS was found to be the most suitable, as it gave the highest improvement in 

glucan conversion on newspaper batch 3 (approximately 12 % higher) and it is by far the cheapest 

surfactant. Soaking in 1 % vol sulphuric acid is an interesting pre-treatment because it significantly 

improves glucan conversion, by an average of 19 %. Not only was the conversion greater, but the 

glucan content for the large pre-treated batch was also around 22 % higher. It was found that 100 % 

of the initial pseudo-lignin content was removed, while only 17.3 % of the true-lignin was missing. 

Pseudo-lignin negatively affects the conversion of newspaper, so its removal might explain the 

improvement in the glucan conversion. This pre-treatment also increased the water retention 

value. Examination of SEM images of untreated newspaper and newspaper pre-treated with 

sulphuric acid suggested that cellulose fibrils were more visible in the latter. Acid hydrolysis is a 
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common technique used in paper recycling to remove additives, and these results thus support the 

theory that pseudo-lignin is primarily composed of additives. 

Sulphuric acid soaking pre-treatment was chosen rather than NaOH for further testing on enzymatic 

hydrolyses on PHS, even when combined with lime, because it leads to higher hydrolysis yield and 

does not require a high temperature. As a consequence, it was found to be much cheaper and to 

produce slightly more sugars. Compared to the use of untreated newspaper, it reduces the 

operational costs and produces around 10 % extra sugars. Sulphuric acid also removed calcium 

carbonate which makes the substrate easy to process at high solids concentration (easier pH 

control). This allowed the feasibility of a kinetic study with the pre-treated material.  

Replacing sulphuric acid by phosphoric acid (0.5 % vol, same conditions) gave a similar range of 

improvement in glucan conversion for newspaper batch 3, indicating that it could be used instead 

of sulphuric acid. This would be preferable for AD of washwaters. Combining a surfactant and a 

dilute acid pre-treatment was found not only to improve the conversion but also to be economically 

more attractive. The use of low-cost SDS in the reaction medium was found to be the best option. 

0.5 % vol phosphoric acid soaking and SDS wash were also tested on 70°C Wales MSW pulp. Acid 

soaking improved the glucan conversion of uncooked pulp by approximately 7 %.  

While an optimum pre-treatment is of interest for the development of a sugar based refinery using 

MSW pulp, such as the Fiberight process, it was judged more important to optimise a baseline case 

scenario, i.e. using untreated pulp and optimise the water-re-use. Experiments to support this form 

the main topic of chapter 8. 
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Chapter 8 Selection of the best hydrolysis conditions 

This chapter presents the results from a kinetic study conducted using newspaper pre-treated with 

sulphuric acid as described in section 7.3.1. Results from the study were fitted to the optimisation 

combined model developed in chapter 6. This allowed selection of the best enzymatic hydrolysis 

conditions and led to the production of PHS for a 2-step enzymatic hydrolysis investigation. 

 Kinetic study 

Objective: To establish the kinetics of the enzymatic hydrolysis of sulphuric acid soaked newspaper.  

Method summary: The material used was that described in section 7.3.1, namely 1.2 kg of 

newspaper soaked with 1 % vol sulphuric acid at a liquid/solids ratio of 3.3:1 for 3h at room 

temperature. Enzymatic hydrolyses were carried out in triplicate at 5, 10, 15 and 20 %TS using three 

different enzyme dosages: 2, 5 and 10 % on a TS basis for 96hfollowing procedure in section 3.6 In 

order to allow use of the Shen and Agblevor model described in section 6.2.1, results are presented 

as sugar (glucose, xylose) concentrations rather than as glucan (or xylan) conversions. 

Results: Results from the kinetic study are shown in Figure 8-1 (glucose) and Figure 8-2 (xylose). 

  

  

Figure 8-1: Glucose concentrations depending on initial TS, enzyme dosage and reaction time. 
The material hydrolysed was 1 % vol sulphuric acid soaked newspaper (section 
7.3.1).Black lines are the best models fitting the experimental points. 

 

From Figure 8-1, it can be seen that enzyme dosages higher than 5 % on a TS basis gave no 

improvement in conversion, because after 96h the glucose (and xylose) concentrations were the 
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same for each initial solids concentration. Reaction rates, however, were much higher. For initial 

solids concentrations from 5 to 15 %, using 5 % instead of 2 % enzyme increased the final sugar 

concentration by on average 22 %. McMillan et al. [422] also found, when testing different 

commercial cellulase mixtures, that sugar concentration plateaus above a certain enzyme dosage. 

The models matched the experimental data quite well, except for the cases 15-20 %TS at 10 % 

enzyme based on TS. At this concentration no free liquid was available for sampling before 12 h of 

hydrolysis (at all enzyme dosages), and as the rate of the conversion was high this resulted in a high 

first value for glucose concentration after 12 h. The equations found to match the experimental 

data most accurately have a slope too high to truly represent reality.  

The maximum concentration was reached at 20 %TS at 10 % enzymes based on TS and was 66.6 g 

L-1 after 96h. This was just slightly higher than the maximum glucose concentration obtained at the 

same enzyme dosage at 15 %TS, which shows the limitation associated with a high solids hydrolysis. 

 

  

  

Figure 8-2: Xylose concentrations depending on initial TS, enzyme dosage and reaction time. 
The material hydrolysed was 1 % vol sulphuric acid soaked newspaper (section 7.3.1). 

 

The impact of the enzyme dosage on the final xylan concentration was less significant, and 

practically non-existent at solids concentrations above 15-20 %TS. The highest xylose concentration 

of 11.8 g L-1 was obtained after 96h at 15 % solids and was not dependent on enzyme dosage.  
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 Model of the kinetics of the enzymatic hydrolysis  

Objectives: To establish kinetic parameters for the Shen and Agblevor model [423], and to 

determine how the initial enzyme concentration affects the enzyme deactivation constant rate. 

Method summary: Experimental values were obtained from section 8.1. The best parameters fitting 

the curve were determined by nonlinear regression analysis (section 6.2.1). In the model it was 

assumed that the xylan kinetic could be also applied to the other sugars except for mannan. 

Consequently if organisms able to ferment both pentose and hexose (such as Escherichia coli strain 

FBR3 [424]) were used, it is likely that at high solids hydrolysis there will be no need for 

nanofiltration to obtain a 80 g L-1 final sugar concentration. 

Results: Kinetic parameters for the enzymatic hydrolysis of sulphuric acid soaked newspaper are 

presented in Figure 8-3, where k3 is the enzyme deactivation rate constant (h-1), B a constant 

expressed in g kg-1, and the sum of squared residual (SSR), as described in Appendix C.1. These are 

the parameters of Equation A-15 best fitting the experimental data (minimum SSR). 

The values showed a good fit to the experimental data, but their meaning is questionable. The 95 

and 99% confidence assessments of best-fit parameter values [425] were reasonable for B but were 

not satisfactory for k3. Some examples are shown in Figure 8-3. 

 

A) TS=5 %, 2 % enzyme dosage on TS 

 

  

B) TS=15 %, 10 % enzyme dosage on TS 

Figure 8-3: Confidence assessment of best-fit parameter values.  
Plots show SSR against k3 and B. Dark and light grey lines correspond to 99% and 95% 
confidence intervals, respectively. Vertical black lines indicate best-fit values. 
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From Figure 8-3 it can be seen that the range of data for k3 to meet the confidence interval is very 

large (~90000 for Figure 8-3B. This means that values for k3 are subject to a high uncertainty. This 

is probably because the number of experimental data points was insufficient. The confidence 

assessment of best-fit B parameter was better. If the values are taken as they are, however, the 

first obvious remark is that, independently of the initial solids concentration, they show almost the 

same trend: k3 decreases between 2% and 5 % enzyme dosage and then increases greatly from 5 % 

and 10 % enzyme based on TS. The opposite trend can be seen for B. The meaning of B is ambiguous, 

but k3 (enzyme deactivation rate constant) clearly indicates how the hydrolysis is affected by the 

initial enzyme concentration and the initial solids concentration. From these results it can be seen 

that at 2% dosage based on TS, the enzymes seems to be easily deactivated, possibly because the 

enzyme/substrate ratio is too low. At 5 % enzyme, k3
 is lower which may indicate this is a more 

appropriate dosage, with enzyme less susceptible to deactivation. 10 % enzyme dosage seems to 

be inappropriate. One possible explanation is that the enzyme dosage is too large for the amount 

of substrate and a proportion of the enzymes cannot access the cellulose resulting in unproductive 

adsorption of enzyme by substrate. As a consequence denaturisation occurs more rapidly. Sugars 

were also released earlier in the enzymatic hydrolysis, however, and product inhibition thus 

occurred at an earlier stage. This has also been reported by Zhang et al. [426] in their study of 

cellulase deactivation during enzymatic hydrolysis of steam-exploded wheat straw. They found that 

the higher the enzyme concentration, the greater and more rapid the loss of cellulase activity. This 

is consistent with the increase of the deactivation constant rate k3 from 5 to 10 % enzyme dosage 

on TS found in this work.  

Enzymes can be deactivated when submitted to high shear [427]. Kaya et al. [428] found, in a non-

hydrolytic process, that higher cellulase contents corresponded to lower enzyme deactivation. 

According to their explanation, at a high enzyme dosage the proportion of enzyme in the high shear 

and bulk regions is lower. The effect of shear force on the rate of enzyme deactivation is thus less 

important as enzyme concentration increases. At 2 % enzyme dosage the ratio of enzyme in the 

high shear and bulk regions could be too high and lead to enzyme deactivation. Thus up to a certain 

enzyme concentration, shear force may be the main factor influencing the cellulase activity, then 

product inhibition and ineffective adsorption become more significant.  

The evolution of k3 as a function of TS is plotted in Figure 8-4 for the three enzyme dosages tested. 

The point at 15 %TS appears to be an outlier or error. At a constant dosage, for enzyme dosages 2 

and 5 %, k3 decreased as the initial solids concentration increased. Increasing the solids content 

may decrease unproductive adsorption so the deactivation rate decreases. Water availability is also 

important for enzymes [38]. Increasing the solids content reduces water availability, increases the 

viscosity of the mixture which leads to higher shear stress [404] and increases the sugar 
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concentration. Because the solid/enzyme contact is better, this may outweigh the adverse effects 

of high solids concentration, resulting in lower enzyme deactivation. At the highest enzyme dosage, 

more sugar is rapidly released (Figure 8-1), and the 'shock' of sugar may inhibit the cellulase.  

 

Figure 8-4: Effect of initial TS and enzyme dosage on k3. 
 

As noted above, the model developed for selection of the best hydrolysis parameters was based on 

glucan conversion rather than sugar concentration. Glucan and xylan conversions and the 

corresponding models are presenting in Figure 8-5 and Figure 8-6. As for the sugars concentrations, 

the modelled curves fit the experimental points well, but again the meaning of the parameters B 

and k3
 is questionable.  

  

  

Figure 8-5: Effect of initial TS, enzyme dosage and reaction time on glucan conversion. 
The material hydrolysed was 1 % vol sulphuric acid soaked newspaper (section 7.3.1). 
Black lines show the models best fitting the experimental points. 
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Figure 8-6: Effect of initial TS, enzyme dosage and reaction time on xylan conversion. 
The material hydrolysed was 1 % vol sulphuric acid soaked newspaper (section 7.3.1). 
Black lines show the models best fitting the experimental points. 

 

 Results from model 2 

8.3.1 Energy consumption due to filtration 

Objective: To validate the outputs of the sugar concentration energy consumption model 

(described in section 6.2.3) by comparing them with standard literature values. 

Method summary: The model of the sugar concentration process described in section 6.2.3 was 

applied at a range of initial sugar concentrations (from 0 to 100 g L-1) and targeted final sugar 

concentrations. The values obtained for energy consumption were compared to typical values for 

nanofiltration given by Metcalf & Eddy [239] (see Table 6-3). 

Results: Figure 8-7 shows the energy consumption of the membrane filtration unit as a function of 

the initial sugar concentration for two different targeted final sugar solutions. 

 

Figure 8-7: Energy consumption as a function of initial sugar concentration and scenario. 
Targeted final sugar concentrations were 80 and 180 g L-1. 
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Modelling results 

As can be seen in Figure 8-7, as the initial concentrations increases from 0 to 40 g L-1 the energy 

consumption per unit volume falls. It then increases again, and for the 80 g L-1 targeted final sugar 

concentration finally decreases as the initial concentration approaches the target value. One reason 

for this may be due to data interpolation caused by the quite large gaps between available data 

points (10-50-100 g L-1). It also makes sense that the energy required decreases with initial sugar 

concentration, because less effort is needed to reach the target concentration. The subsequent 

increase in the energy requirement could be explained by the osmotic pressure of sugar juice (see 

Figure A-15), which increases with sugar concentration as described in [409]. As a consequence, 

more pressure is required to maintain a positive driving force. 

Finally when the initial sugar concentration gets close to the targeted sugar concentration, the 

retention R becomes lower and thus less pressure is required and the energy consumption 

decreases again. At concentrations above 80 g L-1, there is no need for a sugar concentration 

process, but sugars are still micro-filtered to obtain a clear sugar solution. 

Comparison with other values 

The values obtained from modelling are much lower than that of 5.3 kWh m-3 suggested by Metcalf 

& Eddy [239]. This is a very general value for wastewater treatment, however, where contaminant 

concentrations in the permeate must be extremely low to meet regulatory requirements. The 

energy consumption linked to this kind of filtration is thus generally high. Moreover the initial 

concentration, which according to the previous discussion is important, is not taken into account. 

8.3.2 Best parameters selection 

Objective: To identify the optimum hydrolysis parameters leading to the highest hydrolysis and 

whole process ratios. 

Method summary: the combined model was used, and parameters such as rotation frequency, TS, 

enzyme dosage, targeted final sugar concentration were varied. Two different scenarios were 

simulated, based either on the filtration model defined in section 6.2.3 or on the energy 

consumption value of 5.3 kWh m-3 from Metcalf & Eddy [239]. The best series of parameters were 

selected, defined as those leading to the highest ratio either for the hydrolysis reaction (see section 

6.2.4.) or the whole process (section 6.1.11). All results given are for 1 tonne of newspaper on a 

wet weight basis. 

Results: The best parameters for both the hydrolysis reaction and the whole process are presented 

in Table 8-1. 
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Table 8-1: Best parameters for hydrolysis reaction and whole process 

 

As can be seen, the results given by the modelling are very variable depending on the conditions 

applied, although a general trend is the fact that low enzyme dosage (2 % enzyme) is necessary to 

obtain the most profitable processes.  

Figure 8-8 can be used to explain the results. Increasing the initial solids concentration affects both 

ratios. The highest whole process ratio represents the best compromise between  

 Increased mixing/heating energy and decreased filtration energy when the TS increase 

 The fact that higher sugar yields are obtained at low TS (see Figure 8-5 and Figure 8-6).  

The whole process ratio also takes into consideration the revenue from the sugars and energy 

produced. Rotational speed had little effect on both ratios and thus is not further discussed. The 

final targeted concentration, however, affects both of the ratios in scenario 1 as more energy is 

required to concentrate the sugar to this value; but has no impact on scenario 2 (as expected, 

because the energy requirement in this case is independent of the initial concentration). For 

subsequent modelling work, the rotational speed was taken as 6.6 rpm (worst case) and the target 

value as 180 g L-1. Each ratio is discussed separately below Figure 8-8. 
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A) Whole process ratio – rotation speed B) Hydrolysis ratio – rotation speed  

  
C) Whole process ratio – targeted concentration D) Hydrolysis ratio – targeted concentration 

Figure 8-8 Effect of initial TS on whole process ratio and hydrolysis ratio at different rotation 
speeds and targeted concentrations for scenarios 1 and 3. 

Modelled speeds for A) and C) were ─3.3 rpm, ◊ 6.6rpm for 80 g L-1 as a targeted 
concentration.  Targeted concentrations for B) and D) were ─ 80 g L-1, ∆ 180 g L-1. 
Enzymatic hydrolysis was performed for 96h at 2 % enzyme dosage. 

 

Whole process ratio 

In the case of scenario 1, the energy requirement for filtration is low compared to that for scenario 

2. The modelling shows that maximising the sugar production while working at low TS was the best 

compromise (7-8 % TS) as the revenue obtained by selling sugars is higher, with little effect on the 

electricity requirement for filtration. There is a surplus of steam, so the higher steam requirement 

during low solids hydrolysis due to the higher reaction volume per tonne of pre-treated newspaper 

does not require any extra steam production. In the case of scenario 2, the energy required for 

filtration seriously affects the energy balance, and thus working at a low solids concentration is no 

longer economically feasible because the amount of hydrolysate is significantly higher. The optimal 

TS was found to be 15 %. 

Hydrolysis ratio 

If maximising the hydrolysis ratio is a priority, maximising the amount of the cheapest sugars will 

be targeted but this will not take into account other costs. For both scenarios the optimal TS was 
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between 13 to 15 %. Figure 8-9 shows how the initial TS concentration affects the different 

components of both ratios (energy requirement, amount of sugar produced). 

 

 
A) Energy requirement of different processes and production of surplus electricity 

 
B) Sugar production, operational costs and revenue 

Figure 8-9: Effect of initial TS content on energy, sugar production, operational costs and 
revenues of the modelled process for 96h enzymatic hydrolysis at 2 % enzyme and 
6.6 rpm 

 

The differences in operational cost between scenario 1 and 2 are because of the membrane 

cleaning process which is based on the energy required for filtration (see section 6.2.3.). The lower 

sugar production for scenario 2 is because the product recovery by nanofiltration is fixed at 82.5 % 

while it was variable and lower for scenario 1. 

An initial solids concentration of 14 %TS was selected as the best compromise to obtain both 

optimum ratios for scenario 1 and 2. While the optimal whole process ratio for scenario 1 was lower 
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(5-6 %TS), 14 %TS does not significantly decrease the ratio. Furthermore if the investment relative 

to the enzymatic hydrolysis tank is considered, 14 %TS is an attractive option. To demonstrate this, 

Lindsey’s model [429] was used to calculate the investment cost of a hydrolysis reactor (Equation 

8-1). 

Hydrolysis tank (investment in US$) = MSI ∗ 0.000783 ∗ (size) Equation 8-1 

Where:  

MSI = Marshall Steven cost index. 

Size = Volume of the reactor, gallon. 

The latest MSI was released in 2012 [430] and was 1536.5, (100 in 1926). 

In the context of a full-scale plant processing 200 tonnes day-1, and assuming a filling coefficient of 

0.21 (see section 6.2.2.1), changing the initial solids concentration from 5 to 14 %TS significantly 

decreases the capital cost from £4.2 to £1.5 million per tank. An initial solids concentration of 

14 %TS for enzymatic hydrolysis was therefore taken for the rest of the study.  

The impact of the enzyme dosage on the different ratios can be seen in Figure 8-10. Increasing the 

enzyme dosage certainly increases the output sugar, but significantly increases the costs, which 

reduces both ratios. The main goal is to obtain the maximum amount of the cheapest sugar 

possible. 2 % enzyme dosage based on TS for the first hydrolysis was taken for the rest of the study. 

 

  

A) Whole process ratio B) hydrolysis ratio 

Figure 8-10: Effect of enzyme dosage on whole process and hydrolysis ratios at different targeted 
concentrations for scenario 1 and 2. 
Targeted concentrations were ─ 80 g L-1, ∆ 180 g L-1. Rotational speed was fixed at 6.6 
rom, and enzymatic hydrolysis was performed for 96h at 14 %TS.  

 

Figure 8-11 illustrates the influence of time on the ratio of the whole process and the hydrolysis 

reaction. While both ratios increased with time, the rate of change was lower after 72h, and without 



Chapter 8 

232 

a drastic impact on the plant performance. A 4-day hydrolysis gave the best ratios and was selected 

for further investigation. 

  

A) Whole process ratio B) Hydrolysis ratio 

Figure 8-11: Impact of time on whole process and hydrolysis ratios for scenario 1 and 2. 
Enzymatic hydrolysis was carried out at 14 %TS and 2% enzyme TS at rotational speed 
6.6 rpm and targeted sugar concentration 180 g L-1

. 

 

The optimum parameters for the enzymatic hydrolysis that were considered for the rest of the 

modelling work as well as the related glucan and other sugars conversion (except mannan) are 

summarised in Table 8-2. 

 

Table 8-2: Optimum parameters and predicted conversion in enzymatic hydrolysis of 1 % vol 
sulphuric acid soaked newspaper. 

 
a Data obtained by interpolation from the combined model 

 

The parameters identified as optimum in this work (Table 8-2) were used in laboratory-scale 

experimental work to evaluate the enzymatic hydrolysis of pre-treated newspaper in these 

conditions. A flow diagram of the selected process is presented Figure A-16. 
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 Conclusions from chapter 8 

In the previous chapter a pre-treatment consisting of soaking newspaper in 1 % vol sulphuric acid 

at a liquid/solids ratio 3.3:1 for 3h at room temperature was selected because it was found to be a 

cheap and efficient method for removing calcium carbonate and AIM, and increasing the glucan 

conversion. Experimental data used in the combined model chapter 6 allowed the selection of the 

best hydrolysis conditions giving the highest whole process ratio as defined in section 6.1.11. These 

parameters were the initial solids concentration, time and enzyme dosage. Results differed 

depending on the scenario modelled (sugar concentration model described in section 6.2.2.1 or 

generic energy consumption value from [239]), and on which process was studied. The enzymatic 

hydrolysis parameters selected were: 14 %TS, 2 % enzyme based on TS for 96h. These represented 

a compromise between the best values for both modelling scenarios and ratios used. The glucan 

conversion reached 45.3 % and 72.2 % for the other sugars (except mannan). Enzymes were the 

most expensive part of this process, and really drive the operational costs.  
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Chapter 9 Study of the benefit of a 2-step enzymatic 
hydrolysis 

In section 7.1 the optimum alkaline pre-treatment conditions for newspaper batch 1 were 

determined as 0.5 w w-1 NaOH at a liquid/solids ratio of 10:1 for 40 min at 100 °C. These conditions 

greatly improved the glucan conversion but were found not to be economically feasible, mostly 

because the heat requirement was too high as were the losses of material. PHS is a material with 

high AIM content but that still contains 41.6 % glucan. If part of the AIM could be removed by 

alkaline pre-treatment, a significant amount of sugars could potentially be released as PHS still has 

a relatively high carbohydrate content. This was the initial idea tested in this chapter, which is 

presented in the flow diagram in Figure A-17. The results were not as good as expected, so other 

alternatives were considered such as the use of a weaker alkaline pre-treatment at room 

temperature with or without addition of lime. Addition of PEG 6000 surfactant was also 

investigated. 

 Production of PHS from optimised enzymatic hydrolysis and 
updating of model 

Objectives: (i) To generate a useable amount of PHS from the enzymatic hydrolysis of 1 % vol 

sulphuric acid soaked newspaper at the optimum conditions as determined in section 8.3.1. (ii) To 

update the model 1 described in section 6.1 with experimental data for this material. 

Method summary: 4 batches of 150 g of sulphuric acid soaked newspaper (from the large batch 

created in section 7.3.1) were hydrolysed at 14 %TS in 2-L Nalgene bottles for 96h using 2 % enzyme 

based on TS. Hydrolysate from each batch was collected and mixed together for sugar analysis as 

described in section 3.6.3. Initial and final weights were recorded to allow determination of the loss 

of solids during hydrolysis.  

The wet residual solid was poured into a jelly bag and pressed to extract as much liquid as possible. 

Compositional analysis was carried out as described in section 3.3.3.1. The calorific value of the PHS 

was measured as described in section 3.3.7 and the estimated value used in modelling was replaced 

with experimental data. The calorific value of the AIM from washwater after sulphuric acid soaking 

was also measured and used to replace the initial assumed value. For modelling purposes it was 

assumed that the microfiltration used only captured the AIM (no ash). The CV of true-lignin (from 

the third step of Fibrecap, (see section 5.1) was also measured to estimate the CV of pseudo-lignin. 

The modelling results presented below are for 1 tonne of newspaper on a wet weight basis. 

Results: Table 9-1 presents experimental and modelled values for losses in the different material 

fractions contained in PHS. 
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Table 9-1: Comparison of material losses results from the model and experimental data. 

 
a Shredded newspaper batch 1 pre-treated at room temperature by soaking in 0.5 % vol sulphuric 
acid at an acid solution/solids ratio of 3.3, for 3h. 
 

The model gave satisfactory results for solids, glucan and other sugars losses with a maximum 

relative difference of 7.7 %. The model assumed no mannan conversion and the results gave 

support to this, with virtually no mannan loss (the small negative value is possibly due to analytical 

error). The model did not include the loss of ash, which was actually fairly high (around 15 %). This 

suggests that ash deposited on fibres was released during hydrolysis. Experimental data for the 

percentage of loss replaced the value given by the model for the 2nd enzymatic hydrolysis 

investigation. PHS composition is presented in Table 9-2.  

 

Table 9-2: PHS composition after 1st enzymatic hydrolysis at optimised conditions. 

 

The glucan content was still quite high, making PHS a suitable feedstock for a 2nd enzymatic 

hydrolysis. The AIM content was also very high, and from the results in Figure 7-14, it was only true-

lignin. This high lignin content might reduce the hydrolysability, as discussed in chapter 5. For this 

reason, a pre-treatment targeting AIM removal, such as the alkaline pre-treatment optimised in an 

earlier section, appeared to be an interesting solution to increase PHS hydrolysability.  

Calorific values for PHS, ADL and prepared AIM are presented in Table 9-4. In order to deduce the 

other calorific values, the compositions of prepared AIM and ADL shown in Figure 5-2 were used 

and it was assumed that: 

- ASH has a calorific value of zero 
- organic material (carbohydrate, missing mass and AIM) all has the same CV. 

The calorific value of AIM (CVAIM) was then calculated following Equation 9-1. A similar calculation 

was carried out for true-lignin.  

CVAIM =
CVPrep AIM

%VSPrep  AIM
 Equation 9-1 

Where: 

CVPrep AIM = Calorific value of prepared AIM, MJ kg-1 TS. 
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%VSPrepared AIM = organic content (defined in Equation 3-3) in prepared AIM, %TS. 

The calorific value of pseudo-lignin was calculated as follows: 

CVPseudo−lig =
(CVAIM ∗ 0.54 − CVTrue−lig ∗ 0.36)

0.54 − 0.36
 Equation 9-2 

Where 0.54 and 0.36 are values taken from Figure 5-2. 

Table 9-3: Calorific value of residual materials. 

 

The CV of the true-lignin was lower than expected. Lignin contained in newspaper may differ from 

lignin in softwood because of the initial pulping process and the effects of recycling. The initial 

estimated calorific value for PHS was higher than the measured value (20.2 comparted to 17.6 MJ 

kg TS-1). This was because it was assumed to be the same as that of PHS from the enzymatic 

hydrolysis of MSW, which may still contain pieces of plastic with high calorific value. Experimental 

calorific values were used to replace the estimated values. Results generated by the model after 

this updating, for scenario 1 and 2 at 6.6 rpm and 180 g L-1 targeted final sugar concentration, are 

presented in Table 9-4. 

 

Table 9-4: Results from the model for scenario 1 and 2 after PHS CV correction. 

 

 

 Kinetics of 2nd enzymatic hydrolysis of produced PHS 

Objective: To establish the kinetics of the enzymatic hydrolysis of PHS at different initial solids 

concentrations and enzyme dosages. 

Method summary: Based on the results from optimisation of the 1st hydrolysis, enzymatic hydrolysis 

was carried out at 10 and 15 %TS with either 2 or 5 % enzymes based on TS for 96h, following the 

procedure described in section 9.2 and using the PHS produced in section 9.1. 0.15 mL of 

hydrolysate was sampled at different time intervals. Samples were frozen after collection and 
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analysed at the end of the hydrolysis experiment (section 3.6.3). A kinetic model (section 6.2.1) was 

applied to the experimental data. 

Results: Experimental sugar concentrations are plotted with their associated models in Figure 9-1. 

  
A) Glucose concentrations at 10 and 15% TS  

  
B) Xylose concentrations at 10 and 15% TS  

Figure 9-1: Glucose and xylose concentrations depending on initial TS, enzyme dosage and 
reaction time. 

The material hydrolysed was PHS. Black lines show the models best fitting the experimental 
points. 

 

The glucose concentration reached 32.5 g L-1 at 15 %TS with 5 % enzymes after 96h. The enzyme 

dosage had a moderate effect on the final sugar concentration (both glucose and xylose) at 10 %TS 

(16.3 compared to 19.8 g L-1 after 96h). At 15 %TS the effect was greater on both glucose and xylose 

concentration. When these concentrations are compared to those in Figure 8-1 and Figure 8-2, they 

appear much lower. It is likely that the remaining carbohydrates which were not hydrolysed during 

the 1st enzymatic hydrolysis were more recalcitrant, resulting in lower conversion and therefore 

lower sugar concentrations. This could, however, be caused by the high lignin content. 

Kinetic parameters are shown in Table 9-5. The question of the meaning of the results has been 

discussed in section 8.2, but if taken as they are, several ideas emerge. At 10 %TS the final 

concentration was quite low independently of the enzyme dosage; but regarding the k3 value, 2 % 

enzyme based on TS seems to be a more appropriate dosage. The lignin content of this material 

was quite high, which probably led to high unproductive enzyme-binding. At 5 % enzyme dosage 
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there may have been an excess of enzymes and, because the water availability was high, enzymes 

may more easily bind to lignin. At 15 %TS, the k3 for a 2 % enzyme loading increased while for 5 % 

enzyme loading it decreased. 5 % enzymes based on TS is thus a better loading. The enzyme-solid 

contact might be too high at 2 % enzymes and 15 %TS due to the high risk of enzyme-binding to 

lignin. 

 

Table 9-5: Kinetic parameters for the 2nd enzymatic hydrolysis of PHS. 

 

 

 Alkaline pre-treatment 

An alkaline pre-treatment at the optimised conditions determined in section 7.2.6 was tested on 

PHS as a solution to reduce its high true-lignin content and thus improve its conversion. Conversion 

improvements were not as good as expected, and the use of NaOH with or without calcium lime at 

room temperature was also tested. 

9.3.1 Pre-treatment with NaOH or a combination of NaOH and lime at optimised 
conditions 

Objective: To evaluate the effects of alkaline pre-treatment at the optimised conditions determined 

in section 7.2.6 on the enzymatic hydrolysis of PHS. 

Method summary: Three pre-treatments were tested on PHS prior to enzymatic hydrolysis. 15 g of 

PHS on a TS basis was placed in a glass container in the presence of an alkaline solution at a 10:1 

liquid/solids ratio. The tested alkaline concentrations were 

 0.5 % w w-1 NaOH 

 Same concentration but 75 % of NaOH replaced by lime, based on the work in section 7.2.7). 

 1 % w w-1 NaOH 

The mixture was placed in an autoclave for 40 min at 100 °C in accordance with the alkaline pre-

treatment investigation in section 7.2.6. Enzymatic hydrolyses were carried out at 5 %TS and 4 % 

enzymes based on TS following the procedure of section 3.6. Masses were recorded and 

compositional analyses were carried out as described in section 3.3.3.1, in order to determine the 

losses during the pre-treatment.  

Results: Material losses are presented in Table 9-6. The effect of the alkaline pre-treatment on PHS 

was much stronger than on newspaper, as shown by the difference in solids loss (approximately 
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40 % compared to 65-70 %). The glucan found in PHS was particularly affected by alkaline, even 

when NaOH was partially replaced by lime. The lower NaOH concentration led to a slight reduction 

in the glucan loss, but to a significant decrease in the amount of other sugars dissolved in alkaline 

solution. All of these pre-treatments, however, were very effective in removing AIM, in the range 

of 52-59 % removal.  

 

Table 9-6: Material losses during PHS alkaline pre-treatment. 

 
a Pre-treatments carried out for 40 min at 100°C. Alkaline solution/solids ratio was 10. 
 

Glucan conversions after enzymatic hydrolysis of PHS are presented in Figure 9-2. It can be deduced 

that conversion was not improved by any of the alkaline pre-treatments as the values were lower 

than for untreated PHS at a higher initial solids concentration (see section 9.2). The conditions were 

possibly too severe for the material, which had already been processed twice (first pre-treatment 

followed by first enzymatic hydrolysis). Considering these results, weaker alkaline pre-treatments 

at room temperature were tested (see section 9.3.1). 

 

Figure 9-2: Effect of different alkaline pre-treatment on glucan conversion. 

 

9.3.1 Pre-treatment with NaOH or NaOH and Lime in mild conditions 

Objective: To evaluate the effects of a weaker alkaline pre-treatment on the enzymatic hydrolysis 

of PHS, applying low concentration NaOH with or without lime at ambient temperature. 
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Method summary: The procedure of combining lime and sodium hydroxide was inspired by the 

work of Zhang et al. [431]. 10 g of PHS (~3 g based on TS) was placed in 0.5 % w w-1 NaOH at a 

liquid/solids ratio 10:1. 10 % lime based on TS was added to the mixture which was allowed to react 

for 3h at room temperature with regular stirring using a glass rod. After washing following the 

procedure in section 3.4.3, material weights were recorded to allow estimation of the solids loss. 

The amount of collected material was very small, and as a consequence compositional analysis 

could not be performed. Enzymatic hydrolysis was carried out at 10 %TS and 2 % enzymes based 

on TS. 0.15 mL of hydrolysate was sampled at 12, 24, 48 and 72h. Sugars were analysed as described 

in section 3.6.3. Glucan conversion was calculated based on the composition of the untreated PHS. 

Results: The solids losses caused by the tested pre-treatments are presented in Table 9-7. It can be 

seen that, even after applying a much weaker alkaline pre-treatment to PHS than in the previous 

trials, the losses of material (and thus potential sugars) were high. 

 

Table 9-7: Solids losses after different alkaline pre-treatments on PHS. 

 

Glucan conversions after enzymatic hydrolysis of the pre-treated PHS are presented in Figure 9-3.  

 

Figure 9-3: Evolution of alkaline pre-treated PHS glucan conversion. 
Enzymatic hydrolyses were carried out at 10 %TS and 2 % enzyme based on TS. Glucan 
conversions are based on the untreated PHS composition. 

 

Even with a weaker pre-treatment, glucan conversion decreased. These results ended the 

investigation to find a more suitable alkaline pre-treatment. The reasons why lower glucan 

conversions were obtained are discussed in the next section. 
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 SEM imaging to elucidate effects of alkaline pre-treatment 

Objective: To find potential explanations for the poor results of alkaline pre-treatment on the 

enzymatic hydrolysis of PHS by comparison of SEM images before and after treatment. 

Method summary: SEM imaging of the PHS fibres was carried out using the procedure described in 

section 3.3.6. Images were compared with the initial material before 1st enzymatic hydrolysis. 

Results: SEM images of sulphuric acid soaked newspaper and PHS are shown in Figure 9-4A. 

 

 
A) Sulphuric acid soaked newspaper 

 
B) PHS 

Figure 9-4: SEM images of sulphuric acid soaked newspaper and PHS. 

 

From Figure 9-4B it can be seen that cellulose fibrils are more visible in PHS than in the initial 

material. The action of the enzymes during the 1st enzymatic hydrolysis may have affected the 

coating (fibre peeling-off). The fibres have already been submitted to series of structural disruption 

techniques (mechanical, chemical and enzymatic): this may make them more fragile, and make 

carbohydrates more vulnerable to degradation during alkaline pre-treatment. Condensation of 

lignin and carbohydrates could have occurred, limiting the access to cellulose. This happened during 

too severe alkaline pre-treatment of initial newspaper and led to a significant decrease of the 

enzymatic conversion (as discussed in section 7.2.4) 

To the author's knowledge, no other work has been carried on pre-treatment of newspaper PHS. 

Consequently the attempted explanations cannot be confirmed or based on other studies. 
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 Effect of PEG on enzymatic hydrolysis of PHS 

Objective: To investigate the effect on sugar concentrations of PEG addition to the reaction medium 

during the enzymatic hydrolysis of PHS. 

Method summary: 1 % PEG 6000 based on TS was added to the reaction medium during the 

enzymatic hydrolysis of PHS as described in section 3.6. The reaction was carried out at 10 and 

15 %TS and 2% enzyme based on TS. 0.15 mL of hydrolysate was sampled every 24h and the sugar 

content was measured as described in section 3.6.3. The kinetic model developed in section 6.2.1 

was applied to the resulting glucose concentrations. 

Note: This work was carried out before the study on the effect of other surfactants (especially SDS) 

tested in the enzymatic hydrolysis of newspaper batch 3 (see section 7.2.2). 

Results: The glucose and xylose concentrations resulting from the enzymatic hydrolysis of PHS in 

presence of PEG 6000 are plotted in Figure 9-5. The kinetic models for both initial solids 

concentrations were also plotted and compared with the experimental glucose concentration data. 

 

 

A) Glucose 

 

B) Xylose 

 Figure 9-5: Evolution of glucose and xylose concentration with time for different initial TS at 2 % 
enzyme. 
Black lines show the models best fitting the experimental points. 

 

Adding even a small amount PEG 6000 greatly increased the final glucose concentration, from 16.3 

to 28.5 g L-1 at 10 %TS (see Figure 9-1). The effect was also significant at 15 %TS with an increase 

from 19.3 to 31.5 g L-1. PEG is believed to bind to lignin, reducing the unproductive adsorption of 

cellulase on cellulose [231], and in the event of adsorption, PEG helps to release the cellulase and 

prevents enzyme deactivation.  

Table 9-8 presents the kinetic parameters to the best-fit modelled curves, while Figure 9-6 shows 

the confidence limits. 
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Table 9-8: Kinetic parameters for PHS hydrolysis with 1 % PEG on TS in reaction medium.  

 

  

Figure 9-6: Confidence assessment of best-fit parameter values for PHS hydrolysis. 
Plots show SSR against k3 and B for 15 %TS, 2 % enzyme. Dark and light grey lines 
correspond to 99% and 95% confidence intervals, respectively. Vertical black lines 
indicate best-fit values. 

 

The uncertainty in the k3 value for hydrolysis at 15 % was very high (Figure 9-6), although this value 

led to the lowest SSR. This was mainly due to the fact that only 4 experimental data points were 

available. Nevertheless, k3 for 15 %TS seemed to be almost 4 orders of magnitude higher than at 

10 %TS. In addition to previous comments about the effect of enzyme on the deactivation rate 

(section 9.2), another assumption can be made. If PEG increases enzyme activity as suggested by Li 

et al. [130], this might depend on the ratio of PEG/cellulase. Zong et al. [194] tested the effect of 

different PEG additions on enzymatic hydrolysis of pure microcrystalline cellulosic material (Avicel 

PH101). Glucan conversion (pure cellulosic material) increased to a certain extent when PEG was 

added (3 % w w-1) and then reduced, possibly because of competition between PEG and substrate 

for the enzyme active site. It is also possible that there is an optimum PEG/Cellulase ratio leading 

to maximum enhancement of enzyme activity. As a consequence, 1:2 PEG: cellulase might be a 

better ratio than 1:5. In this work 1 % PEG on TS (~1:4 PEG/cellulase) gave good improvement and 

was therefore adopted in the following work. 

 

 Best parameters selection for 2nd enzymatic hydrolysis  

Objective: To identify the optimum parameters for 2nd enzymatic hydrolysis of PHS. 

Method summary: the combined model (section 6.3) was used to find the best parameters leading 

to the maximum amount of the cheapest sugars. All results shown are for 1 tonne of newspaper. 
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Results: The modelled glucan and xylan conversions are presented in Figure 9-7. PHS conversions 

with or without PEG were much lower than those for pre-treated newspaper (Figure 8-5 and Figure 

8-6). 

 

  

A) Glucan conversion at 10 and 15 %TS and 2 and 5% enzyme 

  
B) Xylan conversion at 10 and 15% % TS and 2 and 5% enzyme 

  
C) Glucan and xylan conversion at 10 and 15 %TS and 2 % enzyme with 1% PEG based on TS 

Figure 9-7: Evolution of PHS conversion with time for different initial TS contents and enzyme 
dosages, with or without PEG addition 

Black lines show the best models fitting the experimental points. 

 

The model parameters leading to the highest ratios can be seen in Table 9-9. These results illustrate 

the difficulty of establishing the right ratio to define the best process. Optimisation of the hydrolysis 

ratio suggests that a 96h 2nd hydrolysis at 10 % TS and 2 % enzyme on TS would be the optimum 

hydrolysis conditions. In fact working at low solids will maximise the production of high value sugars 

and justify the heating, mixing and filtration costs linked to such hydrolysis. 
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With respect to the whole process, while adding a 2nd enzymatic hydrolysis in most cases produces 

significantly more sugar (on average considering all modelled scenario ≈28 % with PEG, 22% 

without), it reduces the whole process ratio because of an increase in enzyme costs and a decrease 

in energy to be sold to the grid. In fact in some cases the optimum whole process ratio was reached 

without a 2ndenzymatic hydrolysis. In cases with a 2nd hydrolysis, the best reaction times varied from 

8-13 with PEG addition and 52-72h without. 

PEG addition increased the hydrolysis ratio for the 2-step enzymatic hydrolysis by around 70% on 

average. The whole process ratios, however, were broadly similar with and without PEG. PEG 

addition was selected for further modelling. Note that again, 2 % enzyme was the best condition. 

 

Table 9-9: Best parameters for hydrolysis reaction and whole process with/without PEG addition. 

 
 

Figure 9-8 shows the evolution of both ratios depending on the initial total solids. The whole process 

ratio increased slightly with increasing initial solids content. The optimal value was 15 %TS 

independently of the scenario although there was a significant difference in retention time for each 

scenario. The hydrolysis ratio was more strongly influenced by the TS; and in all cases studied, the 

optimum TS was 10 %.  
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A) With PEG - whole process ratio B) With PEG – hydrolysis ratio 

Figure 9-8: Effect of initial TS, targeted concentration and scenario on whole process and 
hydrolysis ratio with PEG 
Targeted concentrations were ─ 80 g L-1, ∆ 180 g L-1. Reactor rotation was fixed at 6.6 
rpm. 2nd enzymatic hydrolyses were carried out for 96h at 2 % enzyme dosage with 
PEG. 

 

Details of some components affecting the whole process ratio and the hydrolysis ratio can be seen 

in Figure 9-9 and Figure 9-10. 

 

Figure 9-9: Effect of initial TS on energy requirement of different processes for PHS enzymatic 
hydrolysis and surplus electricity production (overall process).  
Case of 2 successive enzymatic hydrolyses carried out at 2 % enzyme with PEG. The 2nd 
hydrolysis was carried out at the optimum values leading to the highest whole process 
ratio. 
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Figure 9-10: Effect of initial TS content on total sugar production, operational costs and revenue 
of the modelled process. 
Conditions as in Figure 9-9. 

Because a lower hydrolysis TS did not significantly decrease the whole process ratio and because 

the purpose of a 2nd hydrolysis is to maximise the production of sugars, it was decided to select 

10 % TS as the optimum hydrolysis condition. 

Figure 9-11 shows the effect of reaction time on the two ratios in the case of 2nd enzymatic 

hydrolysis. The whole process ratio for the2nd hydrolysis quickly plateaued for both scenarios and 

then decreased. The hydrolysis ratio, however, constantly increased. 

  

A) Whole process ratio B) Hydrolysis ratio 

Figure 9-11: Effect of reaction time and scenario on whole process and hydrolysis ratios 
Targeted concentration was fixed at 180 g L-1, Reactor rotation at 6.6 rpm. Conditions 
as in Figure 9-9 but the 1st hydrolysis was carried out at 14 %TS and the 2nd at 10 %TS 
with PEG. 

 

One issue with the modelled 2-step enzymatic hydrolysis is the fact that it requires a long reaction 

time, which could be problematic in a full-scale plant. A 2-step enzymatic hydrolysis with 48h for 

each step and 2 % enzyme was therefore compared to a 96h 1-step enzymatic hydrolysis using the 
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same amount of enzyme. This would be equivalent to an enzyme dosage of 3.4 % based on TS for 

the 1-step enzymatic hydrolysis. Comparisons at certain values are presented in Table 9-10. 

 

Table 9-10: Model results for different process configurations for scenario 1 and 2. 
Rotational speed was 6.6 rpm and the targeted final sugar concentration was 180g L-1. 

 
 

Note that the whole process ratios were lower than those shown in Figure 8-8 for the 1-step 

hydrolysis cases because the PHS calorific value was adjusted with the experimental value (which 

was assumed to be constant for all PHS). 

There was a significant difference between the whole process ratio for the 1-step 96h hydrolysis 

and 2-step hydrolysis although the overall enzyme demand for these two configurations was the 

same. The whole process ratio and sugar production were 20 % higher and 22 % lower respectively 

in a 1-step hydrolysis compared to a 2-step hydrolysis. The lower whole process ratio can be 

explained by the extra cost (10-16 % higher) in a 2-step hydrolysis linked to membrane filtration 

and PEG. Moreover, less energy could be produced from the PHS after a 2-step enzymatic 

hydrolysis. The higher sugar production, however, suggested a better use of the enzyme in a 2-step 

enzyme hydrolysis, 

In a 1-step enzymatic hydrolysis, it was not economically effective to use a higher enzyme dosage 

than 2 %. A 2-step enzymatic hydrolysis at 2 % enzyme on TS could produce 34% more sugars; but 

the operational price would be more than 70 % higher compared to a single hydrolysis at 2 % 

enzyme based on TS, as more enzyme is required. 

Some conclusions can be drawn from these results, depending on the purpose of the sugar 

platform: 

- If the aim is to get the maximum profitability, a 96h 1-step hydrolysis is preferable. It 
gives the maximum income from different sources (electricity from PHS, AD). In this 
scenario, however, sugar is not the main priority. 
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- If maximising the production of the cheapest sugars is the priority, then a 2-step 48h 
enzymatic hydrolysis is the best option as it produces 34% more sugar. 

The ideal process for a 2-step enzymatic hydrolysis of 48h is presented in Appendix Figure A-18. 

All results from the model developed in chapter 6 included government subsidies such as RHI and 

ROCs. It would have been interesting to model the same processes without to see the impact this 

would have on the Fiberight process. 

 Effect of PEG 6000 on the 1st enzymatic hydrolysis 

The benefit of PEG was to increase conversion during enzymatic hydrolysis of PHS, while its use did 

not appear economically interesting in the case of newspaper batch 1 (see section 7.2.1). It was 

therefore decided to revisit this by testing PEG addition on sulphuric acid soaked newspaper batch 

1. 

Objective: To evaluate the effect of adding PEG 6000 in the 1st enzymatic hydrolysis of sulphuric 

acid soaked newspaper  

Method summary: 1 % PEG 6000 based on TS was added to the reaction medium, and enzymatic 

hydrolysis of sulphuric acid soaked newspaper was carried out at 14 %TS with 2 % enzymes on a TS 

basis for 96h following the procedure in section 3.6. 0.15 mL of hydrolysate was sampled every 24h. 

Sugars were analysed as described in section 3.6.3. The data obtained were adapted for inclusion 

in the combined model (chapter 6).  

Results: Figure 9-12 shows the carbohydrate conversion for sulphuric acid soaked newspaper with 

or without PEG 6000 in the reaction medium. 

  

Figure 9-12: Glucan and xylan conversion of sulphuric acid soaked newspaper with 1 w w-1 TS PEG 
6000. 
Hydrolysis of sulphuric acid soaked newspaper was carried out at 14 %TS, 2 % enzyme 
on TS for 72h. 
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In this trial, glucan conversion of the sulphuric acid soaked newspaper batch 1 without PEG addition 

was 10 % lower than that found in section 8.2 (results shown in Figure 8-5). The material used for 

this part of the work was used in several trials and had therefore been thawed and frozen a number 

of times, which could have affected its hydrolysability. For this reason these results were not 

incorporated in the model. The glucan conversion was 6.0 % higher when PEG was added and the 

xylan improvement was even greater.  

If the same relative increase when adding PEG is assumed, i.e. 16.7 and 19.7 % increase in 

conversion of glucan and other sugars (excluding mannan) respectively and is applied to the data 

from Figure 8-5 and Figure 8-6, the results shown in Table 9-11 are obtained. Note that it is assumed 

this does not affect conversion in the 2nd enzymatic hydrolysis. 

 
Table 9-11: Model results for different process configurations for scenario 1 and2. 

Rotational speed was 6.6 rpm and 180 g L-1 was the targeted final sugar concentration. 
PEG was added during 1st enzymatic hydrolysis. 

 

 

Using PEG significantly increased the amount of sugar produced (by approximately 18 % on 

average) in a 1-step hydrolysis. The increase was smaller in a 2-step enzymatic hydrolysis (around 

6.8 %). Testing of other surfactants such as SDS at different concentrations would also be of interest 

and results could be integrated in the combined model. 

 Conclusions from Chapter 9 

Successful alkaline pre-treatment of PHS was found not to be possible even at moderate severity 

and room temperature. The losses of material were large, and a reduction in the glucan conversion 

was observed. The SEM images of the PHS appeared to show weaker fibre structure than in 

sulphuric acid pre-treated newspaper. The PHS has been processed several times which might have 

weakened its fibres and made it highly sensitive to alkaline attack.  
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Enzymatic hydrolysis of this material showed poor results, possibly because it contains a high 

percentage of lignin. The maximum glucan conversion obtained was only 35 %. Adding 1 % PEG 

based on TS increased glucan conversion to around 50 % at 10 %TS with 2 % enzymes on a TS basis. 

Including these data in the combined model described in section 6.3 suggested two different 

strategies. If the aim is to maximise profitability rather than the amount of sugars, a 1-step 

enzymatic hydrolysis for 96h at 14 %TS and 2 % enzymes on TS should be chosen. If, however, the 

target is to obtain the maximum sugars while minimising operational costs, a 2-step enzymatic 

hydrolysis of 48h each is preferred. In this case, the 1st enzymatic hydrolysis is as just described, and 

the 2nd is carried out at 10 %TS and a 2 % enzyme dosage. 34 % extra sugar is produced compared 

to a 1-step, but the operational cost is 70 % higher as more enzymes are used. If a 1-step enzymatic 

hydrolysis were carried out (14 %TS for 96h) with the same amount of enzymes used in a 2-step 

enzymatic hydrolysis, the amount of sugars produced would be around 22% lower. That suggests a 

better use of this enzyme in a 2-step hydrolysis scenario. 

The work carried out indicates potential problems in using newspaper as a feedstock due to the 

inhomogeneity of this material and the different behaviours observed when the same pre-

treatment was applied to different batches of the same newspaper (“The Sun”). Large volumes of 

water are also needed, producing effluents with a low COD concentration, which may be difficult 

to treat via AD. Moreover, the modelling assumed that the water can be indefinitely recycled and 

for this reason the cost of water was not considered. In reality this may not be the case, and some 

fresh water addition might be needed. Finally the cost of waste newspaper was not included and 

this could definitely compromise such a process (44 £ ton of waste paper-1 was a value reported by 

Wang et al. [103]). It should be remembered, however, that newspaper was chosen for this 

investigation as a representative material to investigate potential ways of improving the conversion 

of pulp derived from UK MSW to sugars. The model developed suggests that a 2-step enzymatic 

hydrolysis could further increase the production of sugars, and incorporation of MSW kinetic data 

into this model could be an interesting future work to carry out.   
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Chapter 10 Potential for water re-use in the Fiberight 
process 

This chapter consists of three parts. Part 1 contains a short preliminary study which was designed 

to prepare for longer experiments on AD of wastewaters generated during the washing/extraction 

of MSW pulp. Optimisation of water re-use in the process was then carried out based on the 

experimental results obtained, coupled with modelling tools. Part 2 describes the first experiment 

which consisted in slowly raising the OLR applied to UASB reactors treating washwater, in order to 

study the effects of an increasing COD loading and also of ions and other contaminants on the 

process stability. Part 3 presents the second experiment which aimed to determine the critical 

contaminant concentrations for both AD and enzymatic hydrolysis during continuous water 

recycling in the process.  

 Part 1: Preliminary study 

Objective: To determine the optimal washing temperature, washing period and water/pulp ratio 

for pulp washing and extraction.  

Method summary: All washes and extractions, unless specified, were performed as described in 

section 3.4.2 using the plunger-based washing machine and the laboratory-scale extraction process. 

COD, TSS and VSS were determined as described in sections 3.2.2 and 3.2.5. Temperature was 

measured using a Digitron 2046 T digital temperature probe (Pulderbos, Belgium). 

In experiment 1, 70 °C MSW pulp was washed with water at three different temperatures (20, 30.4 

and 54°C). These were achieved by mixing tap water in different proportions with water from the 

same tap heated in an electric kettle. Water temperatures were measured at the beginning and at 

the end of washing and the averages are reported (final temperatures between 6 to 20°C lower 

than initial temperatures). For each experiment 0.5 kg wet weight of 70 °C Wales MSW pulp was 

used with washwater added at a water/MSW ratio of 6:1 (wet weight basis). Note that this ratio 

was not optimised, but is the one currently used by Fiberight. This ratio previously used by Fiberight 

was previously 7.5 but decreasing it did not reduce the glucan conversion (personal experience). 

In experiment 2a, the effect of washing duration was studied by measuring the conductivity of the 

washwater during the wash. This was carried out in the early stage of the work using the 

reciprocating washing machine shown in Figure 3-4 at a water/MSW ratio of 7.5:1 at 50 °C. The 

material used was 130 °C old Graphite (see section 3.3.1). Experiment 2b consisted in washing 70° 

Wales MSW in the laboratory-scale set-up presented in section 3.4.2 for 20 min, at room 

temperature and a water/MSW ratio of 6:1. COD concentrations were measured at 10 and 20 min.  
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For the purpose of experiment 3, 2 kg of 70°C Wales MSW was washed at ambient temperature 

and a water/MSW ratio of 6:1 for 10 min. In the paper pulp industry, pulp is generally extracted 

starting from a pulp concentration of 1-2 % [pers comm., Peter Speller, Cox&Speller consulting 

engineers]. For this reason extraction was attempted at 1, 2 and 3 % pulp concentrations based on 

an assumed TS concentration of 33% for washed MSW. COD and VSS/TSS of the extraction water 

was measured. The extracted pulp was squeezed and then cooked under the same conditions as 

those used at the Fiberight demonstration plant.  

The cooking process was carried out at 5 %TS in 250 mL Nalgene centrifuge bottles in which 

the pulp was diluted with DI water. 25 % w w-1 phosphoric acid was used to adjust the pH of 

the pulp and water to 5 before cooking in a Monarch autoclave (Rodwell, Basildon, UK) at 

121 °C for 1h. After cooling the cooked pulp was pressed in a jelly bag (Figure 3-8B) to a solids 

content of ~33 %TS.  

Cooked pulp was hydrolysed at 5 %TS, 2 % enzyme based on TS for 72h (see section 3.6).  

In the results, the abbreviations inf and eff are used to indicate influent and effluent values from 

the AD process. 

Results:  

Experiment 1 

COD concentration increased slightly with washing temperature (Figure 10-1). Although a good 

correlation was found, washing temperature has only a small effect. This is probably because most 

of the food waste solubilisation has already occurred during thermo-mechanical pre-treatment, and 

thus the washwater temperature plays only a minor role in extracting more COD.  

 

Figure 10-1: Effect of washing temperature on final COD concentration. 
Washing was carried out on 70°C Wales MSW in the plunger-based washing machine, 
ratio water/MSW = 6 for 10 min. 
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In the full-scale Fiberight process, washing will be undertaken soon after the thermo-mechanical 

process at 70°C and so it is possible that washing will naturally occur at a temperature higher than 

room temperature. Based on the above results, however, tap water at room temperature was used 

in all of the subsequent experimental trials in this chapter. 

Experiment 2 

Figure 10-2 shows the effect of washing period on conductivity, which reflects the amount of ions 

transferred to the water (experiment 2a). 

 

Figure 10-2: Evolution of maximum washwater conductivity depending on washing period. 
Washing was carried out in the reciprocating washing machine, water/Graphite MSW 
ratio = 7.5 at 50°C. 

 

Conductivity increases sharply at the beginning of the wash and starts to plateau at around 7-8 min 

(~97 % of the final value of 5.2 mS cm-1). Modelling the effect of washing for 2 extra min on the 

energy balance of the overall process could be interesting, but was not carried out in the current 

work. 

Table 10-1 shows the COD released during washing of 70°C Wales MSW at room temperature for 

10 and 20 min (experiment 2b). 

 

Table 10-1 : Effect of washing period on washwater COD concentration. 

 
a Washing carried out at room temperature, water/MSW = 6:1. 

It can be seen that washing for an extra 10 min at room temperature did not release extra COD. For 

these reasons a 10 min wash was applied in all subsequent washing for experimental trials. 
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Experiment 3 

The effect of the pulp concentration during extraction on the COD, TSS and VSS concentrations and 

on the glucan conversion is shown in Figure 10-3. 

 

A) COD, TSS, VSS and volume of extraction water 

 

B) Pulp glucan conversion  

Figure 10-3 : Effect of pulp concentration on concentration and volume of extracted water and 
pulp glucan conversion. 
Enzymatic hydrolysis was carried out at 5 %TS, 2% enzyme based on TS for 72h. 

 

In Figure 10-3A, COD, TSS and VSS increased linearly with pulp concentration. Most of the COD is 

extracted during the washing process; consequently the COD concentration of the extraction water 

was quite low and this wastewater can be categorised as low strength [259, 432]. For reasons 

previously explained (section 2.6.1), AD of low strength wastewater can be problematic. Concerning 

the extraction process itself no difference was found between 1 and 2 % pulp consistency but it was 

slightly harder to extract the pulp at 3 % concentration (e.g. harder to mix, holes from the colander 

often obstructed).  

From Figure 10-3B it can be seen that increasing the pulp concentration slightly decreases the 

glucan conversion. A higher pulp concentration during washing means that the water trapped in 

the pulp pores is more contaminated. This indicates that enzymes may be sensitive to even small 

changes in the concentration of contaminants. The effect is small, however, and could also be a 

result of the inhomogeneity of the material which could lead to slightly different hydrolysis 

performance.  

Because of these points, and because glucan conversion was only slightly decreased at 2-3 % pulp 

consistency while a 50 % water saving could be achieved , it was decided for the purposes of the 

experiment, to extract every kilogram of pulp with 20 L of water corresponding to a pulp 

concentration of 1.65 %. This is in the range that is typical of the paper industry [pers. comm., Peter 

Speller]. 
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 Part 2: Effect of increasing the OLR on performance of UASB 
treating washwaters 

Objective: To determine the maximum OLR that can be applied during AD of MSW pulp washwaters 

without adversely affecting UASB performance. 

Method summary: Batches of 70°C and 130°C MSW were washed over a 3-day period in the 

reciprocating washing machine (Figure 3-4) a few days after processing by Aerothermal group 

(Poole, UK). Washing was carried out at room temperature with each batch of 5 kg of MSW washed 

for 10 min at a liquid/MSW ratio of 6:1 on a wet weight basis.  

 The washwater obtained was poured into 35-L containers; which were subsequently left 

outside for a maximum of 3 days 

 A well-mixed sample was taken to measure the COD concentration 

 The containers were frozen for storage in a -18° C cold room 

 Containers were thawed at room temperature before use, then used on the same day, with 

any leftover liquid stored at 4° C 

 if washwater from two containers was used for daily feed, the COD of the mixed feed was 

measured before use 

 When the original stock of washwater had been used (after 20 days), more material was 

prepared as previously described and the new batches of washwater were immediately 

used, or placed into the cold room or stored in a 4 ° C fridge to avoid COD degradation. 

Duplicate 1.5-L UASB reactors (Figure 3-9) were used for this experiment. The reactors were seeded 

with 0.85 kg of granular sludge previously used in a laboratory-scale UASB treating dairy 

wastewater at ambient temperatures (~20 °C) (pers. com. Dr A. Serna, AmbiGas project). 

Psychrophilic anaerobic digestion usually implies a reduction in methanogenic activity as compared 

to mesophilic [393]. It is therefore expected that increasing the temperature from ambient to 

mesophilic will not have a negative affect but on the contrary might enhance activity [pers. comm., 

Dr M. Ali].  

OLR was slowly increased by increasing the daily volume of influent pumped to the reactors 

depending on the influent COD concentration. The volume fed per day was adjusted by changing 

the pump rate and/or by switching the feed pump on and off using an electric timer to give suitable 

feed periods. 

Soluble COD, pH, conductivity, gas composition, gas volume, TSS and VSS were measured as 

described in section 3.2 and 3.5. Gas composition and volume were measured daily. COD was 

measured every 1-2 days, as was the effluent TSS and VSS. Influent TSS and VSS was measured 

whenever a new washwater batch was prepared. pH and conductivity were monitored from day 27 

with a daily measurement. 
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The influent tank was not mixed, which could have allowed sedimentation of solids. Moreover, for 

the first 21 days the influent was not cooled to reduce biodegradation of organic matter during the 

feeding period. Until day 21, effluent was collected in a single container. After this, 2 containers 

were used to obtain the performances of each reactor and allow calculation of the average. All data 

presented are average values. 

Results: 

Average values for the washwater characteristics during the 45-day experimental period are 

presented in Table 10-2. Based on COD it can be classified as a medium-strength wastewater while 

other parameters should not negatively affect anaerobic digestion.  

 

Table 10-2 : Average values for main washwater characteristics.  

 

 

The suspended solids content (TSS, VSS) is relatively high, but far lower than the maximum of 6 g 

TSS L-1 suggested by Metcalf & Eddy [239] above which the use of anaerobic contact processes is 

recommended. It should be noted that high suspended solids in the influent could reduce the 

specific methanogenic activity and might affect the growth and even the stability of granular 

sludges [264, 299]. 

Figure 10-4 presents the values of measured parameters during the whole experiment (pH, 

conductivity, gas composition, OLR, solids and soluble COD concentration). 

Influent COD concentration was lower at the beginning of the run from day 0 to day 20, as seen in 

Figure 10-4B. This may have been due to the method of washwater storage and preparation 

adopted at the start of the experiment, as the influent COD increased after day 20. It could also be 

due to variation in batches of MSW. 

OLR increased steadily to a maximum value of 15.4 g COD L-1 day-1 (Figure 10-4A). This value is based 

on soluble COD, but because the flow rate was low (average 0.19 L h-1) and the influent was not 

mixed, any solids present were likely to settle, and thus the applied OLR should be close to this 

value. HRT decreased from 15.2h at day 1 to around 5.4h by day 11, then increased to a constant 

value of around 8.5h, which is in the recommended range for wastewater of this strength [261]. 
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A) OLR B) COD concentration 

  
C) Conductivity D) pH 

  
E) Gas composition F) Solids 

Figure 10-4 : Evolution of monitoring parameters in UASB digestion of washwater at increasing 
OLR. 

 

Figure 10-4C shows the influent and effluent conductivity from day 16 to the end of the experiment. 

Similar values were found in influent and effluent, mostly between 1.5-2.5 S cm-1. This indicates 

there was no net uptake of ions. 

Figure 10-4D shows the influent and effluent pH. Influent pH, which was only measured from day 

16 onwards, was quite variable; but effluent pH remained close to 8, indicating that the process 

was stable and buffering the incoming feed.  

Methane content in the biogas was quite consistent at around 65 %. The CO2 content was more 

variable but on average represented 31.5% of the biogas volume. Gas composition was not 
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measured between days 41-45, and average values were used for calculation of the methane yield 

in this period.  

TSS and VSS values for the influent were quite variable, indicating some inhomogeneity between 

batches of MSW at the scale used. The TSS and VSS of the effluent were constant and low 

(maximum 0.59 and 0.41 g L-1 respectively). 

On day 46 one reactor lost a considerable amount of biomass after a tube accidentally became 

disconnected. Granules were replaced in the reactor but the reactor did not recover (data not 

shown). Feeding of both reactors was then stopped. 

Figure 10-5 shows the COD removal, volumetric and specific methane production and VSS 

destruction according to the applied OLR.  

COD removal was not affected by OLR but remained constant at around 85 % (Figure 10-5A). 

Volumetric methane production (VMP) which is defined as the daily methane production divided 

by the reactor working volume (=1.5 L see section 3.5.1), increased linearly with OLR (Figure 10-5B) 

indicating that the reactors were capable of dealing with this high OLR at least in this short term 

experiment.  

Figure 10-5C shows that the specific methane production (SMP) did not change much with 

increasing OLR and stabilised at ~0.31 L CH4
 g-1 COD removed) (~0.27 L CH4

 g-1 COD added) in the 

range 12-15.35 g COD L-1 day-1. At an OLR of around 11 g COD L-1 day-1, corresponding to an HRT of 

around 8.2 h, SMP was close to the theoretical value of 0.35 L CH4
 g-1 COD removed. This might 

indicate the optimum OLR, although longer term experiments would be needed to confirm this.  

TSS and VSS removal was good and stable at around 90 % during the experiment. 

For comparison, Figure 10-6 shows the evolution of the SMP as a function of OLR during the 

anaerobic digestion of washwater from Cellmat material (see section 3.3.1.1) using the same UASB 

reactor. This experiment was carried out for Fiberight in 2013 by Jimena Sarli Quevedo [342]. While 

no reduction in SMP was noted at OLR as high as 15.35 g COD L-1 day-1 in the current work (Figure 

10-5C), Figure 10-6 shows a significant decrease in SMP at OLR ~15 g COD L-1 day-1. The wastewater 

from Cellmat material, however, had a much higher COD content (average 10 g COD L-1) and thus 

may have had a higher concentration of potential contaminants. 
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A) COD removal B) VMP 

  
C) SMP per g COD removed D) SMP per g COD added 

 

 

E) TSS and VSS removal  

Figure 10-5: Effect of OLR on COD removal, VMP, SMP per g of COD removed and added, and 
suspended solids removal 

 

 

Figure 10-6: Effect of OLR on SMP from anaerobic digestion washwater used to wash Cellmat 
material. 
Figure modified from [433]. 
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The original aim of this experiment was to determine the maximum OLR that could be applied 

without affecting UASB performance. The critical OLR could not be determined due to technical 

issues but AD of the washwater was successfully applied in the short term at OLR as high as 15.35 

g COD L-1 day-1.  

 Part 3: Effect of washwater re-use on UASB and hydrolysis 
performance 

Objectives: To assess the effect of continuous water recycling on AD of effluents from the 

washing/extraction process and on enzymatic hydrolysis, and to identify the critical parameters for 

both processes. The poorest water quality that can be used in the process without affecting both 

enzymes and anaerobic microbial community will thus be determined. 

Fiberight plans to minimise water consumption by re-using the water in a closed loop in the cooking 

process. There is, however, no information concerning the effect this could have on the enzymatic 

hydrolysis. For this reason a side experiment was also carried out to determine the effect on 

hydrolysis of continuously re-using the cooking water.  

Method summary:  

Experimental methodology 

70°C Wales MSW from 2 different batches (see section 3.3.1.1) was used in this experiment. Two 

pairs of 1.5-L UASB reactors (UASB1&2) were used, as described in section 3.5.1. They were seeded 

with 0.85 kg of a mixture of granules from the previous experiment (section 10.2) and granules 

previously used in psychrophilic UASB treating dairy wastewater. Two reactors (R1&R2 = UASB 1) 

were fed with washwater, and the other 2 (R3&R4 = UASB 2) with extraction water, using one 

peristaltic pump (323 Watson Marlow, Cornwall, UK) for each pair of reactors. The washwater used 

was generated by daily washing of 0.5 kg of wet 70°C Wales MSW with 3 L of water at room 

temperature for 10 min, followed by pulp extraction with 10 L of water at room temperature, using 

the plunger-based washing machine and laboratory-scale extraction unit described in section 3.4.2. 

The experimental conditions are summarised in Table 10-3. 

Table 10-3: Operational parameters of UASB 1&2 during the recycling phase. 
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The experiment began with a 2-week acclimatisation period, during which the reactors were fed 

with daily generated wastewater but the effluent was disposed of every day without re-use. When 

the recycling experiment started, the effluent from UASB 1 was re-used for another wash and the 

effluent from UASB 2 was re-used for another extraction; this continued every day to simulate a 

daily washing/extraction operation. Additional fresh water was added occasionally if required to 

keep the volume in the system constant. This recycling was continued until both AD and enzymatic 

hydrolysis processes showed signs of disturbance. A schematic of the laboratory experiment, which 

also includes the side experiments described below, is presented in Figure 10-7.  

 

Figure 10-7: Flow diagram for laboratory set-up to study the effect of continuous recycling of 
process water. 

All parameters measured in this part of the work were analysed as described in section 3.2 and 3.5. 

Gas volume and composition were measured daily. Influent COD was measured daily, and effluent 

COD every 2-3 days. Dissolved methane was measured as described in section 3.5.4 and Henry's 

constant H for CH4 was taken as 48600 L atm mol-1 [434]. To have a clear trend of the evolution of 

the SMP during the experiment, rolling averages were calculating based on the two closest data 

points for COD removal. Some data judged unreliable was deliberately omitted, as indicated in the 

figure captions by “Averaged and modified”.  

TSS and VSS was measured twice a week. Samples of effluent and new influent were collected daily 

and immediately frozen. At the end of the experiment, ion concentrations, TAN and total, partial 

and intermediate alkalinity were determined on influent and mixed effluent (for UASB 1&2). 
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Sodium, Magnesium, Aluminium, Phosphorous, Potassium, Calcium and Iron concentrations in the 

granules analysed after acid digestion, by ICP processing (section 3.5.7.3). Iron concentration was 

checked using AAS (section 3.5.7.2).  

Three side experiments were also carried out on the pulp collected daily from the extraction 

process: 

 For experiment 1, the pulp was cooked using fresh DI water  

 For experiment 2, the cooking water was recycled to determine the effect on enzymatic 

hydrolysis. This was carried out as follows: 

o Every day the washed pulp was collected and cooked following the procedure in 

section 10.1 

o The cooked pulp was manually squeezed and the cooking water was collected in a 

250 mL plastic bottle 

o Conductivity was measured using a CCMD 625 conductivity pH meter. 

o The bottle was stored at 4 °C until the contents were required for another cooking 

next day. 

o If needed, DI water was added to maintain the cooking process at 5 %TS (see Figure 

10-7) 

Experiment 3 was conducted to determine the potential for using the effluent from UASB 2 in 

enzymatic hydrolysis of the pulp cooked with fresh DI water. This was carried out as follows: 

 UASB effluent was initially filtered through a Whatman GF/C filter (“filtration”); then it was 

attempted through a 0.45 µm Nylon/ PTFE membrane (“Ultrafiltration”). 

 Enzymatic hydrolysis was carried out using filtered effluent used as a dilution medium. pH 

was adjusted to 4.8-5.2 using 25 % w w-1 phosphoric acid. 

All enzymatic hydrolysis was carried out following the procedure in section 3.6 using 2 % enzyme 

based on TS. Before all hydrolysis experiments started, the tumbling mixer shown in Figure 3-10 

failed and was replaced by a 50°C orbital shaking incubator at 200 rpm (Sanyo Gallenkamp, 

Loughborough, UK). 

In all graphs, vertical black lines indicate start of the recycling phase. 

Data analysis 

Because of the complexity of the washwaters, and the degree of uncertainty over which compounds 

might be toxic at which concentrations, it was not considered feasible to analyse for all possible 

compounds that might inhibit the AD or hydrolysis process. For this reason it was decided to 

consider generic contaminants, referred to as “contaminant X” or “contaminant Y” representing 

the limiting contaminant(s) affecting UASB 1 and UASB 2 respectively. The same principles apply for 

both “contaminant X” and “contaminant Y”, so the procedure is explained only for “contaminant 

X”. As no information was available concerning the removal of “contaminant X” by anaerobic 

digestion, a removal coefficient RX (or Ry) was assigned. The following approach was adopted to deal 
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with day-to-day variations in the MSW at the operating scale. To calculate the number of recycling 

cycles and the amount of “contaminant X”, the ability of MSW to transfer “contaminant X” to the 

water was normalised based on the average of ability of the MSW to transfer COD before the 

recycling experiment. This is illustrated in Figure 10-8, and subscripts used in this section are 

defined in Table 10-4. 

 

Figure 10-8: Schematic showing the concept of the recycling cycle and “contaminant X”. 
 

Table 10-4: Definition of subscripts used in chapters 10 and 11. 

 
 

From Figure 10-8, the COD transfer after n recycling cycles, ∆CODWf-Wi,n can be calculated as follows: 
 

∆CODWf−Wi,n(g) = VWf,n ∗ CODWf,n − VWi,n ∗ CODWi,n Equation 10-1 

Where: 

i = Initial (before wash/extraction/cooking f = Final (after wash/extraction/cooking) 

A = acclimatisation period FW = Fresh water 

w = washwater (after wash) WM = washed MSW (after washing process) 

x = extraction water (after extraction) XM = extracted MSW (after extraction process) 

h = hydrolysis P = Pulp (before hydrolysis) 

H = hydrolysate CW = cooking water 

W = wastewater (wash/extraction water 
after wash/extraction) 
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Wi and Wf = Wastewater before and after washing/extraction. 

V = Volume of wastewater or effluent after AD, L 

COD=COD concentration of wastewater or effluent after AD, g COD L-1 

VWi = VFW + Veff,n-1 (Constant volume), L. 

CODWi,n = CODeff,n-1/VWi,n, g COD L-1. 

Finally the recycling cycle number RCn and amount of “contaminant X” passing through anaerobic 

digestion was calculated following Equation 10-2 & Equation 10-3. 

RCn = (RCn−1 ∗ Veff,n−1)/(VWi,n) +
∆CODWf−Wi,n

∆CODWf−Wi,B

 Equation 10-2 

Xn = [(Xn−1 ∗ Veff,n)/(VWi,n) +
∆CODWf−Wi,n

∆CODWf−Wi,B

] ∗ (1 − RX) Equation 10-3 

Where: 

RCn and Xn = recycling cycle and amount of “contaminant X” respectively at recycling cycle n. Note 
that the amount of “contaminant X” has no unit as it is the ratio Between ΔCOD and the initial 
contaminant concentration X0 is equal to 0. 

Rx= “Contaminant X“ removal during AD 

ΔCODWf-Wi,B=average COD transferability during acclimatisation period (before recycling),g COD L-1. 

Recycling the water in the process results in the build-up of non-biodegradable COD. If this is not 

taken into account, the COD removal (calculated using Equation 3-9) will keep decreasing even if 

the system performance is not declining. Taking the fraction of recalcitrant COD into account in the 

COD removal calculation gives Equation 10-4. 

CODR (recal) =
CODInf − CODeff

CODInf − CODWi
 

 

Equation 10-4 

Where: 

CODR (recal) = COD removal considering recalcitrant COD, %. 

CODWi = COD before washing or extraction, g COD L-1. 

The COD of the water before washing or extraction should not be included as it represents the 

amount of COD that has not been degraded by AD. This assumes that AD removes 100 % of the 

biodegradable COD, and is therefore an approximation, but is close to correct at longer HRT.  

In order to estimate the concentration of a component (e.g. ions) inside the reactor at a specific 

RCn, linear regression between contaminant concentration (in the influent and in the effluent) and 
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RCn was applied over the whole period. The amount retained inside the reactor at recycling cycle n 

(Amountn) was calculated using Equation 10-5: 

Amountn(mg) = (Cinf,n − Ceff,n) ∗ Vinf Equation 10-5 

Where  

Cinf,n and Ceff,n
 = Concentration of compound in the influent and effluent at RCn, mg L-1. 

This assumes that the total amount of contaminant is retained by the biomass inside the reactor 

and does not come out in the effluent. The Cumulative amountn in the reactor at the end of 

recycling cycle n is calculated from Equation 10-6: 

Cumulative amount𝑛 
= Cumulative amountn−1 + Amountn Equation 10-6 

The maximum contaminant concentration [Contaminant]𝑛 inside the reactor at RCn  was calculated 

as follows: 

[Contaminant]n(mg L−1) =
Cumulative amountn−1 

VR
+ Cinf,n Equation 10-7 

Where: 

VR = Reactor working volume, L. 

Finally, the total solids content of the pulp after manual pressing (after extraction and after the 

cooking process) was taken as 33%. This corresponds to the TS obtained before enzymatic 

hydrolysis during the whole experiment (33 ± 3 %). 

10.3.1 Effect of re-using the wash/extraction water on AD 

This experiment ran for 79 days and the results are presented in two parts corresponding to UASB 

1, fed with washwater, and UASB 2 fed with extraction water. 

 UASB fed with washwater 

Figure 10-9 shows the evolution of the recycling cycle, OLR, pH and gas composition during the 

experiment. Figure 10-9A shows the evolution of the recycling cycle during the experiment. During 

the 79-day experimental period, 23.4 recycling cycles were completed. A few sharp decreases in 

Figure 10-9A (for example on day 31 and 75) correspond to days either when there were feeding 

problems or when some loss of water occurred due to leaks or other errors, and the difference had 

to be made up by fresh water addition. 
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OLR increased slightly over time, because of the build-up of recalcitrant COD. The maximum 

average OLR was 12.85 g COD L-1 day-1 (13.41 g COD L-1 day-1 for a single reactor). This is lower than 

the maximum of 15.35 g COD L-1 day-1 during the first AD experiment (section 10.2), when no 

adverse effects were observed. This suggests that any problems in performance in this current 

experiment may be attributable to contaminant build-up in the water recycling.  

  
A) Recycling cycle B) pH 

  
C) OLR  

  

D) Gas composition  

Figure 10-9: Evolution of recycling cycle, pH, OLR and gas composition during washwater 
recycling experiment. 

Data from experimental trial with washwater recycling in UASB 1. 

 

Before recycling started, the influent pH for UASB 1 was slightly acidic (between 6.2-6.7, see Figure 

10-9B) possibly due to the presence of some VFA from degradation of food waste during thermo-

mechanical pre-treatment of the MSW. The effluent pH, however, was around 8 or higher. When 

recycling started, the buffering capacity in the reactor was enough to neutralise any acid 
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component in the influent and helped to maintain pH at around 8. The appropriate pH for acidogens 

and methanogens are 5.5-6.5 and 7.8-8.2 respectively and A suitable pH for both groups is 6.8-7.4 

[242]; however, pH 8 is an acceptable value.  

During the experiment the gas composition was fairly stable (Figure 10-9D) although there was a 

slight decrease in methane content towards the end of the run (from around 70 to 65 %), 

accompanied by an increase in CO2
 content. This may indicate that methanogenic activity was being 

reduced due to inhibition by accumulation of “contaminant X”. 

Figure 10-10 shows the evolution of some of the monitored parameters as a function of the 

recycling cycle during the experiment. The COD concentration of both influent and effluent 

increased due to the build-up of recalcitrant COD (Figure 10-10A). Influent COD reached a maximum 

value above 12 g COD L-1 which can be classified as a high strength wastewater, although as much 

of this COD is unlikely to be readily degradable the effective load on the digester is reduced. 

Conductivity increased linearly with recycling cycle (Figure 10-10B) and was generally slightly higher 

in the influent than the effluent indicating that a small proportion of ions was taken up by the 

granules. For information, the conductivity of tap water supplied in Southampton is reported to be 

around 2500 µS cm-1 at 20 °C [435]. TSS and VSS in the influent and effluent also increased (Figure 

10-10C) because of the recirculation of non-degraded solids. VSS removal was generally above 90 %. 

The suspended solids concentration was never high enough to cause blockage.  

Alkalinity in both influent and effluent increased with the number of recycling cycles (Figure 10-10D) 

possibly because of accumulation of buffering ions. At the beginning of the experiment, the 

bicarbonate alkalinity of the influent was very low especially compared to the intermediate 

alkalinity. The UASB was, however, buffering the liquid resulting in a higher partial alkalinity. After 

a few recycling cycles, the bicarbonate alkalinities of the liquid streams were greater than 1 000 mg 

L-1 which is the recommended value to maintain pH in the optimal range [242]. The IA:PA ratio of 

the effluent was around 0.29 during the recycling experiment suggesting stable performance [352].  

TAN values for the influent and effluent were very similar (Figure 10-10E) indicating that little or no 

ammonia nitrogen was taken for granule growth. In the long term ammonia accumulation could 

cause potential problems for the anaerobic system, but in this experiment the concentration was 

lower than the critical limits shown in Table 2-13. TAN seemed to plateau at the end of the 

experiment, although this may have been due to inhomogeneity of the substrate.  

Calculated FAN values were well below critical limits (Table 2-13). Figure 10-10F shows the total 

VFA concentration and main VFA species as a function of recycling cycle. On average around 1 g 

total VFA L-1 was found in the influent. This may mean that cooking the pulp even at < 70 °C 
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converted part of the food waste into VFA, or more probably could be due to bacterial 

contamination after cooking. There was almost no VFA in the effluent, indicating near-total 

conversion. 

  
A) COD B) Conductivity 

  
C) TSS and VSS  

 
 

D) Alkalinity E) TAN and FAN 

 

 

F) VFA in influent  

Figure 10-10: Evolution of main UASB monitoring parameters during washwater recycling 
experiment. 
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Figure 10-11 shows the effects of recycling the washwater on the performance of UASB1. 

 

  

A) COD removal with and without considering the recalcitrant fraction 

 

 

B) VMP  

  

C) SMP per g COD removed D) Average SMP per g COD removed 

  

E) SMP per g COD added F) VSS removal 

Figure 10-11: Effect of recycling cycle on COD removal, VMP, SMP and VSS destruction for UASB 1 
fed with washwater. 
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The apparent COD removal decreased over time because of the accumulation of recalcitrant COD. 

When this was included in the calculation, the resulting COD removal was quite stable with an 

average value of around 97 % (Figure 10-11A). VMP seemed to increase between cycles 0-10 (Figure 

10-11B) as the COD concentration of the washwater increased. This implies that the remaining COD 

in the effluent is not completely degraded. The VMP, however, seemed to plateau after 10 cycles 

at roughly 2.3 L CH4 L-1 day-1 while the input COD concentration kept increasing (Figure 10-11A). As 

a result the SMP shows a negative trend with values starting at around 0.3 and finishing at 0.24 L 

CH4 g-1 COD removed, corresponding to a 20 % decrease. Note that these values are independent 

of the recalcitrant COD.  

The hydrogen sulphide contained in the biogas was, unfortunately, only monitored from day 72 to 

day 87. Concentration results are presented with sulphate removal values obtained from ion 

chromatography in Figure 10-12A and B. Around 1 % H2S (10000 ppmv) was found in the biogas. 

  

A) H2S concentration in biogas B) Sulphate removal and sulphate/COD ratio 

Figure 10-12: Evolution of biogas H2S concentration, sulphate removal and sulphate/COD ratio as a 
function of the recycling cycle. 

Data from the anaerobic digestion of the washwater in UASB 1. 

The fraction of COD used for sulphate reduction was calculated based on the H2S contained in the 

gas by applying Henry's law (Equation 3-25). The Henry constant of H2S in water was taken as 1.0 

*10-1 mol L-1 atm-1 [436]. Stoichimetrically, 0.67 g of COD is needed to reduce 1 g of sulphate [239]. 

Some authors, however, have indicated the acetate contained in the influent or formed in the 

reactor during the anaerobic process is not completely used as an electro donor by SRB. An 

approximate ratio of 2.0 g COD g-1 SO4
2- is required for complete sulphate reduction of 

carbohydrate-based wastewater [314]. 

Based on this and the data in Figure 10-12, it was found that from recycling cycle 18.65 between 2-

5% of the COD removed was used to reduce sulphate. The COD/sulphate ratio was much higher 

than 10:1, meaning that the effect of sulphate on the methane production was limited [330]. As 

sulphate removal decreased with recycling cycle (Figure 10-12B), it is possible that the SRB were 
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also affected by contaminant accumulation. Al-Zuhair et al. [437] , found that without acclimation 

at mesophilic temperature, SRB growth started to be inhibited at sulphate concentrations above 

2.5 g SO4
2- L-1. Working with low strength wastewater in UASB reactors under psychophilic 

conditions, Ali [314] found that at sulphate concentrations higher than 160 mg SO4
2-L-1, the 

anaerobic process was less stable and showed a marked drop in sulphate removal. These values are 

higher than the maximum sulphate concentration found in this study, which never exceeded 100 

mg L-1. This suggests that sulphate cannot be the cause of the decrease in SBR activity and other 

contaminants are more likely to be responsible. 

The reactors were stopped after 79 days of operation and were opened and emptied. No distinct 

granules were found but instead, a homogeneous dispersed digestate was collected with just a few 

granules in a partially disintegrated state (see Figure 10-13).  

Recycling the washwater appeared to cause complete granule disaggregation in UASB 1; however 

severe biomass washout was not observed during the experiment. Further discussion of the 

possible reasons for degranulation is presented in section 10.3.1.3. The success of anaerobic 

treatment by UASB is dependent upon successful granulation with good granule settling properties 

and high strength in order to minimise biomass wash out [293]. Longer term studies are needed to 

establish limits for stable operation, however, because although no granules were present and 

despite a decrease in SMP, the organic removal was still good. 

 

Figure 10-13: Initial granules and granules after recycling experiment.  
Final granules were a mixture from of R1&R2 after 23 recyclings. 

Table 10-5 shows the results of analysis of granules from UASB 1 for solids and calcium carbonate 

content. These indicate that the granules have accumulated some inorganic components of which 

the majority was calcium carbonate. The inorganic component in granular sludge can range from 

10 to 90 % depending on the wastewater content and operational conditions [274]. The difference 

in content implies that some calcium carbonate may have precipitated on the granule surface.  
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The high ash and calcium carbonate content, however, might reduce granule activity because it 

limits mass transfer [277]. It might also limit access to substrate by methanogens located at the 

core of the granules [269]. 

Table 10-5: VS/TS, Ash and CaCO3 content of dry granules before and after recycling experiment 
for UASB 1&2. 

 

The next section presents the evolution of certain anions and cations during the recycling 

experiment and considers possible causes of inhibition and/or degranulation. It should be noted, 

however, that these are preliminary results rather than a full investigation of such complex 

phenomena where interactions, synergies and antagonisms occur.  

Figure 10-14 shows the evolution of the concentration of certain cations in the washwater influent 

and effluent as well as the calculated concentrations inside R1&R2. 

 

A) Influent cation concentration 

 

B) Effluent cation concentration 

 

C) Calculated cation accumulation 

 

D) Cation removal 

Figure 10-14 : Evolution of cation concentrations, accumulation and removal as a function of 
recycling cycle in UASB 1. 
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From Figure 10-14 it can be seen that the cation removal for most of the analysed ions apart from 

ammonium was between 0-30 %. These low removal values led to accumulation of cations in the 

effluent. Calcium removal was higher than 60 %. This could be explained by calcium absorption by 

the granules and/or precipitation (liquid samples were filtered before IC analysis). While all ion 

concentrations in the influent were well below the critical values presented in Table 2-11, the 

estimated values of calcium, potassium, and sodium inside the reactor reached concentrations able 

to cause moderate inhibition of anaerobic digestion [315]. These values do not take into 

consideration the fact that anaerobes can acclimatise to higher concentrations; but the rate of 

increase of these ions in the current experiment may have been too high to allow acclimatisation 

to occur. This might explain the decline in methane yield. 

 

 

A) Influent anion concentration 

 

B) Effluent anion concentration 

 

C) Calculated anion accumulation 

 

D) Anion removal 

Figure 10-15: Evolution of influent and effluent anion concentration, calculated anion 
accumulation inside the reactor and anion removal as a function of recycling cycle in 
UASB 1. 

 

Bromide and chloride were poorly removed during washwater digestion, and this led to significant 

chloride accumulation in the influent. The concentration of bromide remained low, however, at 

<2.5 mg L-1. Between 40-80 % of phosphate and sulphate was removed, maintaining the 

concentrations of these anions in the recirculating water at a non-toxic level. Fluoride removal was 
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100 %, with influent concentration varying from around 60 to 220 mg L-1. The higher values are 

more than the half maximal fluoride inhibitory concentration (I50 : 160 mg L-1) [306]. These 

concentrations are very high (Southampton tap water contains 1.5 mg fluoride L-1) [435], but 

fluoride-based pesticides are commonly used and lettuce, citrus fruit and raisins can contain up to 

180, 95, 55 mg L-1 of fluoride respectively [438]. The estimated chloride and fluoride concentration 

inside the reactor reached values as high as 3600 and 3000 mg L-1 respectively after 23 recyclings. 

Chloride inhibitory concentrations have been reported as 5500 mg L-1 [305], above those 

encountered in this experiment. Other issues raised by this high chloride concentration are 

discussed later in this section. Fluoride concentration was well above the critical value for AD [16]. 

It is worth re-emphasizing that these are a range of values, and acclimatisation could significantly 

affect the onset of inhibition [251]. Acclimatised AD could therefore be stable at much higher 

concentrations (even at marine concentrations [439]). The simple method of estimation used also 

showed that sulphate accumulated inside the reactor to a concentration leading to a COD/sulphate 

ratio = 9.64 < 10:1. This ignores the fact, however, that sulphate is biologically converted into H2S 

gas or liquid. Using Henry's law, H2S in the liquid phase was calculated to reach a maximum of 40.8 

mg L-1 while Hilton et al. [440] found that deterioration of acetate utilisation started at 175 mg H2S 

L-1 and at 900 mg H2S L-1 for lactate are a carbon source. According to Speece, hydrogen sulphide is 

inhibitory to AD at concentrations between 0.002-0.003 M H2S (68-102 mg L-1) (reported by [441]). 

H2Saq is therefore unlikely to have disturbed the performance of the process, but will account for 

some missing COD. 

Conclusion 

It is clear that after a certain point, recycling the washwater with no bleed nor fresh water addition 

had a negative effect on methane yield, and caused complete degranulation. This washwater is 

complex, and there are numerous compounds that could cause the described effect. From the non-

exhaustive list of ions that were identified, fluorine seems to be the one that could possibly have 

accumulated inside the reactors and caused inhibition of AD. Calcium, potassium, and sodium could 

also have reached critical concentrations inside the reactors.  

Effect of chloride on COD measurement 

Chloride interaction with COD determination is well documented [337-339, 442, 443]. The oxidising 

agent, potassium dichromate, oxidises chloride into chlorine in the presence of strong sulphuric 

acid according to the following equation [442]: 

Cr2O7
2− + 6Cl− + 14H+ → 3Cl2 + 2Cr3+ + 7H2O Equation 10-8 
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This causes a positive bias in the COD value (unless chlorine is removed) with a magnitude which 

depends on the concentration of chloride, the COD value and the effluent itself (for example if it 

contains some ammonia and certain amines) [337, 442]. Several methods exist to reduce this 

interaction, such as the use of mercury salts or silver nitrate.  

Silver nitrate is soluble in water and silver precipitates in presence of chloride to form insoluble 

silver chloride which is slightly oxidised [339]. This compound can also be removed before the COD 

determination as suggested by the UK Environment Agency [337]. Silver nitrate addition was not 

carried out in this work but there are points suggesting that the consequences might be negligible. 

 FICODOX plus contains some silver in the form of sulphuric acid, disilver(1+) salt [444]. The 

reagent itself might be enough to limit chloride interference.  

 If chloride did have an effect on the COD measurement, its effect on the SMP calculation 

may be limited (see Equation 10-9). In fact the positive bias caused by chloride is likely to 

be of the same order of magnitude in the influent and effluent (similar chloride and 

ammonia concentrations, as seen in Figure 10-10 and Figure 10-15A and B. This assumption 

was, however, not verified by experimentation.  

CODinf,m − CODeffl,m = (CODinf,real + Bias) − (CODeff,real + Bias) =  CODinf,real − CODout,real 

 Equation 10-9 

Where all terms are expressed in g L-1 and the subscript m indicates measured values. 

To estimate the positive bias in the COD concentration of the influent (washwater) and effluent 

after anaerobic treatment, values from Moore et al. [443] were used. Note, however, that in the 

method used in this work, the concentration of sulphuric acid was higher (82 % by weight in 

FICODOX Plus [444]) which might have accentuated chloride oxidation. The estimated errors in the 

COD value at the highest chloride concentration, assuming that FICODOX Plus does not prevent or 

reduce chloride interference, are shown in Table 10-6. The maximum error can be considered 

negligible on the influent but could have had an impact on the effluent. 

Table 10-6: Calculation of positive bias due to chloride concentration on influent and effluent COD 
concentrations during recycling experiment in UASB 1. 
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Figure 10-16: Oxidation of chlorides by different oxidation reagent. 
Figure extracted and modified from Moore et al. [443]. Red curve indicates closest 
reagent to that used in the current work. 

 

 UASB fed with extraction water 

Results: 

Figure 10-17 shows the evolution of recycling cycle, OLR, pH and gas composition during the 

extraction water recycling experiment. 

As shown in Figure 10-17A the whole experiment lasted for 23.5 recycling cycles with a sharp 

decrease in number of recycling cycles around days 71-72 caused by a feeding pump defect. OLR 

increased significantly during the run (Figure 10-17B), rising from an average of 2.02 g COD L-1 day-

1 before recycling to a maximum of 5.34 g COD L-1 day-1. This once again could be attributed to the 

build-up of recalcitrant COD as for UASB 1 (see Figure 10-10B). The pH of both influent and effluent 

was very stable (Figure 10-17C) and close to 8 even before recycling. This is quite different to UASB 

1 for which the pH increased after starting the recycling phase (see Figure 10-9B). Gas compositions 

were very variable over the experiment for the following reasons: 

 Values during the first 24 days were not considered entirely reliable as leaks were found in 

the gas counters. This explains the low CH4
 and CO2

 content detected by gas 

chromatography and the high air content. 

  On several days, there were peaks in air concentration: this occurred when the influent 

feed ran out before the end of the feeding period, causing the feed pump to pump air into 

the reactors. The gas composition recovered over the next 2-3 days, however, indicating 

that no long-term damage was done. Previous experience with these digesters has also 

shown that a short period of exposure to the air does not cause irreversible inhibition 

([314]). 

 The air content in the rest of the experiment was also high, however, averaging 31 %. This 

could be attributed to dissolution of oxygen in the feed followed by equilibration in the 

reactor headspace. 
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Dissolved oxygen in the feed was measured on day 79 at different times after feeding (see Figure 

10-18). The amount of dissolved oxygen (DO) in the influent was quite high (7.6 mg O2
 L-1). This 

could be detrimental to strictly anaerobic microorganisms and is discussed later. 

 

 

 

A) Recycling cycle  

  
B) OLR  

  
C) pH D) Average gas composition 

Figure 10-17: Evolution of recycling cycle, OLR, pH and gas composition during extraction water 
recycling experiment  
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Figure 10-18: Evolution of the dissolved oxygen in the extraction water. 
 

Figure 10-19 shows the evolution of COD concentration, TSS and VSS, alkalinity, TAN, FAN, and total 

VFA in the influent and effluent as a function of the recycling cycle in UASB 2. 

 

  
A) COD B) Conductivity 

  
C) TSS and VSS  

 
 

D) Alkalinity E) TAN and FAN 

Figure 10-19 : Evolution of main UASB monitoring parameters during extraction water recycling 
experiment. 
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As in UASB 1, the influent COD concentration increased over time (Figure 10-19A), from an average 

of 0.6 g L-1 before recycling to 1.5 g L-1 because of the accumulation of non-degradable COD. This 

could be classified as a fairly low strength wastewater (section 2.6.1). Conductivity followed a linear 

trend with recycling cycle, with not much difference between the influent and the effluent (Figure 

10-19B). TSS and VSS in the influent increased with the number of recycling cycles (Figure 10-19C) 

but suspended solids removal was on average above 90 % so the effluent TSS and VSS content 

remained low. Alkalinity increased during the experiment (Figure 10-19D), but remained low (<1000 

mg as CaCO3 L-1). This did not affect the process as the pH was very stable and close to the optimal 

range and almost no VFA was found neither in influent nor effluent. The absence of VFA in the 

extraction water means that the washing process was effective in removing any VFA present in the 

70°C Wales MSW. The IA/PA ratio was on average 0.31 so the process was expected to be stable. 

Both FAN and TAN, although continuously increasing, remained low, below 140 and 30 mg L-1 

respectively (Figure 10-19E). 

Figure 10-20 shows the effect of recycling cycle on COD removal, VMP SMP and VSS destruction for 

UASB 2 fed with extraction water.  

  
A) COD removal with and without considering the recalcitrant fraction 

 
 

B) VMP C) Average VMP 
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D) SMP per g COD removed E) Average SMP per g COD removed 

  
F) SMP per g COD removed G) VSS removal 

Figure 10-20: Effect of recycling cycle on COD removal, VMP SMP and VSS destruction for UASB 2 
fed with extraction water. 

Empty markers are for values calculated before the leak was detected. Filled markers 
are after the leak was discovered.  

Figure 10-20A shows that COD removal decreased with increasing recycling cycles. When the 

fraction of recalcitrant material is taken into consideration, a high COD removal rate was achieved 

(mean value of 96.5 %). 

The VMP values (Figure 10-20B) must be regarded with caution. As already mentioned, in the first 

24 days the air content was very high because of a leak in the gas counters. These data were 

therefore ignored in subsequent calculations. From the 'correct' values it can be seen that while 

the overall trend line has a slope close to zero, the VMP appears to increase until roughly the 13th 

recycle and then plateaus before decreasing. A similar trend can be seen in the SMP. The initial 

increase in VMP is quite noticeable and might be attributed to the increase in influent COD. The 

subsequent decrease in VMP and SMP could be explained by the recycling of “contaminant Y”.  

In any case the methane yield was very low (maximum measured value of 0.16 compared to an 

average value of 0.073 L CH4 g-1 COD removed). Several assumption were made: 

 The HRT was too low (around 7.2 h). It is possible that time was a limiting factor for 

methanogens to convert COD into methane 

 The low COD concentration in the feedstock led to a high proportion of methane being 

dissolved in the effluent. Dissolved methane was measured as described in section 3.5.4, 

and was compared to the volume of methane found in the gas phase. On average 10 % of 
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the total methane produced was found in the effluent (Figure 10-21A). Even though this 

makes the SMP slightly higher, it does not explain the poor VMP. 

 

 

A) Dissolved methane in effluent 

 

B) Feed tank COD 

Figure 10-21: Evolution of dissolved methane in effluent as a function of the recycling cycle and 
COD concentration in the feeding tank over time. 

 

 To calculate the methane yield, the influent COD was taken at feeding time. The COD in the 

feeding tank, however, was likely to decrease during the day even if the liquid was kept at 

4°C, due to settlement of solids or adhesion to the tank walls, plus some microbial 

degradation. Figure 10-21B shows COD concentrations measured at regular time intervals 

during the daily feeding period (e.g. approximately every 4h the first 12-16h) on different 

days during the experimental period. The results show how the extraction water COD 

concentration changed in the feeding tank at different initial COD concentrations 

(corresponding to different feeding days). On day 80, wastewater recycling was stopped 

and a new batch of extraction water was prepared (shown in the legend as “Beginning”). 

As can be seen, the COD decreased through the feeding period until the last measurements 

except on day 78. This is because when the feeding tanks is almost empty, the mixer does 

not reach the liquid and thus some solids (rich in COD) settle at the bottom of the feeding 

tank. On day 78, this critical depth limit was not reached, and thus a continuous COD 

decrease was observed. As Figure 10-21B shows, it is unknown when this phenomenon 

occurs, and thus taking an average of the COD value over time is not an accurate basis for 

re-estimating the SMP. It was therefore concluded that the COD concentration in the 

feeding tank decreased during the day but from these series of measurements, the real 

SMP cannot be calculated.  

 The dissolved oxygen present in the feed could have reduced methanogenic activity. Kato 

et al. [432] found that DO concentrations between 0.05 and 6 mg L-1 inhibited 

methanogenic activity by 50 % in the anaerobic digestion of low strength wastewater in a 

UASB and EGSB reactor. The measured DO reached values above 6 % and may thus have 

contributed to the poor methane yield. Oxidative loss of soluble organic matter could also 

occur which would decrease the methane production potential [445]. 

Examination of the mixed granules from UASB 2 at the end of the experimental run showed 

that they were intact but appeared smaller than at the start (see Figure 10-13). The granules 
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were then stored in a closed bucket outside with the liquid that was contained inside the 

reactor for a period of three months. When the granules were observed three months later, 

they had a slurry appearance (Figure 10-22). Ali [314] found no adverse effects after storage of 

granules under similar conditions for 12 months. This may signify that the reduction in granule 

strength is not due to the storage alone but to the experimental conditions and the properties 

of the recycled extraction water. 

 

Figure 10-22: Granules from UASB 2 after recycling experiment and 3 months later. 
Granules were stored in a strictly anaerobic tank. 

 

Figure 10-23 and Figure 10-24 show the evolution of the cation and anion concentrations in the 

influent and effluent, and the calculated cation accumulation and removal. 

It can be seen that removal was below 30 % for all cations measured apart from calcium. These low 

removals led to accumulation in the wastewater, especially for ammonium, sodium and potassium, 

to values significantly higher than the initial concentration. Once again all concentrations were less 

than the critical values shown in Table 2-11. 

Except for phosphate and fluoride, anion uptake was very low and independent of the number of 

recycling cycles. Fluoride removal, however, was high during the whole experiment. This can be 

explained by the high affinity between calcium and fluoride which could have caused calcium 

fluoride precipitation [446]. 

Interestingly, phosphate removal decreased linearly during the experiment. This could be because 

less phosphorus was immobilised by the granules during anaerobic digestion or less precipitation 

occurred with calcium or magnesium due to increase of the alkalinity (see Figure 10-9D) [447]. 

The results suggested inhibitory fluoride concentrations could be reached in the reactor, and might 

explain the reduction in the SMP with the recycling number. 
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A) Influent cation concentration 

 

B) Effluent cation concentration 

 

C) Calculated cation accumulation 

 

D) Cation removal 

Figure 10-23 : Evolution of cation concentration, cation accumulation and cation removal as a 
function of recycling cycle in UASB 2 

 

A) Influent anion concentration 
 

B) Effluent anion concentration 
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C) Calculated anion accumulation 

 

D) Anion removal 

Figure 10-24 : Evolution of anion concentration, calculated anion accumulation and anion removal 
as a function of recycling cycle in UASB 2. 

Conclusion: 

UASB 2 fed with extraction water did not perform well in terms of VMP and the SMP remained low. 

The methane yield of UASB 2 was even more affected by recycling than UASB 1. This calls into 

question the value of installing a second UASB to treat the extraction water: this issue is considered 

in more detail in the modelling (section 11.3.4). 

 Understanding the granules disaggregation 

In this section, the disaggregation of the granules is discussed, based on results from ICP and AAS, 

ions contained in the influent/effluent, and comparison with studies in the literature.  

Acid digestion was carried out following the procedure in section 3.5.7.1. Despite the relatively 

large volume of acid used, digestion of the granules was not complete, as can be seen in Figure 

10-26.  

 

Figure 10-25 : Acid digestion results for granules from A) start, B) UASB 2 and C) UASB 1. 

It is interesting to note that the undigested fraction of the initial granules was viscous and granular, 

while for granules obtained at the end of the experiment it was more like sediment (see Figure 

10-26). Table 10-7 shows that the organic fraction in every granule was quite high, and the 

undigested fraction could be lipid which is generally difficult to break down in acid (pers. com., P 
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Pascual-Hidalgo University of Southampton). During works carried out on 90 and 110°C new 

Graphite material [448], it was shown that the lipid removal during the washing process was around 

39-41 % at both autoclave temperatures. The washwater (and possibly the extraction water) could 

therefore have a non-negligible lipid concentration (1.3 g L-1 in new Graphite washwater for 

example). 

 

Figure 10-26: Undigested fraction of granules from A) beginning, B) UASB 1. 
 
Table 10-7 : TS, VS, and ash of undigested fraction of granules before and after recycling 

experiment for UASB 1&2. 

 

 

The 12.5 % v v-1 nitric acid placed at the top of the condenser was used to capture the metals 

contained in the gas. The difference in colour between the initial granules (start of the experiment) 

and mixed granules from UASB 1 (Figure 10-27) clearly indicated changes in the granule 

composition. 

 

Figure 10-27: Colour of nitric acid from the top of the acid digestion condenser. A) Initial granules 

and B) mixed granules from UASB 1. 



Chapter 10 

287 

Table 10-8 shows the content of selected metals in the granules. As the samples were sent to an 

external laboratory for analysis, in order to check the results the iron concentration was also 

measured using AAS. The results were very similar. 

 

Table 10-8: Metal content in dry granules before and after UASB recycling experiment  

 
a These results were measured using ICP and iron concentration was confirmed using AAS. 
 

Based on observations from handling, granules from both UASB 1&2 had much lower strength 

compared to the initial granules and were easily destructured. Both had an accumulation of 

aluminium and magnesium. Aluminium tends to enhance granule formation because it reduces 

repulsion charges between anaerobes [286-288]. High concentrations of magnesium can cause 

granule disintegration, but the magnesium concentration inside the reactors was estimated to be 

around 310 and 150 mg L-1 for UASB 1&2 respectively. These values are close to the optimal range 

(240-720 mg L-1) given by Speece et al. [449] and well below concentrations needed to cause 

granule disaggregation. The loss of strength in the case of granules from UASB 2 cannot be 

attributed to any metals normally involved in degranulation (sodium, magnesium etc.), since the 

values were below any critical concentration (section 2.6.2.2). One factor causing degranulation in 

this case could be the very low OLR [283].  

The sodium concentration in UASB 1 granules was significantly higher than in the initial granules. 

High salinity has been reported to cause granule dispersion [289, 292, 293]. Moreover, even though 

potassium is generally considered beneficial in stabilising granules, excess amounts of monovalent 

cations might cause loosening of EPS binding and a swollen granule structure [293]. It could also 

possibly disturb cross linking between bacterial aggregates [292]. Consequently the two 

monovalent cations Na+ and K+ estimated as reaching concentrations higher than 3.7 g L-1 inside the 

reactor could possibly be responsible for the granule disintegration. Note that some authors, 

however, have reported successful acclimatisation to higher potassium concentrations (= 10 g L-1 

of KCL in digestate for example [450]). It is worth mentioning that many other components present 

in the washwater could also have affected granule stability in UASB 1. 
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10.3.2 Effect of wash/extraction water re-use on enzymatic hydrolysis 

This section reports on the results of the three side experiments studying the effect of continuously 

re-using the water in the process, re-using the cooking water and using the effluent from UASB 2 

as a dilution water, on the enzymatic hydrolysis of 70°C Wales MSW. 

 Using fresh water as a reaction media for enzymatic hydrolysis 
(experiment 1) 

Figure 10-28 shows the composition of the clean pulp after extraction as a function of recycling 

cycle. It can be seen that the pulp composition was not affected by the recycling. 

 

Figure 10-28: Evolution of clean pulp composition as a function of the recycling cycle.  
Vertical black line corresponds to the start of the recycling experiment. 

 

Figure 10-29 shows the evolution of the glucan conversion as the number of recycling cycles 

increased. It should be noted that here the number of recycling cycles is the same as for the 

extraction process, because the water contained in the pulp has been recycled as many times as 

the extraction water. In the section on modelling, the pulp dilution for hydrolysis is taken into 

account to determine the critical concentration of “contaminant Y” (in unit L-1). 

 

Figure 10-29: Evolution of glucan conversion as a function of the recycling cycle.  
Vertical black line indicates start of the recycling experiment. 
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A small discontinuity can be seen in the glucan conversion results before the recycling phase and 

after a few recyclings (starting from 2.4). The mixing device was changed just before starting the 

recycling phase of the experiment: the new device may have had a lower mixing efficiency, which 

leading to lower conversion (glucan conversion from 63 % to 55 %).The glucan conversion 

corresponding to the first recycling cycle, however, was carried out in the second apparatus, 

and resulted in conversion in the same range as before the recycling experiment. 2 hypotheses 

can be proposed: 

 The hydrolysability of this pulp was abnormally high 

 A small concentration of “contaminant Y” was able significantly to reduce the glucan 

conversion, by 17 % on average. 

The enzymes appeared able to cope with the increasing concentration of pulp contaminants, 

as glucan conversion was more or less constant until the 16.5th recycling. After this, the 

conversion dramatically decreased, to as low as 36 % after almost 23 recycling cycles. 16.5 

recycling was therefore selected as the critical concentration for the water re-use optimisation 

in chapter 11. 

Interestingly, the glucan conversion of the cooked pulp before recycling was much higher than 

the conversion of untreated and uncooked pulp (see section 7.6), which was 39.6 ± 3.6 % 

(average 63 ± 1.21 % in this experiment). This justifies the use of the cooking process. 

 Effect of recycling the pulp in the cooking process (experiment 2) 

The concentration of “contaminant Y” in the cooking water ([Y]n,CW] was calculated assuming no 

removal by UASB 2 as follows: 

[Y]CW,n =

Yn ∗ (1 − %TS) ∗ mCP

V𝑥
+ VCW,n−1 ∗ [Y]n−1,CW

VCW,n−1 + FW
 Equation 10-10 
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Where: 

Yn = Amount of “contaminant Y” (see Equation 10-3). 

%TS = Total solids of clean pulp after cooking before enzymatic hydrolysis, taken as 33%. 

mCP = Mass of clean pulp, kg wet weight. 

Vx = Volume in the extraction water, L. 

VCW,n−1= Volume of cooking water at recycling n-1, L. 

[Y]CW,n and [Y]CW,n-1 = concentration of “contaminant Y” at recycling n and n-1 in the cooking water, 
unit L-1. 

FW = Volume of fresh water added to maintain a constant volume during pulp cooking, L. 

Figure 10-30 shows the evolution of the cooking water re-use number and of “concentration Y” 

with time, and of conductivity with re-use number, during experiment 2.  

 

A) Cooking water re-use number 

 

B) Cooking water conductivity 

 

C) “Contaminant Y” concentration in cooking water 

 

Figure 10-30: Evolution of re-use number, conductivity and “contaminant Y” concentration during 
cooking water recycling experiment. 

 

A maximum of 11 cooking water re-uses was achieved during the whole experiment (Figure 

10-30A). It was difficult to maintain or even increase this as during each cooking some water 

evaporated and fresh water was needed to maintain the same cooking water volume. 
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Conductivity increased with the number of cookings (Figure 10-30B) indicating that the cooking 

water gradually becomes more polluted because of the recirculation and accumulation of 

contaminants.  

Figure 10-31 compares the glucan conversions obtained in experiment 1 and 2. It can be seen from 

Figure 10-31 that although the values were slightly more variable in the case of the cooking water 

recycling experiment, there is a similar trend when compared to the glucan conversion with fresh 

water addition for the cooking. 

 

Figure 10-31: Evolution of glucan conversion as a function of the recycling cycle. 
Cases of enzymatic hydrolyses of pulp cooked with fresh water and with recycled 
cooking water. Vertical black line indicates start of the recycling experiment. 

 

The glucan conversion is plotted as a function of the “contaminant Y” concentration in Figure 10-32. 

It seems that recycling the cooking water allows the enzymatic hydrolysis to cope with a higher 

concentration of “contaminant Y” (still assuming 0 % removal by UASB 2). 

 

Figure 10-32: Effect on “contaminant Y” concentration on glucan conversion. 
Cases of enzymatic hydrolyses of the pulp cooked with fresh water and with recycled 
cooking water. “Contaminant Y” removal during AD in UASB 2 was taken as 0%. 
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This was quite surprising and because of the uniqueness of this experiment and this process, no 

comparable results were found in the literature. Several assumptions can however be made: 

 Inhibiting organic compounds might be degraded or become inactive after several cooking 

cycles, becoming less inhibitory to enzymes. 

 Cooking the pulp with the recycling water might reduce the interaction of lignin to cellulase 

by lowering the lignin binding site availability. 

 

 Using Effluent from UASB 2 as a reaction medium for enzymatic 
hydrolysis (experiment 3) 

Figure 10-33 shows the difference in glucan conversions when fresh water (experiment 1) or filtered 

effluent from UASB 2 (experiment 3) was used as a reaction medium for enzymatic hydrolysis. 

 

Figure 10-33: Evolution of glucan conversion for different dilution water quality as a function of 
the recycling cycle.  
Vertical black line indicates start of the recycling experiment. 

 

The glucan conversion was much lower when effluent from UASB 2 was filtered and used as a 

reaction medium for enzymatic hydrolysis of clean pulp (38.3 ± 5.7 compared to 53.2 ± 4.4 % when 

fresh water was used). This suggests the quality of the reaction medium is crucial to obtain a high 

hydrolysis yield. Filtration or “ultrafiltration“ of the anaerobically digested extraction water from 

UASB 2 did not sufficiently purify it to provide an optimal media for cellulase enzymes. As a result, 

the glucan conversions were significantly lower.  

The pH at the end of the reaction was always much lower (range 3.5-4.2) than the initial pH which 

was fixed at 4.8. It was assumed that bacteria were present in the effluent and thus were either 

inhibiting the hydrolysis or consuming the sugars (conversion into acids). A test was carried out 

comparing the effect of “ultrafiltration” of the effluent from UASB 2 with or without autoclaving 

the liquid at 121 °C for 1h before use as dilution water for enzymatic hydrolysis. The results are 
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presented in Table 10-9. Both glucan conversions were low and in the same range, but the pH from 

the autoclave liquid was higher. The test could only be carried out in duplicate in order not to 

compromise the main water recycling experiment, and while the pH of one hydrolysate was 4.9 the 

other one was very acidic (for the “ultrafiltered” and autoclaved effluent). This means that: 

 The effluent from UASB even if “ultrafiltered” might have contained bacteria able to 

consume glucose and might also provide all the require nutrients for bacteria growth. 

 Some contaminants were not removed by the filtration process and thus were found 

dissolved in the reaction medium. As an example, if it is assumed that 0 % of “contaminant 

Y” was removed by the filtration process, the concentration of “contaminant Y” in the 

reaction medium would be around 88 time higher if effluent from UASB 2 is used as a 

dilution water for hydrolysis instead of fresh water. 

 

Table 10-9 : Effect of using filtered effluent from UASB 2 as a dilution water on glucan conversion 
and final pH. 

 
a Experiment carried out after 18.6 recyclings. Enzymatic hydrolyses conducted at 5 %TS, 2 % 
enzyme based on TS for 72h. 
 

 Ion concentration analyses of the different hydrolysates and the 
cooking water. 

Experiment 1 

Figure 10-34 shows the evolution of some cations and anions in the hydrolysate as a function of the 

recycling cycle.  

No increase in cations was observed over the whole experiment, and none of the cation 

concentrations reached critical values as presented in Table 2-11. The sodium concentrations were 

quite high because the citrate buffer contained some NaOH. These values are higher than those 

reported in Table 2-11; however, this did not initially affect the hydrolysis. The high concentration 

of calcium ions is likely to be caused by reaction of calcium carbonate with the acid buffer. 

Apart from phosphate, no anion showed a concentration increase during this experiment. None of 

the concentrations encountered were critical for enzymatic hydrolysis. The concentration of 

phosphate increased because an increasing amount of phosphoric acid was required to maintain 

the pH at 5 for the cooking process. 
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A) Cation concentrations B) Sodium and calcium concentrations 

 
 

C) Anion concentrations D) Phosphate concentration 

Figure 10-34: Evolution of hydrolysate cation and anion concentrations as a function of recycling 
cycle. 

 

Experiment 2 

Figure 10-35 shows the evolution of some cations/anions in the cooking water as a function of the 

cooking water re-use number, and of some cations/anions in the hydrolysate after enzymatic 

hydrolysis of clean pulp cooked with re-used cooking water, as a function of the recycling cycle. 

The increase of the concentrations of anions and cations (Figure 10-35A and D) explained the 

increase in conductivity seen in Figure 10-30C. 

Phosphate concentrations in particular increased with cooking water re-use, as more phosphoric 

acid was added to obtain a pH of 5.0. Pulp cooked in presence of recycled cooking water should be 

more contaminated and therefore the ion concentration in the hydrolysate should be higher than 

when fresh water is used for the cooking. 

This was true for the anions measured (fluoride, chloride, phosphate). Surprisingly, however 

calcium and sodium were found in lower concentration in the hydrolysate (170 and 1000 

respectively) compared to when fresh water was used for the cooking process (compare Figure 

10-35C with Figure 10-34B). The reduction in calcium could be caused by calcium carbonate 

precipitation during the cooking process. The difference in sodium concentration was unexpected, 

as the same citrate buffer was used for both enzymatic hydrolyses. Anions brought by the recycled 
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cooking water might enhance sodium precipitation during enzymatic hydrolysis. None of these ion 

concentrations reached a critical level for cellulase inhibition (see Table 2-6) 

 

 

 

A) Cation concentrations in cooking water  

 
 

B) Cation concentrations in hydrolysate C) Sodium and calcium in hydrolysate 

  

D) Anion concentrations in cooking water E) Anion concentrations in hydrolysate 

Figure 10-35 Evolution of cation and anion concentrations in cooking water as a function of 
cooking water re-use and in hydrolysate from the cooking water recycling 
experiment 

 

Experiment 3) 

Figure 10-36 shows the evolution of the cation/anion concentration in the hydrolysate when 

filtered or ultrafiltered effluent from UASB 2 was used as a reaction medium for enzymatic 

hydrolysis. 

Most of the cations in the hydrolysate showed some accumulation (Figure 10-36A&B), but once 

again, none reached inhibiting concentrations as reported in the literature (see Table 2-6) 
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The concentration of phosphate was considerably higher than when fresh water was used, however 

(Figure 10-36C and D). This is because, in this scenario, pH was adjusted by adding phosphoric acid 

and not using a citrate buffer. Values were high but not inhibitory (see Table 2-6) 

Chloride ions were at the highest concentration, but not critical for enzymatic hydrolysis. Other 

anions did not show any accumulation. 

 

 
 

A) Cations - filtered B) Cations - ultrafiltered 

 
 

C) Anions - filtered D) Anions - ultrafiltered 

Figure 10-36 : Evolution of hydrolysate cation and anion concentration for filtered and 
“Ultrafiltered” effluent from UASB 2 

 

 Conclusions from chapter 10 

In this chapter, the effect of re-using water in a closed loop process was examined with the aim of 

identifying the critical parameter(s) for enzymatic hydrolysis and anaerobic digestion. Re-using the 

water affected the UASB reactors. Increases in the number of recycling cycles gave a linear decrease 

in SMP and led to degranulation in the case of UASB 1 fed with washwater, and to low strength 

granules in the case of UASB 2 fed with extraction water. The critical recycling cycle corresponding 

to the onset of failure could not be determined. Due to the complexity of these wastewaters and 

the non-exhaustive list of component concentrations measured during this experiment, it is difficult 

to find the cause of this phenomenon, but might be attributable to sodium, potassium or fluoride 

build up. Lipid from food waste could also have accumulated in the reactor and have led to 

degranulation. The low OLR in UASB 2 fed with extraction water may also have played a role in 

granule disintegration. 
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Continuously recycling the water also affected the enzymatic hydrolysis of the clean pulp. A 

significant decrease in glucan recycled cooking water. The decrease could not be explained by the 

evolution of the ions measured. During the cooking process many physical and chemical reactions 

occur which were not been investigated in detail. Recycling the cooking water should have 

impacted earlier on the enzymatic hydrolysis due to a quicker accumulation of “contaminant Y”. 

However, the net degradation of the glucan conversion occurred at the same time as when using 

fresh water each time. Recycling the cooking water can thus be considered a viable option for the 

Fiberight process and will significantly reduce the water consumption.  

Re-using the effluent from UASB 2 adversely affected the hydrolysis with glucan conversion 15 % 

lower than when using fresh water. 
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Chapter 11 Use of Water Pinch analysis to optimise 
water re-use in the Fiberight process 

A Water Pinch analysis model was developed and validated as described in Appendix E and used to 

model the Fiberight process. A second model was also developed to validate the Water Pinch model 

(detailed on Appendix E.5). The aim of this chapter was to minimise fresh water requirements by 

maximising water recycling while making sure that each process is operating under acceptable 

conditions. Experimental data obtained in chapter 10 was used in the optimisation modelling. 

Assumptions were made to fit mathematical models to the experimental values. Different scenarios 

were modelled corresponding to several operating and business strategies. The option of a second 

UASB reactor treating the extraction water was also investigated. 

 Process schedule, cases studied and assumptions made 

The Fiberight batch process schedule is presented in Figure 11-1. Details of the full-scale Fiberight 

process are presented in Table 11-1. 

 

Figure 11-1: Fiberight batch process schedule. 

 

Both UASB reactors as well as the washing, pulp extraction and cooking processes operate 

continuously. All sources relative to the enzymatic hydrolysis, however, are batch processes. It 

takes one hour to fill the hydrolysis tank with water, adjust the pH etc. in order to launch a 3-day 

hydrolysis. Three tanks are operated to provide a semi-continuous process (i.e. when one hydrolysis 

starts, one finishes). It takes around 8h to extract the hydrolysate in a series of pressings. In the last 

hour, the PHS is washed with a volume of fresh water equal to twice the volume of residual 

hydrolysate contained in the PHS , assuming it is at 33 %TS [pers. comm., Peter Speller]. It was 

assumed that 100 % of the sugars still contained in the pulp were removed during this wash. In the 
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time interval 8-9h, there is thus a need for water so this sink is considered as a batch process. The 

PHS washwater (as well as the hydrolysate, or permeate if available) can be continuously mixed 

with the washwater to be fed to anaerobic digestion (see Figure 11-2 for the demand/source 

schedule). 

 

Figure 11-2: Water demand and source for the enzymatic hydrolysis relative units. 
 

Table 11-1: Characteristic Fiberight process as modelled. 

 
a Information provided by Fiberight [pers. comm., P Speller].  
 
Data for the economic assessment are the same as given in Appendix C.2. 

Several assumptions were made in order to apply the results obtained from the laboratory to the 

process modelled. These are summarised as below: 

 No evaporation loss during cooking process (in contrast to what was observed at laboratory 

scale). 

 Glucan conversion was assumed to be the same at 5 % and 20 % solids  
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 No solids solubilisation occurs during enzymatic hydrolysis 

 No liquid loss assumed in the UASB reactor 

 Inhibitory concentrations were taken as those found during the recycling experiment, even 

if a different ratio water/waste or pulp was used 

 If a sugar concentration unit is used, it is considered that no contaminant but only sugar is 

found in the retentate. Sugar recovery is assumed to be 95 % [pers. comm., Peter Speller]. 

 “Contaminant X” (or “contaminant Y”) removal during AD was considered to be 

independent of the concentration of “contaminant X” (or “contaminant Y”) entering the 

UASB reactors. 

 It was assumed that both UASB 1&2 have the same ability to remove “contaminant X”. As 

a consequence, if removal is fixed at a certain value in UASB 1, UASB 2 will take the same 

value.  

Three different cases were modelled: 

 Case 1: The sugar solution is sold at the hydrolysate concentration 

 Case 2: The sugar solution is concentrated up to 180 g L-1 and sold. The permeate is re-used 

in the process.  

 Case 3: The sugar solution is sent to anaerobic digestion  

The model was also used to evaluate the benefit of installing a second UASB reactor to treat the 

extraction water. Another scenario was also examined to assess the benefit of recycling the cooking 

water. All of the water re-allocations modelled are shown in Figure 11-3. 

 

Figure 11-3: Water re-allocation modelled by the developed tool. 
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 Extraction of the critical parameter from experimental data 

Both UASB 1&2 experienced decreases in SMP as well as a severe loss of granule strength. When 

this phenomenon started is unknown, but a number of recycling cycles can be fixed as a security 

parameter. Another unknown parameter is the “contaminant X or Y” removal during AD. This 

parameter was therefore allowed to vary. In the previous chapter it was stated that the washing 

(and extraction) of 0.5 kg of wet 70°C was able to transfer 1 unit of “contaminant X” (“contaminant 

Y”) to the water. In order to assess the concentration of “contaminant X” in the extraction water 

(complex because it is also related to the washing process), a mass balance on the extraction 

process was carried out (see Figure 11-4). 

 

Figure 11-4: “Contaminant X” balance for the extraction process.  
 

Where:  

WM
X
⇒ x = ability of WM to transfer “contaminant X” to the extraction water kg-1 of MSW in a wet weight 

basis, given by Equation 11-1 

WM
X
⇒ x =

∆CODxf−xi − VWWM ∗ CODw,n

∆CODwf−wi

 Equation 11-1 

VWWM = (1 − TSWM) ∗ (1 − %Rw) ∗ mMSW = Volume of water contained in wet WM, L. 

TSwm = 33 % w w-1 and TSxm = 33 % w w-1 (assumed values in the experimental work section 10.3) 

%Rw = percentage of wet weight removed during washing. This value was obtained from 
experimental data and was 32.1 ± 7.5 %. Similarly during the extraction removal %Rx was 33.6 
±13.8 %. 

mMSW = Weight of MSW, kg wet weight. 

As seen in Figure 11-5A, this value was very variable, with an average value of 0.64 ± 0.17 kg-1 of 

MSW in a wet weight basis. This value was taken for the rest of the study and was assumed not to 
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depend on the concentration of “contaminant X” in the washed MSW. Equation 11-2 is therefore 

obtained. 

WM
X
⇒ x = 2WM

Y
⇒ x = 0.64 unit kg-1 of MSW in a wet weight basis Equation 11-2 

It is equal to 2WM
Y
⇒ x as it was originally assumed that 0.5 kg of MSW transferred 1 unit of 

“contaminant Y” to the extraction water (see section 10.3). 

The ability of the initial material to transfer contaminant to the wash and extraction water are 

summarized in Table 11-2. 

Table 11-2 : Modelled “contaminant X” transfer ability of 70°C Wales MSW during the washing 
and extraction process. 

 

The only information that was obtained from the experimental work was the effect of recycling the 

same water on UASB 1&2 performances and hydrolysis. It was then important to find a correlation 

between the recycling cycle of UASB 1&2 and the “contaminant X” concentration even if some 

removal occurs. Figure 11-5B shows the concentration of “contaminant X” in washwater as a 

function of the recycling cycle in Fiberight plant operating configurations. 

  

A) WM “contaminant X” transfert ability to 
extraction water 

B) “Contaminant X” concentration in washwater 
depending on “contaminant X” removal by UASB 1 

Figure 11-5 : Evolution of WM “contaminant X” transfert ability and concentration as a function of 
washing machine recycling cycle. 

 

Concentrations of “contaminant X” in washwater reached an equilibrium independently on the 

“contaminant X” removal. This is because although WM transfer some “contaminant X” to the wash 

its moisture content adds 38% extra water during the wash (in the experimental operating 

conditions). 
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It is important to understand that the modelled 70°C Wales MSW “contaminant X” transfer ability 

for the washing machine is fixed because it only depends on the MSW. The extraction water purity, 

however depends on the WM “contaminant X” transfer ability but also on the water quality from 

the washing machine that is contained in the pulp as the WM is transferred from one process to 

the other. 

Figure 11-6 shows how the concentration of “contaminant X” is influenced by its removal by UASB 

1&2 in Fiberight plant operating configurations. 

 

A) 0% removal 

 

B) 30% removal 

Figure 11-6: Concentration of “contaminant X” in extraction water as a function of recycling cycle 
for different “contaminant X” removals by UASB 1&2. 

 

“Contaminant X” concentration in the extraction water plateaued for all RX but kept increasing 

when RX=0. The volume of water brought by WM is negligible compared to the large volume of 

extraction water and therefore it does not compensate for the constant “contaminant X” addition. 

For the cooking process, the critical concentrations were fixed based on the enzymatic hydrolysis. 

These also depend on the quality of the extraction water. Several levels of glucan conversion were 

modelled for their effect on the fresh water requirement (see Table 11-3). The first corresponds to 

the hypothetical situation in which a very small amount of “contaminant X“ is able to affect the 

enzymes (see section 10.3.2.1), and thus to the maximum value obtained for hydrolysis carried out 

with pulp extracted with pure extraction water (62.8 %). The second level corresponds to 16.5 

extraction water recycling cycles, which is the critical limit after which conversion significantly 

decreases (glucan conversion 55.0 %). Finally glucan conversions of 45 and 35 % were investigated.  

Recycling the cooking water increases hydrolysis tolerance to “contaminant X” (section 10.3.2.2), 

and thus reduces the fresh water requirement as water of lower quality is needed compared to 

when fresh water is used for cooking. This option was therefore the only one modelled. Moreover, 

this is the operating mode currently used by Fiberight. 
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Table 11-3: Glucan conversions modelled 

Level Glucan conversion (%) 

1 62.8 

2 55.0 

3 45 

4 35 

 

Figure 11-7A shows the evolution of the “contaminant X” concentration in the cooking water 

depending on the extraction water recycling cycle when the cooking water is recycled in a closed 

loop, as in the Fiberight plant operating configurations. The cooking water purity had a direct 

impact on the enzymatic hydrolysis quality, and therefore on the critical “contaminant x” 

concentration leading to failure  

From Figure 11-7A the critical “contaminant X” concentrations in the hydrolysate could be 

calculated from the concentration in the cooking water which is correlated to the number of 

recycling cycles of the extraction water. The concentration of “contaminant X” in the hydrolysate 

after n recyclings is: 

[X]H,n =
[X]CWf,n ∗ (1 − TSP)

TSP ∗ (1 − TSℎ)
TSh

 Equation 11-3 

Where:  

[X]H,n and [X]CWf,n = Concentration of “contaminant X” in the hydrolysate and cooking water (after 
cooking) after n recyclings respectively, unit L-1. 

TSh and TSp are as defined in Table 11-1, and were taken as 5 and 33 % w w-1. 

The effect of “contaminant X” and RX on experimental glucan conversion (see Figure 11-2) when 

the cooking water is recycled is seen in Figure 11-7B. The critical “contaminant X” concentration 

(after 16.5 recycling cycled) is shown in Figure 11-7C. These concentrations were considered 

invariable and applicable in the Fiberight process. 
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A) “Contaminant X” concentration B) Glucan conversion 

 

 

C) Critical “contaminant X” concentration  

Figure 11-7: Cooking water “contaminant X” concentration as a function of extraction water 
recycling number, and effect on glucan conversion and critical “contaminant X” 
concentration during hydrolysis, for different removals in UASB 2. 

 

From Figure 11-7B it is possible, depending on the chosen glucan conversion level, to determine 

the dirtiest acceptable level of the cooking water in the Fiberight process after cooking, and thus 

before cooking, as follows: 

[X]CWf,n =
[X]CWi,n ∗ VCWi,n + (1 − TSxm) ∗ mxm ∗ [X]xm,n

VCWi,n + (1 − TSxm) ∗ mxm

 Equation 11-4 

Where:  

mxm= (1 − %Rw) ∗ (1 − %Rx) ∗ m
MSW

 = mass of extracted MSW, kg wet weight (see Equation 11-1). 

[X]xm,n=critical concentration of the water contained in the pulp from the extraction water,unit L-1.  

The highest acceptable contaminant level for the water coming into the extraction process could 

then be calculated using Equation 11-5 (see Figure 11-8 for schematic explanation). 
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Figure 11-8: Schematic showing how [X]xi,n is determined. 

 

[X]xi,n =
[X]p,n ∗ Vx − mWM ∗ MW

X
⇒ x +VWWM ∗ [X]wf,n

Vxi

 
 

Equation 11-5 

Where: 

[X]p,n= “Contaminant X” concentration contained in the pulp, unit L-1. 

Other terms are as shown in Figure 11-8 or Table 11-1. 

The critical “contaminant X” concentration for UASB 1 could be fixed as the value after 12 recycling 

cycles, which corresponds to around 90 % of the maximum methane yield (see Figure 10-11D), but 

it also has to be adapted to the maximum concentration allowed for the extraction process, as both 

processes are linked. If this concentration ([X]wf) is pushed to the maximum acceptable value, 

however, this would mean that [X]xiis equal to 0 leading to a high fresh water requirement.  

This concentration was placed as a variable in the solver, and was determined in order to target the 

minimum fresh water requirement. The concentration entering the washing machine was fixed 

according to Equation 11-6. 

[X]wi,n = [X]wf,n −
1.9956 ∗ mMSW

VW

  [X]wi,n > 0 ∀[X]wf,n Equation 11-6 

Where: 

MSW
X
⇒ w = 1.9956 (see Table 11-2) 

Vw = Volume of water used during the washing process, L. 

 

The “contaminant X” concentration of the water coming out of the PHS wash ([X]PHSf,n) was forced 

to be equal to that going through UASB 1. The initial PHS water was calculated as follows: 
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[X]PHSi,n =
VPHSf ∗ [X]PHSf,n − mPHS ∗ (1 − TSPHS) ∗ [X]H,n

VPHSi
 Equation 11-7 

Where: 

[X]PHSi,n= “Contaminant X” concentration of PHS water before PHS wash, unit L-1. 

VPHSF = VPHSi=initial and final volume of PHS washwater. 

mPHS=mass of PHS, kg wet weight. 

Other terms are as defined in Table 11-1 and Equation 11-3. 

 

 Application of the Water Pinch model to the Fiberight process 

Four different scenarios were tested as presented in Table 11-4. 

Table 11-4: Presentation of the different scenarios and their parameters. 

 

 

11.3.1 Scenario 1 

Figure 11-9 shows the effect of the washwater and extraction water quality on the fresh water 

requirement. 

As can be seen, the concentration of “contaminant X" after washing and extraction has a significant 

effect on the minimum fresh water requirement for the process (and on other parameters). 

Maximising [X]x,f and [X]w,f  is obviously ideal, but the water quality affects different parts of the 

process and a compromise must be found. This optimisation was generated by the model. 
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Figure 11-9: Effect of “contaminant X” concentrations at the end of the washing and extraction 
process on daily fresh water requirement. 
Model for case 3, RX=0% 

 

11.3.2 Scenario 2 

Table 11-5 presents the results of the modelling for the cases in section 11.1. In both cases, the 

level 1 glucan conversion could not be achieved at hydrolysis carried out at 20 % TS. In fact, even if 

fresh water was used in all processes, the “contaminant X” concentration would be higher than 

acceptable for hydrolysis at level 1 (equal to 0.4*10-3 unit L-1), as the purest possible extraction 

water is 5.4*10-3 unit L-1. 

In all three cases, the requirement for fresh water at each glucan conversion level is similar. This is 

because the cases do not influence the input and output critical concentrations. The small 

differences are because, depending on the case, more or less water is sent to AD, and thus to 

compensate for the added fresh water, more or less wastewater has to be disposed of. Increasing 

the proportion of liquid sent to AD will increase the biogas production (hydrolysate or PHS wash 

are rich in sugars), but it will also increase the investment costs (requirement for bigger reactors). 

Lower payback periods were obtained in cases 1&2 compared to case 3, because the selling price 

of sugar is higher than revenues from biogas. The amount of COD going through UASB 1 is higher if 

the sugar stream is mixed with the washwater and therefore a larger UASB is needed which 

increases the investment costs.  

Sugars production should be prioritised and consequently, for the rest of this study, only glucan 

conversion level 2 was investigated. 
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Table 11-5: Results from modelling of Scenario 1. 

 

 

11.3.3 Scenario 3 

Figure 11-10 shows the results obtained from the validation model developed in Appendix E.5 for 

case 1. 

 

  
A) Experimental operating conditions B) Fiberight operating conditions 

Figure 11-10: Fresh water requirement given by the validation model as a function of the 
"contaminant X” removal. 

In the conditions of the experiment, the fresh water requirement decreases when RX increases and 

plateaus after 27% removal. In fact, higher removal of “contaminant X” decreases the critical 

concentration of “contaminant X” for hydrolysis (see Figure 11-7C) but it also produces cleaner 

water in the process. At RX higher than 27 % the concentration of “contaminant X” in the effluent 

from UASB 2 is lower than the cooking water, and therefore only fresh water is needed to carry out 

a hydrolysis at 5 %TS. In Fiberight operating conditions, however, the fresh water requirement 
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increased with RX. In these conditions, less water is used in all processes, and especially for 

hydrolysis which is carried out at 20 %TS. The material “contaminant X” transfer ability, however, 

remains unchanged so do the critical “contaminant X” concentrations affecting hydrolysis. If no 

water is added, critical “contaminant X” concentrations will be reached after a smaller number of 

recycling cycles compared to the experimental operating conditions and therefore more water is 

needed. This is accentuated when RX increased as the critical “contaminant X>” concentration 

exponentially decreases (see Figure 11-7C). At RX
 higher than 80%, the lowest “contaminant X” 

concentration that can be reached for hydrolysis using fresh water in all parts of the process is 

higher than the critical “contaminant X” concentration, and therefore this option is not feasible. 

Results from the Water Pinch modelling work on Fiberight operating conditions are presented in 

Figure 10-11. Parameters studied in this scenario are shown in Table 11-4. 

 

 

A) Case 1 

 

B) Case 2 

 

C) Case 3 

 

Figure 11-11: Effect of removal of “contaminant X” on fresh water requirement, wastewater 
disposal and total daily cost linked to water, for cooking water recycling.  
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In all cases, the fresh water requirement (wastewater and daily water cost as well) slightly 

decreases from RX = 0 to 10%, increases but remains lower than RX = 0% at RX = 20% and keeps 

increasing at higher RX. As Figure 11-10B, RX higher than 80 % were found unfeasible. The fresh 

water trends in Figure 11-11 differ slightly from that in Figure 11-10B as no improvement in fresh 

water requirement was found when RX increased. In the validation model, the PHS wash was not 

incorporated to simplify the calculations. The PHS water is added to the washwater for treatment 

in UASB 1. At low “contaminant X” removals there is therefore larger amount of cleaner water 

available for re-use and this compensates for the negative effect of RX on fresh water requirement 

seen in Figure 11-10B. An example of the water network design at RX = 0 and 10% is shown in 

Appendix E.6. When the critical “contaminant X” concentration becomes too low, and the fresh 

water required increases. Only small differences were found between all cases, and for this reason 

only case 3 was modelled from this point onwards. This operating mode also corresponds to 

Fiberight's current plan for the UK market.  

11.3.4 Scenario 4 

The utility of UASB 2 is questionable as it only produces a small amount of additional methane, and 

has significant capital costs. To determine the critical “contaminant X” concentrations for 

hydrolysis, RX was made variable for UASB 1 but fixed to 0 for UASB 2. 

Note that one extra parameter has to be considered, namely the percentage of the initial extraction 

water flow that is sent to UASB 1 (Figure 11-12). Increasing this percentage will have 3 

consequences: 

 More pure water will be available (especially when the “contaminant X” removal increases) 

 the COD concentration will be reduced 

 the HRT will increase 

The last 2 values are affected by the percentage of the extraction water (%Extra) that is sent to UASB 

1 and this is shown in Figure 11-13. 

 

Figure 11-12: Explanatory schematic for percentage of the extraction water (%Extra) that will be 
sent to UASB 1. 
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Figure 11-13: Effect of %Extra
 on COD concentration of influent to UASB 1 and on HRT. 

 

To maintain a high enough COD concentration coming into UASB 1, the maximum %extra was fixed 

at 50 %. It is important to note that the removal rate for “contaminant X” will not only affect the 

limiting concentrations of the washing process, but also the limiting concentrations of the 

extraction process (and unavoidably those of the enzymatic hydrolysis and cooking process).  

Impact of %extra and RX on fresh water requirement is seen in Figure 11-14. 

 

A) 1 reactor 

 

B) comparison 1 VS 2 reactors 

Figure 11-14: Effect of %extra
 on fresh water requirement as a function of “contaminant X” 

removal. 
Dash lines show the lowest fresh water requirement when UASB performances are not 
prioritised. 

 

For all %extra tested, over a certain RX, it is impossible to maintain optimal UASB performance (90 

% of the maximum SMP, see section 11.2), because the minimum achievable “contaminant X” 

concentration in the washing process is higher than the critical “contaminant X” concentration for 

UASB 1 (corresponding to 12th recycling in the experimental operating condition, see section 11.2). 

The best possible AD performance was maintained but it had the consequence of increasing the 

fresh water demand. If AD methane production is not considered as a priority (dashed lines), then 

all fresh water demands decrease with RX
 higher than 20%. Increasing the %extra is slightly 

detrimental to the amount of fresh water needed at low RX, but when RX increases, more water is 
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cleaned and therefore potentially reusable. At RX = 100%, UASB 1 produces clean water, and if %extra 

is higher than 10% , there is enough clean water to fulfil the cooking and hydrolysis water purity 

requirement and therefore there is no need for freshwater. The rest of the water is re-used in other 

parts of the process. 

Figure 11-14B shows that, in general, using 1 reactor rather than 2 reactors significantly decreases 

the need for fresh water. This is because, although the “contaminant X” removal of UASB 1 has an 

impact on the “contaminant X” concentration of the extraction water (and therefore the pulp) as 

seen in Figure 11-6, the concentration in the extraction water remains quite high, meaning that the 

process can accept dirtier water than if 2 reactors are used (with the same RX). 

To answer the question of whether setting-up a second UASB reactor is worth the investment, it is 

necessary to consider the payback period as shown in Figure 11-15. In this figure, only the positive 

values are shown which means that after a certain number of years, the income generated by selling 

the biogas will pay back the invested money and will cover the fresh and wastewater costs. This is 

therefore a feasible option. Moreover, only the cases where the AD performance is not 

compromised are shown. When the fresh water is prioritised the income from biogas is seriously 

decreased and does not pay back the reactor investment. 

 

Figure 11-15: Comparison of payback period as a function of “contaminant X” removal for the 
configuration 2 reactors or 1 reactor at different %Extra

 from 0 to 50%. 
 

Installing 2 reactors do not seem to be a viable option independently on RX
. As seen in Figure 11-14B, 

it requires more fresh water and the methane production is too low (see Figure 10-20E) to justify 

the cost of a second reactor. When a single reactor is installed, the payback period decreases when 

RX increases as less water is needed but when AD performances are compromised, biogas 

production significantly decreases and does not payback the cost of the UASB. These consequences 

are acceptable when %extra increase as is the impact on fresh water requirement (see Figure 11-14). 
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In conclusion, however, it seems than a single UASB reactor fed with washwater only would be the 

most flexible option because it is the least affected by RX. 

 Conclusions from chapter 11 

The model developed and presented in chapter 10 was applied to optimise the Fiberight process 

and different scenarios were modelled. In the Fiberight process, the maximum level of glucan 

conversion could not be achieved as the water purity was insufficient even using fresh water in all 

parts of the process. 

Accepting a slightly lower glucan conversion (Figure 10-29) significantly decreased the need for 

fresh water. When 2 reactors were considered, increasing the “contaminant X” removal did not 

particularly affect the water demand until a value of 40 %: in fact a small decrease was observed 

for removals from 0 to 20 %. Values over 40 % led to significant fresh water requirement as this 

lowers the critical “contaminant X” concentration for hydrolysis. Using a single reactor significantly 

decreases the need for fresh water, and reduces the impact of RX on the fresh water requirement. 

UASB 1, however, could not be run at optimal conditions at high RX which decreased the biogas 

production and therefore the process profitability. This was exacerbated when more water from 

the extraction process was mix to the washwater to be treated by UASB 1. Sending the washwater 

only to UASB 1 was therefore found to be a more flexible option. 
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Chapter 12 Conclusions 

The focus of this research to better understand the limitations of a sugar biorefinery using MSW as 

a feedstock and find ways to improve the series of processes needed to maximise the sugar 

production while reducing the operational costs. As biorefineries generally require large amounts 

of water which if unwisely recycled can lead to contaminant accumulation and biological failure, a 

Water Pinch model using experimental data was also developed and Fiberight’s process was taken 

as a case study. 

In order to develop a suitable optimisation strategy, it was important first to understand the 

substrate characteristics and also how the upstream segregation process, which includes a thermal 

pre-treatment, impacted on the extracted clean pulp hydrolysability and composition. 

On average pulp derived from MSW contained around 47, 10 and 21, 9 and 11 %TS of glucan, other 

sugars, AIM ash and missing mass respectively. High variability existed, however, depending on the 

material. 

Not only the thermal pre-treatment condition was found to impact on hydrolysis and composition 

but also the origin of the waste, reflecting people habits and recycling policies in place. From the 

number of sample tested, it seemed that high temperature pre-treatment enhanced food waste 

removal in the washing and extraction processes giving a higher percentage of lignocellulose in the 

pulp. Proportions of lignocellulosic compounds differed, however, with a lower carbohydrate 

fraction found at higher temperature. This suggested that that some carbohydrates 'disappeared' 

either by hydrolysis or by chemical re-structuring. The US pulp contained virtually no pseudo-lignin 

while approximately 5 % on TS was found in UK pulp. Pseudo-lignin content might be related to the 

origin of the material. Fines were removed in the Lawrenceville Fiberight’s process but not in the 

UK, perhaps indicating that the fines contain most of the pseudo-lignin.  

Pre-treatment temperature also appeared to have a small effect on the pseudo-lignin content of 

UK pulp. More data were needed, however, to clarify whether melted plastic is being deposited on 

the fibre structure and detected as pseudo-lignin by the modified NREL method; or carbohydrate 

degradation (especially hemicellulosic sugars) is leading to pseudo-lignin formation at high 

temperature. The general trend was that increasing autoclave temperature had a negative impact 

on pulp hydrolysability. Nevertheless results suggested that an optimal autoclave temperature of 

around 110 °C might exist. Optimum temperature might open up cellulose fibres, making them 

more accessible for cellulase; while higher temperatures in contrast might collapse the pores.  

The paper streams that compose UK pulp were individually hydrolysed and newspaper was found 

to give lower glucan conversion compared to cardboard, office paper and mixed paper (48.7 
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compared to an average of 66.7). Magazine gave even lower conversion (≈17.0 %). UK MSW 

contained more of these 2 components as compared to US MSW which might in part explain the 

better hydrolysis performance of US pulp. Moreover, the US has a lower paper recycling rate than 

the UK and it is possible that chemicals used in paper recycling negatively affect cellulolytic 

enzymes.  

In experiments to improve the hydrolysability of UK pulp, newspaper was taken as a representative 

and relatively homogeneous material. In practice, however, UK newspaper was found not to be 

very homogenous and showed considerable variability in its composition and hydrolysability. 

Newspaper had a high carbohydrate content of approximately 60 % based on TS, which makes it an 

interesting substrate for enzymatic hydrolysis. Ash comprised between 10-18 % based on TS and 

was mostly made up of CaCO3 used to improve paper properties. The AIM content was high in all 

batches tested and was generally above 17 %TS of which on average 60 % was true-lignin The 

missing mass (possibly ink or extractives) could be as high as 15.9 %TS. Newspaper was found to be 

poorly hydrolysable with a maximum of around 50 % glucan conversion and values as low as 20 %.  

Washing newspaper with ND removed most of the non-lignocellulosic component and significantly 

improved its conversion from 48.7 ± 1.2 % to 65.4 ± 0.6%. Physical and thermal changes due to 

boiling and washing during a ND wash did not explain this improvement. Ink, starch and ash were 

found not to negatively impact hydrolysis. When calcium carbonate was added into the structure 

of ND washed newspaper, no decrease on the glucan conversion was observed; a small potential 

increase (54.6 ± 4.7 % with CaCO3 compared to 49.8 ± 4.3 % without) was possibly due to Ca2+ 

reducing non-productive enzyme adsorption onto lignin and lignin inhibition. When CaCO3 was 

added at 5 and 10 % on a TS basis in the reaction medium during filter paper enzymatic hydrolysis, 

however, lower conversions were found possibly because of cellulase adsorption or water 

availability reduction.  

Increasing by approximately 40 % the AIM content in the structure of paper made from ND washed 

newspaper reduced the glucan conversion from 49.8 ± 3.4 % to 28.0 ± 3.4. Similar results were 

obtained with filter paper, but the reduction was only 10 % when prepared AIM was added at 10 % 

on a TS basis in the reaction medium. Since ash did not show any negative effect on hydrolysis, this 

implies that AIM could be responsible for the poor newspaper conversion. This hypothesis was 

supported by the good correlation (R2=0.82) between the AIM content and the glucan conversion 

of all tested newspaper batches. The addition of approximately 10 %TS true-lignin in filter paper 

fibre structure decreased glucan conversion from 75.3 ± 2.4 % to 50.5± 1.1 %. When 5 % true-lignin 

based on TS was added to the reaction medium no effect was noticed, while a significant decrease 

in conversion was observed at 10 %. True-lignin could be partially responsible for the poor 



Chapter 12 

317 

hydrolysis of newspaper and the reason could be that it reduces the access of cellulase to cellulose, 

but at high concentration in solution it also affects the enzymes. These results did not fully explain 

the negative impact of AIM addition, suggesting that pseudo-lignin could also affect newspaper 

hydrolysability.  

Attempts at opening up newspaper fibre using a Valley Beater did not lead to a significant increase 

in WRV. This behaviour is typical of paper in which additives have been used during production. 

Additives such as wet strength resin or sizing agent create fibre-to-fibre links, coat fibres and make 

paper hydrophobic. Comparison of virgin softwood and newspaper SEM imaging showed that 

newspaper fibres were clearly coated, limiting its accessibility to enzyme. Adding 10 % sizing agent 

on a TS basis to the filter paper structure or in solution led to an approximate 10 % reduction in 

glucan conversion in both cases (from average of 79.0 % to 70.0 %). It was deduced that sizing agent 

was inhibiting or adsorbing the enzymes but also coating the fibres. The additives used in this study 

were for homecraft use, and it is likely that industrial agent used in the recycling paper industry 

have stronger fibre coating properties. The sizing agent was insoluble in sulphuric acid and 

therefore would be accounted as AIM in the modified NREL method, meaning that pseudo-lignin 

may be composed of additives. This hypothesis was re-inforced by the excellent correlation 

(R2=0.99) between the pseudo-lignin content and the WRV of the different newspaper batches. The 

higher the pseudo-lignin content, the lower the WRV. The elemental composition of pseudo-lignin 

(C4.1H5.3O2.8) was close to Diketene and Succinic anhydride which are commonly used sizing agents 

in the paper industry. A good correlation (R2= 0.72) also found between pseudo-lignin and glucan 

conversion, with decreasing conversion when pseudo-lignin increases. Recycling newspaper up to 

4 times did not lead to any reduction in glucan conversion, implying that recycling paper does not 

affect enzymatic hydrolysis as long as no additive is added. 

A model was developed to select the best series of processes in a sugar platform biorefinery and 

assess the viability of different pre-treatments, making use of experimental data. 3 different 

surfactants PEG, Tween and SDS were added at 0.5 % on a TS basis in the enzymatic hydrolysis 

reaction medium of newspaper batch 3 and were found to be quite effective in improving 

conversion. Tween and SDS gave the best improvements (37.4 ± 2.7 % and 36.3 ± 2.6% glucan 

conversion at 5 % TS respectively). SDS has the advantage of being 80 % cheaper than Tween. 

Washing newspaper with 0.5 % SDS on a TS basis at 5 % TS for 1h at room temperature removed 

some AIM and ash and led to a further increase in glucan conversion which reached 42.1 ± 0.1 %, 

corresponding to a 20 % higher sugar production at a lower production cost.  

Sodium hydroxide pre-treatment was also investigated. The optimal conditions were 0.5 w w-1 

NaOH, 40 min at 100 °C in a 10:1 solution/solid ratio and a 63.5 ± 2.1 % glucan conversion was 



Chapter 12 

318 

obtained, compared to 48.7 ± 1.2% when untreated. Moreover the glucan content of the material 

was higher due to the removal of some AIM and most of the ash. The high cost associated with the 

heating process and the significant loss of material (≈38 %) made this solution unfeasible. By 

replacing 75 % NaOH by lime, solid losses were reduced and a high glucan conversion was 

maintained. This was still judged not to be the ideal pre-treatment although the whole process ratio 

was similar and the sugar production around 18 % higher.  

Sulphuric (1 % vol) and phosphoric (0.5 % vol) acid soaking for 3h at room temperature and a 3.3:1 

liquid/solid ratio was found to be effective in removing CaCO3 and a high fraction of pseudo-lignin 

(100 % in the case of sulphuric acid), possibly by a fibre peeling-off mechanism. Diluted acid wash 

is a common process to remove additives in the paper recycling industry, again supporting the idea 

that pseudo-lignin could be composed of additives. SEM imaging of sulphuric acid soaked 

newspaper showed more visible cellulose fibrils compared to untreated newspapers. Sugar 

production was 10.1 % higher, and costs were 28.9 % lower in the case of sulphuric acid (on batch 

1). The sugar production was 24 % lower but the sugars were 18 % cheaper in the case of phosphoric 

acid (on batch 3). Sulphuric acid is a cheap chemical, effective in pre-treating newspaper but its use 

in the modelled process will lead to sulphate concentrations in the wastewater that are challenging 

for sugar recovery via AD (COD/SO4 ratio lower than 10). Adding 0.5 % SDS on a TS basis during 

enzymatic hydrolysis of phosphoric acid pre-treated newspaper at optimal conditions further 

increased the glucan conversion (32.5 ± 0.7% compared to 26.9 ± 1.1%). Sugar production and 

whole process ratio were 16 and 10 % higher respectively while sugar cost was 12 % lower than 

without PEG. Compared to the untreated material, sugar production and whole process ratio were 

5.4 and 5.9 % higher but the cost of producing sugars was much lower which indicates the feasibility 

of combining a diluted acid soaking with surfactant addition. 

SDS wash and phosphoric acid soaking were tested on MSW and increased the glucan conversion 

by approximately 4 and 7 % respectively, compared to untreated MSW.  

The viability of carrying out a 2-step enzymatic hydrolysis with or without pre-treatment was 

investigated. For this purpose production of PHS was necessary and it was therefore important to 

optimise the 1st enzymatic hydrolysis reaction. A model based on calculation of the energy 

requirements for mixing, heating and sugar concentration was developed to allow selection of 

optimal parameters leading to the maximum production of the cheapest sugar. This model is 

believed to be the first of its type and to have potential industrial applications. Sulphuric acid 

soaking pre-treatment was selected as it made effective pH control possible due to the removal of 

CaCO3. Optimal hydrolysis conditions based on the best compromise between the whole process 

and hydrolysis ratios were found to be: 14 % TS, 2 % enzyme based on TS and 96h as a reaction 
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time. Experimental enzymatic hydrolysis at these conditions was tested and gave similar results to 

the model (maximum 7.7 % relative error). Enzyme was found to be the main cost driver.  

Alkaline pre-treatment using NaOH or a combination of NaOH and lime at optimal conditions for 

newspaper was attempted on PHS but resulted in lower conversion and high solids loss. This was 

possibly because the fibres were weak after a first pre-treatment and hydrolysis and were therefore 

sensitive to alkaline attack. Combining NaOH with lime in mild conditions should have reduced pre-

treatment severity but still removed around 68 % of the solid with no improvement in glucan 

conversion. The optimal conditions for PHS enzymatic hydrolysis were found to be 10 % TS, 2 % 

enzyme on TS and 96h reaction time. Adding 1 % PEG on a TS basis in the reaction medium was 

found significantly to enhance the glucan conversion of PHS at 2 % enzyme on TS and at 10 and 

15 % TS (51.0 and 38.6 % conversion compared to 28.7 and 21.5 % respectively, without PEG). 

Optimal hydrolysis conditions with PEG were the same as without.  

Determining the optimum hydrolysis conditions was complex due to the negative impact of a 2nd 

hydrolysis on the whole process ratio. High sugar conversion obtained at a long reaction time 

resulted in lower PHS and therefore limited the revenues from PHS electricity and heat generation. 

Moreover, the2nd hydrolysis step increased operational costs (second enzyme dosage, heat, mixing, 

etc.). All hydrolysis ratios, however, were optimal at 10 %TS, 2 % enzyme and 96h. The effect of 

initial TS on the whole process ratio was quite limited, and 10 %TS was selected to maximise sugar 

production. The combined model results suggested two different strategies. If the aim is to 

maximise profitability under current incentive schemes (ROCs and RHI) rather than the amount of 

sugars, a 1-step enzymatic hydrolysis for 96h at 14 %TS and 2 % enzymes on TS should be chosen. 

If, however, the target is to obtain the maximum sugars while minimising operational costs, a 2-

step enzymatic hydrolysis of 48h each is preferred. In this case, the 1st enzymatic hydrolysis is as 

just described, and the 2nd is carried out at 10 %TS and a 2 % enzyme dosage. 34 % extra sugar could 

be produced compared to a 1-step. The whole process ratio was much lower, however, because 

the operational cost was 70 % higher as more enzymes were used. Using the same amount of 

enzyme in a 1-step hydrolysis as in a 2-step enzymatic hydrolysis gave 22 % less sugars. Adding PEG 

during the first enzymatic could not be properly modelled due to degradation of the pre-treated 

newspaper, but was expected to give 18 % extra sugar in 1-step hydrolysis and 6.8 % in a 2-step 

enzymatic hydrolysis. 

A model based on Water Pinch analysis was developed using the targeting minimum flow rate 

method and the nearest neighbour algorithm, and was applied to the Fiberight’s process. 

Experimental data were needed to determine the critical concentrations that could lead to failure 

of enzymatic hydrolysis or anaerobic digestion. These were determined by recycling both 
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washwater and extraction water without bleed. The glucan conversion was maintained at an 

acceptable level (average 55%) until the 16.5th recycling cycle after which it dropped to reach 36 % 

after almost 23 recycling cycles. Due to the complexity of the wastewater from MSW and the non-

exhaustive list of component concentrations measured during this experiment, it was difficult to 

identify the cause of this phenomenon. It could not be attributed to ion or cation build up but might 

be caused by heavy metal or toxic organic accumulation. Recycling the cooking water instead of 

using fresh water during the cooking process led to high “contaminant Y” concentration in the 

hydrolysis reaction medium. The net degradation of the glucan conversion occurred at the same 

time as when using fresh water each time. Some chemical or physical reactions may occur during 

the cooking process which may degrade some “contaminant Y” making it less inhibitory for the 

enzymatic hydrolysis reaction. Recycling the cooking water appeared to be a viable solution and 

furthermore decreases the fresh water requirement. Re-using the effluent from UASB 2 fed with 

extraction water degraded the glucan conversion by 15 % lower and was therefore not considered 

acceptable. AD performance was also impacted by the water recycling. Due to the build-up of 

recalcitrant COD, the COD removal continuously decreased, although it remained high and constant 

if calculated considering the recalcitrant fraction. The methane yield decreased with recycling cycle 

in UASB 1 fed with washwater (starting at 0.30 and ending at 0.24 L CH4 g-1 COD removed. The 

methane yield in the experiment with UASB 2 remained low (<0.1 g CH4 g-1 COD removed). This was 

possibly due to COD degradation in the feeding tank, low COD concentration in the influent or low 

HRT. Both UASB reactors experienced partial or complete degranulation. This could possibly be 

attributed to sodium, potassium or fluoride build-up. Lipid from food waste could also have 

accumulated in the granules. The low OLR in UASB 2 fed with extraction water may also have had 

a role in granule disintegration. 

Results from the Water Pinch model were found to be very dependent on the removal of 

“contaminant X”, which was allowed to vary as it could not be determined. Maintaining the 

hydrolysis reaction medium at the minimum possible “contaminant X” concentration was found to 

be unfeasible even when fresh water was used in all processes. The sugar usage in the process (sold 

at hydrolysate concentration, concentrate and sold or sent to AD) was found to have a limited 

impact on the fresh water usage but to affect the payback period. The payback period was lower 

when the sugars were sold due to the higher selling price of sugars compared to biogas and the 

lower UASB cost. Increasing the “contaminant X” removal up to 40 % did not particularly affect the 

fresh water demand in the Fiberight operating conditions. Higher values led to significant fresh 

water requirement as this lowers the critical “contaminant X” input concentration for hydrolysis. 

“Contaminant X” removal higher than 80 % were not possible in the Fiberight process as the lowest 

“contaminant X” concentration that could be reached for hydrolysis using fresh water in all parts of 
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the process was higher than the critical “contaminant X” concentration. UASB 2 did not perform 

well in term of methane production and was also found to lead to higher requirement of fresh water 

in the process. Using only one reactor could lead to degradation of the UASB performance but it 

remained a more flexible and more economically attractive solution compared to a 2 reactors 

scenario. Among the different ratios of extraction water mixed to the washwater and then treated 

via UASB, AD of the washwater only gave the most flexibility regarding to RX variations. 

 Recommendations and future work 

 Only a few batches of MSW pre-treated at different conditions were used in this work. It 

would be useful to obtain more material from different places (UK, USA, EU), all thermo 

pre-treated at different temperature to confirm (or refute) hypotheses presented in this 

work. It is likely that more reliable correlations would be found with real applications. SEM 

imaging should also be carried out to judge the effect of temperature on fibres. 

 Incorporating different proportions of food waste into paper mixtures and carrying out 

enzymatic hydrolyses would be an interesting experiment to establish the impact of food 

waste on the process. 

 Measure the food waste content on US fines and assess the impact of fines on enzymatic 

hydrolysis. 

 It would be interesting to repeat the enzymatic hydrolysis kinetic study with different 

batches of newspaper pre-treated with sulphuric acid or phosphoric acid with or without 

addition of surfactant. More data would allow the establishment of general rules 

determining how best to carry out enzymatic hydrolysis of newspaper. 

 A kinetic study of enzymatic hydrolysis would be useful and would make an enzymatic 

hydrolysis optimisation using the combined model possible. 

 Based on the promising results from surfactant addition in newspaper hydrolysis, it would 

be interesting to carry out some experiment trials adding SDS or Tween in MSW enzymatic 

hydrolysis. Dr Dhivya Puri has carried out preliminary investigations but further work is 

needed. 

 Model the impact a subsidy free process would have on the Fiberight process feasibility. 

 Lipid accumulation was suspected as a potential cause of degranulation. It would be 

interesting to follow the build-up of lipid and other compounds. 

 The Water Pinch technology model developed using the data obtained from the 

experimental work gave some interesting results and axes of consideration. The main 

limitation, however, was that the “contaminant X” removal via AD was unknown and was 

found to have a great impact on the fresh water requirement and wastewater disposal. 
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Being able to determine this removal is therefore of importance. This could be done in 2 

different ways: 

o Carry out much deeper analysis of wastewater using other technologies than IC 

(HPLC, gas chromatography-mass spectrometry etc.) for the influent and effluent. 

After identification of the potential contaminants, some anaerobic digestion batch 

tests should be carried out at concentrations reached when AD is becoming critical 

(individual component and mixed together). Concentrations at the end of the 

experiment should also be measured and compound removal calculated. Similarly 

different concentrations of identified potential contaminants should be added to 

the reaction medium to study their impact on enzymatic hydrolysis. From these 

overall results, it is likely that several contaminants will be identified as affecting 

hydrolysis and/or AD. This method, although non exhaustive, will have the 

advantage of giving a more precise idea of the contaminant causing failure and 

therefore investigation of existing technologies to remove it would be possible. 

o  In parallel to the recycling experiment with water being partially treated through 

AD (main experiment), a side experiment could be carried out with water recycling 

(washwater and extraction water) without passing through AD with pulp enzymatic 

hydrolysis. This side experiment should be carried out until enzymatic hydrolysis of 

the main and/or side experiment failed. It will then possible to estimate the 

“Contaminant X” removal by AD by comparing the recycling number when 

hydrolysis failure occurs in both experiment.  
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Appendices 

Appendix A Supplementary information for the literature review 

A.1 Tables and figures 

Table A-1: Different pulping processes. 
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Table A-2: Composition of different lignocellulosic materials [80]. 

 

 

 

Figure A-1: Metal content in in black inkjet. 
Data from inductively couple plasma mass spectrometry signal from three different 
manufacturers 

 
Table A-3: Effects of some metals on endoglucanase activity from D. eschscholzii at 1 mM [146]. 
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Table A-4: Effect of metal ions and other reagents on the activity of purified cellulase from Bacillus 
CH43 and HR68. Data from [149]. 

 

Table A-5: Effect of metal ions and other reagents on the activity of endoglucanase from Mucor 
circinelloides NRRL 26519. Data from [150]. 

 

 

Table A-6: Effect of metal ions and other reagents on the activity of RCE1 and RCE2 endoglucanase 
activity from Rhizopus oryzae [151]. 
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Table A-7: Effects of metal ion son the cellulase from Bacillus subtilis YJ1 [153]. 
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Table A-8: Analysis of content of DM, ash and different found in liquefied MSW from a pilot plant. 

Table from Jensen et al. [28] 
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Table A-9: Review of pre-treatments that have been applied on MSW. If possible conditions and improvements were reported. 
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Table A-10: Review of pre-treatments that have been applied on newspaper or waste paper. 

If possible conditions and improvements were reported. 
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Table A-11: Review of surfactant use applied on newspaper or waste paper.  
If possible conditions and improvements were reported. 
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Table A-12: Advantages and disadvantages of a UASB reactor [263]. 

 

Table A-13: General model for anaerobic digestion proposed by Liu et al. [276]. 
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Table A-14: Estimates of ultimate methane yield (Yu) and first order rate constants (k) for MSW 
component. Table from [331]. 

 

A.2 NaOH pre-treatment on newspaper 

Alkali effect on lignin 

Saponification 

NaOH can remove or modify the lignin by fracturing the esters bonds that link lignin and hemicellulose 

[66]. This is known as a saponification reaction, which is the reaction between a hydroxide ion and an 

ester to produce a sodium salt of ester and an alcohol (glycerol).  

 

Figure A-2: Saponification reaction [83]. 

Hemicellulose is then separated from lignin [460]. Moreover lignin is soluble in alkaline solution, so it 

is removed in the black liquor [461]. NaOH causes liberation of phenolic hydroxyl from the lignin, in 
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direct proportionality to the alkaline concentration and the temperature [461, 462]. It was also found 

that the solubility of lignin in aqueous alkali solution depends directly on the ratio of the number of 

phenolic hydroxyl to the number of phenylpropane units in lignin [461]. Pigments which are retained 

by an oily vehicle (ink) are also removed by saponification. 

Ethers hydrolysis 

During an alkaline pre-treatment, the α and β aryl ethers found in lignin are cleaved, creating some 

lower molecular weight soluble lignin [412, 463]. The cleavage mechanism of β-aryl ether is shown in 

Figure A-3. 

 

Figure A-3: Cleavage of a key ß-aryl ether in lignin [463]. 

Carbohydrate reaction 

There are several alkaline reactions of carbohydrates. They are glycosidic cleavage, peeling and 

stopping. Peeling starts at low temperature (< 100 °C) (primary peeling) whereas alkaline hydrolysis 

occurs significantly at high temperature (> 140 °C). After hydrolysis, peeling is reactivated (secondary 

peeling).  

Peeling  

Carbohydrate peeling-off, also known as endwise chain depolymerisation, is the process in which 

sugars are removed one by one from the reducing end of the polymer [464, 465]. This is quite a 

complicated reaction and can be explained by following the scheme of cellulose-peeling-off (Figure A-

4).  
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At first the alkaline induces isomerisation of the aldose to a ketose. The second step is formation of 

an enediol through keto-enol isomerization. This enediol is in equilibrium with the ketone but can also 

go through β-alkoxy elimination (C4), thus cleaving the glycosidic linkage. However, if β-elimination 

occurs at a position other than C-, the glucose unit remains attached to the cellulose molecule and 

stops the peeling reaction (no creation of a new-reducing end group). Otherwise, through another 

keto enol tautomerization a ketone is formed. The final step in this pathway is the benzylic acid 

rearrangement forming an isosaccharinic acid. 

Cellulose, because of its crystallinity and its size, is generally much less affected by peeling compared 

to hemicellulose. However, the viscosity of cellulose is significantly reduced [412, 465]. Hemicellulose 

is much more apt to peel off, especially glucomannans, even though xylan can be fairly resistant. 

Moreover, because hemicellulose molecule is much smaller than cellulose, it is more likely to be 

dissolved or destroyed during the alkaline pre-treatment [465]. 

 

Figure A-4: Cleavage of glycosidic bond. 

 

Alkaline hydrolysis 

Figure A-5 illustrates an example of cleavage of a glycosidic bond, and is taken from a University of 

Washington lecture on pulping and bleaching [465], with slight modification. The glycosidic bond in 

this model connects the sugar to a methyl group instead of another sugar. The principle with cellulose 
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or hemicellulose is the same. This is a 3 step reaction. The first step (A) consists of the ionization of 

the hydroxyl group on C2 which leads to an inversion of the ring confirmation, because of repulsion 

forces. During step (B), the ionized hydroxyl does a nucleophilic attack on the group C1 which 

eliminates the methoxyl group (in the case of a normal carbohydrate, this leads to an elimination of a 

portion of the polymer). It also forms 3-membered epoxide (oxirane). When the epoxide opens (step 

C), a new reducing end is produced on the polymer. In the case of cellulose, this reaction decreases 

the degree of polymerization and offers more reducing ends to Exo-1,4-β-d-glucanase. 

 

Figure A-5: Cleavage of glycosidic bonds caused by NaOH pre-treatment [465]. 

 

Calcium carbonate removal 

The use of NaOH to remove calcium carbonate is not a traditional process in the paper making 

industry. It was used by Nikolov et al. to remove calcium carbonate from waste cellulose fibre from 

the paper industry [166]; however, no details of the processes involved or the results are given.  

Caustification is the process invented in 1791 by Nicolas Leblanc (1742-1806) [466] which transforms 

sodium carbonate into calcium carbonate and NaOH in presence of lime (Equation A-1). 

Na2CO3 + Ca(OH)2 → CaCO3 + 2NaOH Equation A-1 

It can be supposed that the inverse reaction could happen due to the high temperature. The free 

energy of the reaction at 298.15 K is -46.41 kJ, however, with an enthalpy of reaction of 12.84 kJ and 

an entropy change of 198.74 J K-1 [467]. This means it is a spontaneous reaction, and that there is, in 

principle, no chance that the reverse reaction will happen in the experimental condition.  

∆G = ∆H − T∆S Equation A-2 

Calcium carbonate has been found to be less soluble at high pH than at low pH. At high pH (created 

by the alkali conditions), calcium carbonate precipitates to vaterite [468]. Vaterite is more soluble that 

calcium carbonate, calcite and aragonite [469]. Vaterite is known to be very unstable, however, and 

as a consequence in the presence of water at normal temperatures it recrystallizes to calcite. It can be 
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assumed that, during this form change, calcium carbonate is extracted from the newspaper and 

washed out by the water used to achieve a neutral pH. 

An alternative plausible explanation is that calcium carbonate is retained in the cellulose and 

hemicellulose, so during the alkaline hydrolysis and carbohydrate peeling-off, the calcium carbonate 

may also be removed. 

 

A.3 Review on Oxidative lime 

Pre-treatments with lime are interesting because lime is much cheaper than sodium hydroxide [191, 

470] (56 £ ton-1 compared to 255 £ ton-1 [220]). Lime is a weak base, however, because it has a low 

solubility in water (1.73 g L-1 at 20° C, 1.1 kg L-1 in the same conditions for NaOH) [191, 218]. It has 

been found that without oxidant (oxygen or H2O2), lime does not remove enough lignin to justify its 

usage [104].  

While H2O2 is an expensive oxidant (about 300 £ ton-1), oxygen, on the contrary, is cheap and 

abundant. At high pH, oxygen is reduced to several oxidizing species that can attack the biomass by 

introducing hydrophilic groups into the lignin structure, thus increasing the lignin solubility [471]. 

Lignin acetyl group are entirely removed.  

In presence of an oxygen agent, lime acts in the same way as NaOH (by the mechanism presented 

earlier). It should be noted, however, that oxidative lime significantly improves the yield, but removes 

less lignin than NaOH. This is probably because Ca2+ interacts with the biomass, negatively charged in 

alkaline conditions, and reduces its solubility. Another positive point of oxidative lime pre-treatment 

is the fact that lime can be recovered using CO2 [472]. 

Chang et al. [191] used an oxidative lime pre-treatment to obtain a maximum glucan yield of 567 mg 

of glucose per g of biomass. This was carried out at 120 °C, with a loading of lime of 30 % of the DM 

and oxygen pressure of 7.1 bar. No information is given concerning the glucan content either before 

or after pre-treatment of the newspaper used, however, and it is consequently difficult to judge the 

efficiency of the process. By assuming the same percentages of glucan, xylan, lignin, and solids 

removals as those for poplar wood in the same study (no available data for newspaper), it was possible 

to estimate the composition of treated newspaper. For these calculations, data from Wang et al. [79] 

were used for the newspaper composition. The resulting values are presented in Table A-15 and Table 

A-16. 
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Table A-15: Estimated composition of newspaper pre-treated with oxidative lime. 
Values based on initial compositional analysis from Wang et al. [79]. 

 

 

 

Table A-16: Material losses during the oxidative lime pre-treatment of poplar wood [191]. 

 

Using these values, an estimated glucan conversion of 69 % was obtained. This is a relatively good 

improvement since without pre-treatment the glucan conversion was 51 % (same calculation 

principles).  

Wang et al. [191] also used an oxidative lime pre-treatment with newspaper. They did not inject pure 

oxygen, but air at high pressure (32 bars) for 3h, using 1.875 % (w/w) lime at 140°C. They only 

modelled the effect, however, without testing the pre-treatment. 

Although these results look promising, the equipment to provide high temperature and pressure 

requires high capital investment in a full-scale plant, and is difficult to replicate well at laboratory 

scale. For this reason no practical work on oxidative lime was carried out. 
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Appendix B Addition to methodology 

B.1 Gas volume measurement 

 

 

Figure A-6 Schematic and picture of the Laboratory liquid displacement gasometer. 

B.2 Inductively coupled plasma 

An X-SERIES 2 ICP-MS (Thermo Fisher Scientific, Bremen, Germany) was setup in standard mode using 

an impact bead/cyclonic spray chamber and concentric nebuliser. The instrument was tuned for 

optimum sensitivity, stability and low oxide formation using a 1ppb multi-element tuning solution. 

Data were then acquired for all isotopes of interest in peak-jumping mode (4 x 30 second repeats per 

sample). After each sample analysis, a wash solution containing 3% HNO3 was run until background 

levels were achieved (typically 3 min). All samples, standards and blanks were spiked with internal 

standard elements Be, In and Re. The data quality was monitored throughout the run by examination 

of the statistics produced after each analysis. Within run reproducibility was typically better than 1% 

RSD for the 4 repeats. The data processing was done using the Plasmalab software. Raw data were 

blank and internally corrected and then calibrated against matrix matched synthetic standards. The 

An X-SERIES 2 ICP-MS instrument configuration and settings were: 

RF Power: 1.40kW Forward, <1W Reflected. 

Sample Introduction System: Concentric nebulizer with low-volume impact bead spray chamber 
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Torch: Standard one-piece quartz torch with Plasma Screen 

Interface: Standard Xt (Ni sample/Ni Skimmer) Cool Gas Flow (L/min) 13 Auxiliary Gas Flow (L/min) 0.8 

Nebuliser Gas Flow (L/min) 0.90 Sample Uptake Rate (mL/min) 0.4 approx. 

Detector Simultaneous pulse/analogue 

Wash Time Monitored, minimum 60s, maximum 300s.  



Appendices 

342 

Appendix C Supplementary information for modelling 

chapter 6 

C.1 Kinetic study 

An experimental kinetic study of hydrolysis was carried out on the selected pre-treated material at 

different TS and enzyme dosages as described in section 8.1.  

For modelling purposes an equation was needed to describe the evolution of the hydrolysis rate as a 

function of time. This was achieved by applying a three-parameter model of enzymatic hydrolysis 

involving a Langmuir adsorption and enzyme deactivation model developed by Shen and Agblevor 

[423]. This approach was also used with newspaper as a feedstock by [456] and [79]. The method used 

follows the same reasoning as the original method, and is based on 3 main assumptions which are: 

1) Cellulase enzyme complex containing endo-exo glucanase and glucosidase is assumed to form 
a single combine effect in the hydrolysis of insoluble substrate to produce reducing sugars 

2) The surface and structure of the insoluble fibre substrate are considered homogeneous (no 
distinction between amorphous and crystalline regions, which is in agreement with the 
requirements of the Langmuir adsorption model) 

3) The enzyme deactivation is assumed to be a second-order reaction and a main factor 
influencing the hydrolytic rate. 

The free enzymes E (g kg-1) are in suspension and are adsorbed on the active site on the surface of the 

insoluble surface, S (g kg-1) to form a complex SE* (g kg-1). That constitutes the following reaction: 

S + E
k1
⇔ SE∗ 

Equation A-3 

In the reaction, the forward reaction is an adsorption with a rate constant k1 (kg g-1 h-1), and the 

backward reaction is a desorption with a rate constant k1(kg g-1 h-1). ES will produce reducing sugars P 

(g kg-1) and release free enzymes according the reaction: 

SE∗
k2
⇒ P + E 

Equation A-4 

Where: 

k2= rate constant of the product formation, kg g-1 h-1 

Applying mass balance, a mathematical equation can be found (Equation A-5). 

dSE∗

dt
= k1S ∗ E − k−1SE∗ − k2SE∗ 

Equation A-5 

At time=t, the insoluble substrate is  
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S = S0 − SE∗ − P Equation A-6 

Where: 

So= Initial substrate concentration, g kg-1 

If the quasi-steady state condition is applied to Equation A-5 and Equation A-6 is incorporated, the 

complex concentration becomes: 

SE∗ =
(S0 − P)E

Ke + E
 Equation A-7 

Where: 

Ke= the equilibrium constant described (g kg-1) by 

Ke =
k−1 + k2

k1
 Equation A-8 

At any time during the enzymatic hydrolysis, the product-forming rate from Equation A-4 is: 

dP

dt
= k2SE∗ 

Equation A-9 

If Equation A-7 and Equation A-9 are combined together, Equation A-10 is obtained: 

dP

dt
= k2

(S0 − P)E

Ke + E
 Equation A-10 

A fraction indicating the activation of enzymes on the insoluble substrate was introduced following 

the work of Levenspiel (1972) as explained by [423]. This dimensionless activity: a (lower than 1) is 

defined by Equation A-11. 

a =
actual rate of substrate conversion by enzyme

rate of substrate by full effective enzyme
=

dP
dt

dP
dt 0

 Equation A-11 

By manipulating Equation A-10, the following equation is obtained 

dP

dt
= a

dP

dt 0
=

ak2S0E0

Ke + E0
 Equation A-12 

By following assumption 3, the enzyme deactivation rate can be expressed as a second order 

correlation with time by: 
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da

dt
= −k3a3 

Equation A-13 

Where: 

k3 = the enzyme deactivation rate constant, h-1 

Integrating Equation A-13 with the boundary conditions: a=1 at t=0 and a=a at t=t, Equation A-14 is 

obtained. 

a =
1

1 + k3t
 Equation A-14 

Substituting Equation A-14 into Equation A-12 and integrating with the boundary conditions P=0 at 

t= and P=P at t=t, we obtained Equation A-15. 

P = Bln(1 + k3t) Equation A-15 

Where 

B = Constant with the unit g kg-1. 

B =
k2S0E0

k3(Ke + E0)
 Equation A-16 

The parameters were determined by carrying out a nonlinear regression analysis using Excel, following 

the methodologies developed by Brown et al. [473] and Kemmer el al [425]. The target was to 

minimise the sum of squared residuals (SSR) [474].  

According to Wang et al. [79] the rate constant value should be determined by enzyme and substrate 

properties rather than initial enzyme concentration. However, the enzyme deactivation (modelled by 

the parameter k3) is actually dependent on the initial enzyme concentration [426]. It would have been 

interesting to determine all parameters, k2, k3 and Ke, but because not enough experimental data was 

generated, it was found to be extremely difficult (too much variation of the parameters).  

To assess the validity of the selected parameter, one parameter was fixed but the other was allowed 

to vary. This gives information on the confidence assessment of best-fit parameter.  

Equations type Equation A-15 were also used to calculate sugar conversions. 
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To estimate the conversion value at an unknown TS and/or enzyme dosage, several interpolations 

were done following the scheme shown in Figure A-7. Then, the value was interpolated to get the 

conversion for the Y dosage, using the values in yellow. 

 

Figure A-7: Explanation of the glucan conversion extrapolation. 

C.2 Data for economic assessment used for modelling 

Table A-17: Summary of literature values on lignin calorific value. 

Type of lignin CV (MJ kg-1 TS) Ref 

 26.33 [73] 

- 23.26-25.58 [475] 

Hardwood lignin 21.45 
[476] 

Softwood lignin 23.50 

- 25-26 [477] 

- 21.13 [478] 
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Table A-18: Summary of literature values for shredder energy consumption. 

 

 

Table A-19: Utility and reagent costs. 

 

 

Table A-20: Energy consumption of Dewatering Alternatives used in the Orange County Utilities 
water reclamation facilities [389, 484]. 
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Table A-21: Performance of screw presses used in Orange County Utilities water reclamation 
facilities [389, 484]. 

 

 

A procedure based on Mussatto et al. [391] work was used to determine the optimum amount of 

sulphuric acid to add to precipitate the black liquor obtained from the selected NaOH pre-treatment 

(section 7.2.4). Different volume of concentrated sulphuric acid was added in 20 mL of black liquor. 

The black liquor was collected after squeezing the pre-treated material. The precipitated material was 

filtered using a pre-weighed Whatman GF/C filter paper, which was dried in an oven at 105°C, then 

weighed and ashed at 550 °C. AIM removal was determined assuming that all of the lignin removed 

during the pre-treatment was contained in this volume of black liquor. Obviously, as the material was 

not washed, it may still have contained alkaline and AIM stuck in the solid. For this reason the AIM 

removals as presented in Figure A-8 were low. The real AIM concentration in the black liquor could 

not be measured. 

 

Figure A-8: AIM removal for different sulphuric acid/black liquor ratio. 

From this experiment, however, it was found that 0.8 % H2SO4 vol black liquor was enough to 

precipitate the maximum amount of AIM.  
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Table A-22: Typical energy consumptions, products recovery values and operating characteristics for 
various membrane systems [239]. 

 

 

Table A-23: Conversion of different sugars into COD. 

 

Table A-24: Current feed-in-tariff for anaerobic digestion (until 01/04/2016) [485]. 

 

Table A-25: RHI for anaerobic digestion (from 15/01/2016) [399]. 
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Table A- 26: CHP energy efficiency 

 

C.3 Heat flow calculation 

 

Figure A-9: Variation in minimum wall thickness of a horizontal reactor with volume of water 
contained [408]. 

 

The heat loss by convection was calculated following Equation A-17.  

Qconv = h ∗ S ∗ (Tw − Ta) Equation A-17 

Where: 

Q= Thermal energy, W. 

h= Heat transfer coefficient (assumed to be independent of the temperature), W m-2 K 1. 

S= Surface area of the reactor, m2. 

The heat loss by conduction was calculated following Equation A-18. 
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Qcond =
λ ∗ (Tr − Ti) ∗ S

e
 Equation A-18 

Where: 

λ= Thermal conductivity of the material which was 15.24 and 0.044 W m-1 K-1 for stainless and medium 
density mineral wool respectively [407]. 

e= Thickness of the wall, m. 

The material was considered as being uniform and the average surface (inner and external surfaces) 

was considered. 

From [495], the heat transfer coefficient of a horizontal cylinder is: 

hc = 1.32 ∗ (
∆T

De
)

0.25

 Equation A-19 

The heat transfer coefficient of a vertical plate, if the height is higher than 30 cm is (from [495]) 

hc = 1.78 ∗ ∆T0.25 Equation A-20 

Where: 

De=External diameter, m. 

Note that the thermal transfer can also be written: 

Q =
∆T

R
 Equation A-21 

The total flow in each facade of the reactor will be as presented in Figure A-10. 

Q = Qconv + Qcond Equation A-22 
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Figure A-10: Scheme of the heat transfer in the reactor during enzymatic hydrolysis. 

The heat resistances are in series so Rtotal = Rcond + Rconv. 

Finally Rcond =
e

λS
 and Rconv =

1

hS
 and the heat loss in each facade is  

Q =
Tr − Ta

Rtotal
 Equation A-23 

The total heat loss will be the sum of the heat loss of the horizontal surface of the reactor and the 2 

vertical surfaces. 

 

C.4 Use of membranes for sugar concentration 

The mass balance for filtration can be summarised in two equations: 

Flowin = J ∗ A + FlowRetentate Equation A- 24 

Flowin ∗ Cin = J ∗ A ∗ CPermeate + FlowRetentate ∗ CTarget Equation A- 25 

Where: 

Flowin = Flow of hydrolysate to be filtered, L h-1. 

J = Permeate flux, L h-1 m-2. 

A = membrane area, m2. 

FlowRetentate = Flow of concentrated sugar stream, L h-1. 

Cin = Hydrolysate sugar concentration, g L-1. 

CPermeate - Permeate sugar concentration, g L-1. 
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CTarget = Targeted sugar concentration, g L-1.  

The rejection coefficient R was calculated following Equation A- 26. 

R = (1 −
Cpermeate

Cin_)
 Equation A- 26 

Table A-27: Summary of literature values for membrane cleaning costs. 

 

Table A-28: Literature review on nanofiltration energy consumption. 
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Appendix D Addition to experimental results 

D.1 Comparison of MSW pulp and selection of a representative material 

D.1.1 Tables and figures 

Table A-29: Compositional analyses of paper pulp derived from MSW found in literature. 

 

 
Table A-30: Composition of waste papers (results based on TS). 

Table extracted from Wang et al. [79]. 
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D.2 Understanding the poor hydrolysability of newspaper 

D.2.1 Tables and figures 

Table A-31: Review of the different methods for compositional analysis on newspapers. 
Results obtained [349]. ND: Non determined. 

 

 

Table A-32: Literature values for newspaper composition. 
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Figure A-11: Glucan conversion of newspaper washed with NDF, newspaper without starch, ground 
and untreated newspaper 

 

D.2.2 Problems linked to pH monitoring 

Objective: To find a suitable buffer for effective control of pH during the enzymatic hydrolysis of 

newspaper 

Method summary: 1 g of shredded newspaper (batch 1) was placed in a 50 mL centrifuge tube in the 

presence of 19 mL of phosphoric acid, HCl or sulphuric acid at different concentrations, to give a TS 

concentration of 5%. The centrifuge tubes were placed on a rotary tray shaker and mixed for 24h. The 

pH was then measured as described in section 3.2.3. 

Results: The evolution of pH as a function of acid and concentration is presented in Figure A-12. 

Getting a correct pH was very difficult by using HCl and sulphuric acid. It seems that there is a pH 

turning point at a certain acid concentration which doesn’t allow maintaining the pH is the right range 

[4.8-5.2]. On the other hand the pH decreases linearly with the phosphoric acid concentration. 

Equation A-27 describes the chemical reaction between calcium carbonate and phosphoric acid 

3 CaCO3(s) + 3H3PO4(aq) → Ca3(P04)2(aq) + 3CO2(g) + 3H2O(l) Equation A-27 

This behaviour may explain why Ca3(PO4)2(aq), calcium phosphate is used in the food industry as an 

acidity regulator [514]. That may explain why the pH was much more stable. 

By trial and error it was possible to find the appropriate concentration leading to the right pH before 

starting enzymatic hydrolysis: nevertheless this was very specific to the tested condition (newspaper 

at 5 %TS). At higher initial solids concentration for enzymatic hydrolysis, higher concentration would 
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have been required. For this reason, citrate buffer as recommended by the NREL method [125] and as 

introduced in section 3.6.1 was preferred. It is a much stronger buffer, although its use is not 

economically feasible in a full-scale plant. 

  

 

 

Figure A-12: Evolution of pH for hydrochloric, sulphuric and phosphoric acid buffer solution. 
Results for a 5 %TS mixture. pH was measured after 24h. Dotted red lines correspond to 
the limits of the optimum pH range [4.8-5.2]. 

 

D.2.3 Hemicellulose removal by ADt 

Method summary: 18 sample of 0.6 g of dried and ground unprinted batch 1 (as described in section 

3.3.1.2) were placed into Fibercap capsules (see section 3.3.3.2 for details). Two batches of ADt liquid 

were prepared and extraction was carried out using each time 3 capsules. The volume of ADt in the 

beaker was kept at 1 L. The capsules were intensively washed following the method described in 

section 3.4.3. Compositional analysis of the material was done according to the modified NREL method 

(section 3.3.3.1) for each extraction severity as described in Table 12-1. 

 

 



Appendices 

357 

Table 12-1: Definition of the extraction severity index. 

 

Results: The results are shown in Figure A 13. 

 

Figure A 13: Evolution of the hemicellulose content as a function of extraction severity index. 

 

As it can be seen even at the higher extraction severity index, the hemicellulose was not completely 

removed and its content was still 4.2 %. The trend seems to plateau at about 4 %. For Fibrecap analysis, 

this mean that the hemicellulose content will be underestimated (hemicellulose = NDF-ADF), and the 

cellulose content will be overestimated. This once again validates the choice of the modified NREL 

method rather than Fibercap analysis (see section 5.1, as the reference for the compositional analysis 

of material derived from newspaper. 
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Figure A-14: Chapter 7 to 9 chronological order 

D.3 Pre-treatment optimisation 

D.3.1 Tables and figures 

Table A-33: Values of percentage solids recovery and lignin reduction as a function of pre-treatment 
temperatures, residence times and NaOH concentrations. 
Values extracted and adapted from Xu et al. [214]. Values in yellow are estimated. 
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D.4 Selection of the best hydrolysis conditions 

 

Figure A-15: Osmotic pressure of sugar juice as a function of brix degree at different temperatures 

 

D.5 2nd enzymatic hydrolysis 

D.5.1 Tables and figures 

Table A-34: Kinetic parameters for enzymatic hydrolysis of optimised sulphuric acid soaking pre-
treatment of newspaper. 
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Figure A-16: Process flow diagram of the selected process. 
This consists of a sulphuric acid soaking pre-treatment followed by an enzymatic 
hydrolysis at 14 %TS, 2 %s enzyme based on TS for 96h and a membrane filtration process. 
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Figure A-17: Process flow diagram of the initial 2-step enzymatic hydrolysis with alkaline pre-

treatment of PHS before second hydrolysis. 
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Figure A-18: Process flow diagram for a 2-step enzymatic hydrolysis with addition of PEG 6000 on 
the second hydrolysis. 
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D.5.2 Other experiments on production of PHS after first enzymatic hydrolysis 

Objectives: (i) To investigate the effect of re-suspending PHS in new buffer solution (experiment 1). 

(ii) To evaluate the effect of using hydrolysate from a first enzymatic hydrolysis as a reaction medium 

for hydrolysis of a new batch of newspaper, as a means of reusing and residual enzyme activity 

(experiment 2).  

Method summary: In experiment 1, new pH=4.8 citrate buffer was added to PHS to give a total solids 

concentration of 5 %TS. This was carried out by assuming that the TS of the PHS was 33 %. In 

experiment 2, the collected hydrolysate from the first hydrolysis was added to newspaper from batch 

2 to give 5 %TS. In both cases the mixture was placed in the hydrolysis reactor (Figure 3-10) and 

allowed to react for 72h. Sugars were analysed according to the method described in section 3.6.3. To 

estimate if some sugars were produced, concentrations of hydrolysate from first hydrolysis of 

sulphuric acid soaked newspaper (initial hydrolysate) and from that used as a new reaction medium 

(second hydrolysate) were compared. 

Results: 7.6 % glucan conversion was reached in experiment 1 without adding any extra enzyme. Note 

however, that the sugar concentrations should have been measured at t = 0 because some sugars are 

normally stuck in the solid fraction, as well as enzymes. This principle is of interest, but it might be 

more effective to wash the residual solid, and use this washwater as dilution water for a new 

enzymatic hydrolysis batch, as suggested by Puri et al. [343]. This might mean that some enzymes are 

stuck in the solid but still active. 

The sugar concentrations for hydrolysates from experiment 2 are shown in Table A-35. 

Table A-35: Differences between sugar concentrations from initial and second hydrolysate (test 2). 

 

The difference in cellobiose concentration might mean that some Exoglucanase and/or Endoglucanase 

enzymes were still active but β-glucosidases were inhibited or not present in hydrolysate and did not 

hydrolyse cellobiose to glucose. Indeed, virtually no extra glucose was released. β-glucosidase was 

found to be less affected by sugars than Exoglucanase/Endoglucanase by Kim et al. [135], which may 

mean that β-glucosidases were more likely to be absorbed in the solid than cellulase. Haven et al. 

[231] also found that most of the β-glucosidase activity was lost from the liquid phase and was 
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adsorbed to the residual biomass during enzymatic hydrolysis and fermentation of pre-treated wheat 

straw. No xylose or galactose were produced, in contrast to arabinose which showed a significant 

increase. 

D.5.3 Citrate buffer VS phosphoric acid buffer 

Objective: To estimate the effect of changing from the NREL pH 4.8 citrate buffer (non-economically 

feasible) to a cheaper phosphoric acid buffer as used in industrial-scale processes including for 

example the Fiberight process. 

Method summary: Enzymatic hydrolysis was carried out at 14 %TS using 1 % vol sulphuric acid soaked 

newspaper (see section 8.3.1) with 2 % enzyme based on TS, using either NREL citrate buffer as 

prepared in section 3.6.1or deionised water adjusted to pH 4.8 using 20 w w-1 phosphoric acid. For the 

phosphoric acid reaction medium, pH 4.8 water was created, mixed with the material, and then 

corrected if necessary by adding a few drop of 20 w w-1 phosphoric acid. pH was measured before 

enzymatic hydrolysis by centrifuging the material to extract the liquid from the solid phase. pH was 

also measured at the end to be sure that it was maintained in the optimum range during the whole 

reaction. Note that the experiment was carried out with the same pulp as used in the experiment of 

section 9.7, which gave lower conversion. 

Results: pH was efficiently maintained between 4.8 and 5. Glucan conversions of both buffers are 

compared in Figure A-19. 

 

Figure A-19: Effect of buffer solution on glucan conversion. 
Enzymatic hydrolysis of 1 % vol sulphuric acid was carried out for 72h enzymatic 
hydrolysis at 5 %TS using 2 % enzyme. 

There is no major difference between the glucan conversion of enzymatic hydrolysis carried out using 

citrate buffer and phosphoric acid buffer. As a consequence, the experimental data using citrate buffer 

could be considering similar as if phosphoric acid buffer were used during the whole experiment. In a 

real process phosphoric acid will be used rather than citrate buffer.   
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Appendix E Water Pinch analysis 

Reducing fresh water consumption as well as volume of wastewater generated will considerably 

reduce the environmental impact and promote economic viability of new biotechnology such as 

Fiberight, save resources and reduce greenhouse gas emissions. This has to be carried out maximising 

the water recycling in the overall process while considering the possible effect it could have on sub 

processes such as the enzymatic hydrolysis or the anaerobic in the Fiberight process case. 

Water Pinch analysis is a powerful tool which knowing the critical concentrations of a process is able 

to minimize either the fresh water requirement and the overall water network cost. This technique is 

presented and the model developed, based on this approach is introduced with details of the 

algorithms that were adopted and the economic assumptions made. The developed model was used 

using data from chapter 10 to obtain results from chapter 11. 

E.1 Background 

Increasing resource and waste treatment costs as well as an increased level of consideration of the 

environment during the last decades have driven research to design material/energy network 

optimisation tools [515, 516]. As an example Figure A-20 shows significant increase of the water supply 

prices in the US from 1971 to 2011. 

 

 

Figure A-20:Trends in the Consumer Price Index for utilities from 1971 to 2011 in the US [517]. 
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Pinch technology started with the synthesis of heat exchangers network (also called heat integration, 

process integration, Pinch analysis or pinch technology) developed in Leeds University, UK by 

Linnhoff and Lower in 1978 [518, 519]. It was then successfully applied to:  

 Material synthesis 

 Reaction path synthesis 

 Reactor network synthesis 

 Separation network synthesis 

 Heat exchanger network synthesis 

 Mass exchanger network synthesis 

 Total flowsheet network synthesis [519]  

All of these applications utilise the concept of the pinch point which is the point of most 

constrained area in the re-use/recycle network and thus where the maximum recovery 

(heat/water) may be achieved.  

Water Pinch technology was elaborated and developed in the mid-1990s by Professor Robin 

Smith from the University of Manchester [520] to reduce fresh water and wastewater streams, 

increase the opportunities for material recovery and reduce industrial effluent treatment costs 

[521]. While Water Pinch analysis uses the same concept of the initial heat integration principle 

to determine the minimum fresh water requirement, it differs in several aspects: 

 Heat is not conservative while water is. This makes it difficult to apply heat exchanger 

network for batch processes although prediction methods were developed including tank 

temperature profiles [522]. 

 It does not consider only one parameter (temperature) but several as multiple 

contaminant problems can be solved. 

 Water can be regenerated and then re-used in the process. 

Two different approaches were developed for minimum flow rate targeting: 

12.1.1 Fixed load problem 

This was the first initiative approach that started from 1994. In this “school” the main focus is the mass 

transfer-based water-using process. The idea is that water is used as a mass separating agent to 

remove a fixed amount of impurity from a rich stream. Such examples taken from Foo [519] can be 

vessel cleaning, solvent extraction, gas absorption. A schematic describing such processes can be 

found in Figure A-21. 
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Figure A-21: Schematic of a mass transfer process where water is used as the mass separating agent 
to removed impurity load from process rich stream illustrating fixed load problem. 
Extracted and modified from Foo [519]. 

The mass balance gives Equation A-32 

Fp =
∆mp

(Cout − Cin)
 Equation A-28 

Where: 

∆mp = impurity removal that is required for a specific process 

Cin and Cout = maximum inlet and outlet concentrations of the water source entering and leaving 
the process (with Cout>Cin). 

Fp
 = inlet/outlet flow rate that might vary according to Equation A-28 if water of better quality 

(with lower Cin for example) is used. In this scenario, the flow rate through the process is 
supposed to be fixed and thus processes in which water loss/gain exists are harder to deal with 

 

12.1.2 Fixed flow-rate problem 

This approach that gained attention after 2000 [519] focused on the flow rate and can be easily applied 

to processes in which the flow rate of the water-using process is not uniform, when water cannot be 

recovered [516] or for processes such as reactors, boilers and cooling towers [523]. In this problem, a 

distinction is made between a water-consuming unit (sink or demand) which requires a certain flow 

of water (FJ) at a concentration Cj, and a water generating unit (source, with a flow Fi and a 

concentration Ci). Sources and additional external water (fresh water for example) are utilised to meet 

the demand requirements (as seen in Figure A-23). This second approach can be transformed into the 

fixed load problem (Figure A-22). 
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Figure A-22: Transformation of fixed load problem (from Figure A-21) into a fixed flow problem. 
Schematic extracted and modified from Foo [519]. 

 

Figure A-23: Sink/source representation of a water network for the fixed flowrate problem from Foo 
[519]. 

 

E.2 Motivation for producing a purpose-built Water Pinch analysis model 

and selection of the targeting minimum flow rate method  

E.2.1 Selection of the targeting minimum flow rate method  

The University of Southampton owns a Water Pinch software license called Pil-water-int comprised 

in a package called Pinch-int developed by Process integration limited (Altrincham, UK). Although 

it is a very powerful tool (including economic analysis, installation of several regeneration units, 

etc.), there are several issues that could be addressed: 
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 The first point is it is difficult to use due to a very unfriendly interface and the fact that it is 

very difficult to take advantage of the help. Moreover it requires many parameters not 

necessarily available, and the algorithm can either diverge or give different results (personal 

experience during demonstration work for Water Pinch tutorials, 2014). 

 This pack was originally developed for heat-pinch, and recently adapted for Water Pinch using 

a fixed load approach which has limitations for the process studied in the current research. 

Several processes, depending on which scenario is modelled, cannot be described by a fixed 

load problem. For example if we take a sugar concentration unit as a process: one source of 

water enters the process while 2 come out. Moreover, one of CR or Cp will be lower than in 

the initial concentration. This cannot be described as a fixed load problem. Enzymatic 

hydrolysis in the scenario where the sugar solution is directly used in the system, is also 

problematic because in this case, there is flow in but no flow out. 

 

Figure A-24: Example of a sugar concentration unit which cannot be considered as a fixed load 
problem. 

 Flexibility is also a problem in this process, as changing certain parameters (such as the ratio 

liquid/MSW, TS hydrolysis) will result in different flow rate and different concentration that 

will have to be entered manually for each simulation. Moreover, the targets are limited as 

only minimum flow rate or minimum costs can be chosen. Other tools (described later) 

provide more opportunities. 

For these reasons it was decided to develop a Visual Basic for Application Excel based model based on 

a fixed flow rate problem algorithm. This allowed better control and a better understanding of the 

results.  

Many targeting methods have been developed over the years and can be summarised in Table A-36. 

From these, two methods covered a whole range of operation and could also be easily implemented 

into Excel macros. There were the Water Cascade Analysis (WCA) and the automated targeting 

technique. The WCA is a numerical technique to meet the minimum fresh water requirement in a 

process [524]. It also includes the possibility of regenerating the water and re-circulating the treated 

water [525, 526] and can be applied in batch process [527]. While this tool can only target the 

minimum fresh water, the automated targeting technique (developed from a similar targeting 

technique for mass exchange network synthesis by Professor Foo (The University of Nottingham 
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Malaysia campus, Malaysia) and his group allows targeting of many different parameters (fresh water, 

minimum cost etc.) with as many conditions as wished [528]. It covers the same range of application 

and can be easily applied in Excel using the integrated solver (Microsoft, Redmond, Washington state, 

USA). This method was selected and details are presented below. 
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Table A-36: Comparison of various flow rate targeting techniques extracted from [519].  
√ means that the problem can be treated while X means that at the date of review, this problem cannot be treated. 
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E.2.2 Automated targeting technique 

The methodology is first described for a continuous process (information from [529]) and then for a 

batch process (details from [530]). 

A) Continuous process  

At first concentrations are classed by decreasing order and a final fictitious concentration is added to 

calculate the residual impurity load. After this, the surplus of available water (source) is calculated at 

each concentration and then cascaded down to perform the material flow rate cascading (see 

Equation A-29) 

 

Equation A-29 

Where:  

k = a concentration level 

∑ 𝐹𝑆𝑅𝑖𝑖 , and ∑ 𝐹𝑆𝐾𝑗𝑗  = total flow of sources and sinks respectively at the concentration k.  

δk and δk-1 = impurity loads at the concentration level k and k-1. 

This value can be either positive or negative. Positive values mean that water flows from the lower 

concentration level to the higher concentration level and vice versa. The first value corresponds to the 

fresh water while the last value represents the wastewater discharge flow rate. Establishing the 

impurity load cascade is the next step and this is undertaken by applying Equation A-30. 

 

Equation A-30 

Where 

Ck and Ck-1
 = concentrations at level k and k-1 

εk and εk-1
 = residual impurity at concentration level k and k-1. 

It is worth mentioning that at the starting point of the down cascade there is no residual impurity load 

and thus ε0 is taken as 0. To obtain a feasible load cascade, all the impurity loads have to be positive 

meaning that all maximum allowable impurity loads of sinks at every concentration level are fulfilled. 

The following conditions are obtained (Equation A-31).  
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εk ≥ 0 k∀K Equation A-31 

The concentration for which the impurity load will be 0 corresponds to the pinch point. This 

concentration is the highest at which the cumulative flows of each source equal the cumulative flows 

of each sink and the cumulative loads of the sources equal the maximum allowed by the sinks [531]. 

Equation A-31 forms a linear programming problem that can be solved using Microsoft Excel solver. 

Different targets can be programmed such as: 

Minimize Fresh water Equation A-32 

Minimize Cost Equation A-33 

with the conditions described by Equation A-31 as constraints, and fresh water as a variable. 

In some problems called threshold problems, the model gives a negative waste flow rate values. To 

ensure a positive value, Equation A-34 is added to the list of constraints.  

δn−1 ≥ 0 Equation A-34 

 

Figure A-25: Illustration of the concept of the automated targeting technique for direct water 
reuse/recycle (extracted and modified from Ng and Foo[529]). 

The automated targeting technique was also developed for single-pass and partitioning regeneration 

systems (Figure A-26). In the current case, however, it is hard to apply a regeneration system as the 
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contaminants to be regenerated are undetermined. As a consequence, no information exists as to 

which technology to apply, range of regeneration and regeneration prices. For this reason the 

possibility of regenerating water will not be described nor modelled. 

 

A) B) 

Figure A-26 A) Single-pass regeneration system, B) Partitioning regeneration system. 
Obtained from [532]. 

B) Batch process 

An automated targeting technique was developed for batch heat exchanger network, mass exchanger 

network and resource conservation network (water) processes by Foo [530]. Each time interval is split 

in an adapted cascaded diagram from Figure A-25 as presented in Figure A-27. For each time interval 

t, the total flow of sinks and sources is calculated for each concentration level k (𝐻𝑀𝑆𝐾,𝑡,𝑘 and 𝐻𝑀𝑆𝑅,𝑡,𝑘 

respectively) as seen in Equation A-35 and Equation A-36. 

HMSK,t,k = ∑ FSKj,t,k∆t  k∀K, t∇T
j

 Equation A-35 

HMSR,t,k = ∑ FSRi,t,k∆t  k∀K, t∇T
i

 Equation A-36 

An as example, for a given sink SKj which requires a flow FSK,j,k between t1 and t3
,, the flow demand that 

needs to be fulfilled at the time interval ∆t=t2-t1 will be 

FSKj,t,k∆t = FSKj,k ∗
∆t

(t3 − t1)
 Equation A-37 

The other significant difference from the continuous process automated targeting technique is that a 

water storage tank can be added to store water from an interval t to be use in another time interval. 

Consequently Equation A-30 becomes Equation A-38. 

δk,t = δk−1,t + (HMSR − HMSK)t,k + (STt−1,t − STt,t+1)k k∀K, t∀T Equation A-38 
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Where 𝑆𝑇𝑡−1,𝑡,𝑘and 𝑆𝑇𝑡,𝑡+1,𝑘 are the stored water from interval t-1 and t respectively to be sent to the 

next interval, at a concentration level k. The constraints relative to this equation are 

STt−1,t,k and STt,t+1,k ≥ 0 k∀K, t∀T  Equation A-39 

The storage tank for each concentration level k (STGk) will be equal to the highest cumulative content 

CSTt,k in a storage medium calculated as follows 

(CSTt − STt−1,t + STt,t+1)k = (CSTt+1)k k∀K, t∀T Equation A-40 

Where 𝐶𝑆𝑇𝑡and 𝐶𝑆𝑇𝑡+1 are the cumulative content in a storage content medium at time t and t +1.  
This equation is submitted to the constraint 

STGk ≥ 0 k∀K Equation A-41 

All these constraints (Equation A-34 & Equation A-39 & Equation A-41) were placed into the Excel 

solver with the respective target (Equation A-32 or Equation A-33 for example). Note that each time 

interval might have a demand in fresh water. The total fresh water requirement is the sum of all fresh 

water needed each time interval (and the same principle for the wastewater). 

When solved, storage tank maximisation needs to be carried out to reduce the number of storage 

tanks and minimize costs. For this purpose, the targeted value was fixed and considered as a new 

constraint and a new target was set up (Equation A-42) 

Minimize ∑ STGk

k

 Equation A-42 

This is thus a 2-step optimisation approach. 
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Figure A-27: Automated targeting technique for direct water reuse/recycle in batch processes. 
Extracted and modified from Foo [530]. 

Another point worth mentioning is that even if Excel Solver is very efficient at solving small problems, 

it becomes limiting for big problems (maximum 200 variables, maximum 100 constraints [533]) and it 

cannot solve certain problems such as non-smooth problems. For this reason, for a batch process with 

too many time intervals, it was impossible to use Excel Solver and Frontline Analytical solver platform 

(Frontline System Inc, Incline Village, Nevada, USA) was used instead. This tool is a Microsoft Excel 

add-in which has very powerful algorithms to solve much more complex problems.  

C) Water network design 

A network design tool was then designed and fit to the Water Pinch model. Table A-37 provides a 

review of all existing water network design techniques [519]. Amongst those, and especially the ones 

developed for fixed flow rate, the nearest neighbour algorithm was found to be the easiest to 

implement in the developed model and covered a wide range of applications. 

Table A-37: Comparison of various network design techniques. 
Extracted from Foo [519]. √ means that the problem can be treated while X means that 
at the date of review, this problem cannot be treated. 
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The principle of this method is: “To satisfy a particular water demand, the source streams to be 

chosen are the nearest available neighbours to the demand in terms of contaminant 

concentration” [534]. This can be illustrated using Figure A-7.  

 

Figure A-28: Principle of the nearest neighbour algorithm. 
The circles represent certain contaminant concentrations (dirtier when getting darker). 

In other words, the purest and closest source, and the source that has the closest higher 

contaminant concentration than a sink will be used to satisfy its water demand. If the amount of 

water is not enough, whatever source which is available at a concentration just higher (or lower) 

will be used. Three rules were imposed to ensure the minimum fresh water target: 

 All sources must have their concentrations equal to the maximum allowable values. 

 All sinks below the pinch must have their concentration forced to the maximum allowable 

values. 

 If both sources and sinks are on the same side of the pinch and have the same 

contaminant concentration, the maximum water sources amount has to be used to satisfy 

the sink demands. 
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A simple algorithm was developed using Microsoft Excel VBA, based on Prakash et al. [534]. Sinks 

and sources were ordered by increasing contaminant concentration level and for each 

concentration by increasing flow. 

For every sink j considering its concentration k (SKJ,k), do 

Step 1: If there is one or several available sources at the same concentration k, then go to step 2 

else go to step 3 with l=k-1 and u=k+1 

Step 2:  

 If ∑ 𝑆𝑅𝑖,𝑘𝑖 < SKJ,k, then use all the source available, update 𝑆𝑅𝑖,𝑘 = 0 ∀𝑖, 𝑆𝐾𝑗,𝑘 =

𝑆𝐾𝑗,𝑘,𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = 𝑆𝐾𝑗,𝑘 − ∑ 𝑆𝑅𝑖,𝑘𝑖  and go to step 3 with l=k-1 and u=k+1 

 Else if ∑ 𝑆𝑅𝑖,𝑘𝑖 > SKJ,k, then prioritise the source with the closest flow rate. This was carried 

out by creating a ratio 
𝑆𝑅𝑖

𝐹𝑙𝑜𝑤 𝑠𝑡𝑖𝑙𝑙 𝑛𝑒𝑒𝑑𝑒𝑑
, and using the source with the closest ratio to 1. 

Repeat this until the demand is fulfilled, then update SKj,k = 0 and SRi,k = SRi,k −

SRi,k,used 0 ∀i  and go to step 1 with j = j+1 

Step 3: Calculate how much SRi,u and SRi,l is needed using equations: 

SRl,needed ∗ Cl + SRu,needed ∗ Cu = Ck ∗ SKj,k,remaining Equation A-43 

SRl,needed + SRu,needed = SKj,k,remaining Equation A-44 

Where 𝑆𝐾𝑗,𝑘,𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = 𝑆𝐾𝑗,𝑘 if no action was carried out on step 2, SKj,k,remaining has the same 

value as on step 2. 

Equation A-45 is obtained. 

SRl,needed = SKj,k,remaining

(Cu − Ck)

Cu − Cl

 Equation A-45 

 If ∑ SRi,l ≥i SRl,needed and ∑ SRi,u ≥i SRu,needed, then prioritise the source distribution 

similarly as described in step 2, update and go to step 1 with j=j+1.  

 Else If one or both of the source flows needed is lower than the available flow (the 

example of ∑ SRi,l <i SRl,needed, will be taken), then adjust the source flow needed at 

higher (or lower) concentration level (as an example Equation A-46). 

SRu,needed = ∑ SRi,l ∗

i

(Ck − Cl)

Cu − Ck
 Equation A-46 

o If SRi,u ≥ SRu,needed, then SRi,l = 0 ∀i and sources at concentration level k+1 are 

prioritised to meet the sink demand following principle described in step 2 and the 
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update is SRi,u = SRi,u − SRi,u,used, SKj,k,remaining = SKj,k,remaining − SRu,needed −

∑ SRi,li . Repeat step 3 with l=l-1, u=u. 

o Else if SRi,u ≤ SRu,needed, then adjust both flow following principle of Equation A-46, 

update SRi,l = 0 ∀i and SRi,l = 0 ∀i and SKj,k,remaining = SKj,k,remaining − ∑ SRi,ui −

∑ SRi,li , and repeat step 3 with l=l-1, u=u-1. 

Repeat step 3 until SKj,k,remaining=0, then go to step 1 with j=j+1. 

For each time interval in the batch process, the nearest neighbour algorithm was applied, 

including, from the initial technique proposed by Prakash et al [534], the storage tanks. Storage 

tanks were characterised as sources when the difference STt,t+1 − STt−1,t was higher than 0, 

otherwise this means that they are requiring water. The model developed was first tested on 

different examples found in the literature, and use to optimise water recycling using data 

provided by Fiberight. In the particular Fiberight case and in general on the application of the 

Nearest Neighbour Algorithm for batch process, two exceptions were made: 

 When 2 units are linked together, the source flow has to be forced to fill the demand. For 

example in the scenario where the sugars are fed to a UASB reactor, if no exception is 

made, the sugars might not necessarily be allocated to the UASB reactor which in a real 

process does not make sense. These systematic allocations were performed before 

starting the nearest neighbour algorithm just described. 

 Storage tanks also need to be fed, at the exact concentration even if they are located 

above the pinch point of this interval. They will be used in another interval where they are 

expected to deliver a water of a certain quality. This is more important in certain cases 

where pinch points are different at different intervals. For this reason, storage tanks were 

fed as a priority. 

 

E.3 Economic data 

The cost of a UASB reactor was calculated based on Fiberight's capital estimation for a UASB 

reactor using the 0.6 rules to scale down (or up) the price [535]. 

Equation A- 47 

C1

C2

= (
V1

V2
)

0.6

 Equation A- 48 

Where: 
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C = reactor cost, £ m-3. 

V = Reactor volume, m-3. 

The price given by Fiberight was 1994 £ m-3 including the reactor, piping insulation etc. The 

volume of the reactor was estimated knowing the daily influent and the OLR applied to the 

reactor. The working volume and real volume was considered to be equal. The OLR for UASB 1 

was fixed at that recommended by Hydrothane (Hertogenbosch, Netherland), of 17 g COD L-1 day-

1. An important assumption is that the OLR has no effect on the moment when the reactor started 

to be affected by the water recycling. In the laboratory-scale tests the OLR was around 10 g COD 

L-1 day-1 (see section 10.3.1.1). To treat USAB 2 in a similar way, the laboratory-scale OLR (5 g COD 

L-1 day-1) was multiplied by 17/10 corresponding to a final OLR of 8.5 g COD L-1 day-1. 

In this model, the same process configuration and assumption were used as in Fiberight's current 

plan. The biogas is upgraded in an upgrading unit provided by an external company. The price for 

methane is assumed to be 100 % of the wholesale gas price, taken as 33.24 £ MWh-1, and because 

there is a possibility to claim the Renewable Heat Incentive (RHI), the company will also receive 

50 % of the RHI payment which is fixed at 20 £ MWh-1.  

The daily volume of methane produced (VCH4) was calculated following. 

VCH4
(L) = FlowInf ∗ CODinf ∗ CODremoval ∗ SMP Equation A- 49 

Where all these parameters were determined experimentally in chapter 10 and represents: 

CODremoval= defined in Equation 3-10, %. 

Flowinf and CODinf= Daily influent to AD and COD concentration in the influent, L and g COD L-1 

respectively. 

The cost of fresh water and wastewater disposal was taken equal to 1 and 1.4 £ m-3 [pers. comm., 

Peter Speller]. 

To determine how essential was the second anaerobic reaction (UASB 2), a simplified payback 

period was established. This included only the anaerobic digestion (investment, income from gas) 

and water related expenses (fresh water, and wastewater disposal). For this calculation the 

cumulative cash flow was calculated for 10 years according to Equation A- 50:  
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𝐶𝑢𝑚𝑢𝑙 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑖 (£)
= 𝐶𝑢𝑚𝑢𝑙 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑖−1 + 𝐺𝑎𝑠 𝑠𝑒𝑙𝑙𝑖𝑛𝑔𝑖

− (𝐹𝑟𝑒𝑠ℎ 𝑤𝑎𝑡𝑒𝑟 + 𝑊𝑎𝑠𝑡𝑒 𝑤𝑎𝑡𝑒𝑟)𝐶𝑜𝑠𝑡 𝑖 − 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑖 

Equation A- 50 

Where: 

i = Year. 

all other term expressed in £. 

Then a linear regression (y=ax + b) was fitted to the curve and the year corresponding to a zero 

cumulative cash flow value was considered to be the payback period. 

Payback period (year) =
−b

a
 

 Equation A- 51 

E.4 Validation model 

To confirm the Water Pinch model developed in this work, a “contaminant X” mass balance flow model 

was established. It calculated the amount of “contaminant X” transferred during the different recycles 

carried out in the experimental work. Equations given in section 11.2 were used to do all transfer 

calculations. The “contaminant X” removal by UASB 1&2 was allowed to vary. From this, the critical 

“contaminant X” concentrations for enzymatic hydrolysis which were those corresponding to 16.5 

recycles could be determined as a function of the “contaminant X” removal. 

After this, the reallocation of the different sources, i.e. water coming out of the UASB 1&2, cooking 

process and hydrolysis were optimised and the addition of fresh water and water to be disposed was 

minimised using Frontline Analytical Solver Platform to ensure that the critical “contaminant X” 

concentrations for hydrolysis were never reached. 100 recycles was fixed a safe limit. 

This model was then applied on Fiberight process with the operational conditions given in Table 11-1, 

but the critical “contaminant X” concentrations remained those found experimentally. 

This model treated the experiment work as a continuous process. The fresh water requirement in a 

batch process with sufficient storage tank, however, is the same as in a continuous process. 
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E.5 Validation on existing example found in the literature 

Two examples commonly found in the literature were used to test the model. Input data are presented 

in Table A- 38 and Table A- 39. 

Table A- 38: Example 1 [530]. 

 

 

Table A- 39: Example 2 [530]. 

 

The targeted flows for example 1 are presented in Table A- 40. According to Foo [530] this batch 

process requires 102.5 ton h-1 fresh water and 1 tank to store a maximum of 37.5 ton h-1 of water at a 

concentration of 200 ppm. The water network design obtained by the nearest neighbour algorithm 

integrated to the developed model is presented in Table A- :42 and matches the design proposed by 

Foo [530] (Figure A 29).  

Table A- 40: Results from the model developed using example 1 presented in Table A- 38. 

 

As seen in Table A- 41, 35 tons h-1 of fresh water is needed to fulfil all the demands and 23 ton h-1 of 

wastewater is generated. 4 storage Tanks are needed with the same capacities and concentrations 

obtained by Foo [530]. 

The water design tool developed was also tested on different examples of continuous processes from 

Prakash et al. [534], and the same designs were also obtained. 

The developed model provides the same results as several examples found in the literature and was 

thus considered robust. Critical analyses of the results were also always carried out to assess the 

validity of the results. 
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Table A- 41: Results from the model developed using example 2 presented in Table A- 39. 
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Table A- :42 Design obtained from the model using example 1 described in Table A- 38. 

 
 

 

Figure A 29: Batch water design for example 1. Figure extracted from Foo [530]
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E.6 : Supplementary material for Chapter 11 

 

Figure A 30: Water network at RX=0% for case 3 

 

Figure A 31: Water network at RX=10% for case 3 
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