Predicting pH rise as a control measure for integration of CO2 biomethanisation with anaerobic digestion 
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Abstract 
In-situ CO2 biomethanisation offers a means to combine biogas upgrading with increased methane productivity, but its potential contribution to power-to-gas is often ignored due to concerns over process stability and control. The research presents an equation derived from fundamental chemical equilibria which predicts the relationship between partial CO2 pressure and digester pH, and allows estimation of the maximum achievable biogas methane content compatible with stable operation. A rapid experimental determination was also developed to support these predictions.  The results were validated by long-term experiments using synthetic feedstock with different ammonia concentrations (2 and 3 g N L-1). Further trials carried out using food waste and sewage sludge as substrates showed stable operation at biogas methane contents of 92 and 90 % CH4 and pH 8.5 and 7.9, respectively. CO2 biomethanisation was successfully demonstrated in a food waste digester with a total ammoniacal nitrogen of 4.8 g N L-1 with volumetric methane production enhanced by more than 2 times, from 2.29 to 5.01 L CH4 per L digester per day. The predictive approach used is applicable to digesters fed on different feedstocks and to hybrid systems with biomethanisation of both endogenous and exogenous CO2; and offers a basis for both process design guidelines and operational control. The output from the work thus provides engineers, operators and plant designers with a valuable tool for the successful implementation of in situ biomethanisation in anaerobic digesters. 
Keywords: CO2 biomethanisation; pH rise; Anaerobic digestion; Food waste; Renewable energy; Hydrogenotrophic methanogens.


1 Introduction
Anaerobic digestion (AD) is a well-established sustainable technology for recovering value from organic wastes including sewage sludge, animal slurries, municipal biowastes, crop wastes and food processing residues. Financial incentives aimed at promoting renewable energy have helped to establish AD plants as a key technology for both waste management and biomass energy production, as well as providing a route to sustainable resource recovery. As a result, since the 1990s there has been an annual growth rate of 13.7% in new installations [1], with 17,700 plants currently operating across Europe [2]. This expansion is now slowing down as many governments are cutting back or withdrawing the financial incentives for production of power and/or heat (e.g. closure of UK Feed-in Tariffs scheme in April 2019). The industry is currently looking at ways to further valorise its fixed asset in plant, by improving biomethane productivity, moving towards potential new biorefinery products [3, 4], and integrating AD technology with other infrastructure for greater overall efficiency [1, 5, 6]. 
It is now well recognised that there is scope for improving the productivity of AD through reductive CO2 biomethanisation. This involves adding hydrogen to the process, which is combined with the CO2 contained in the biogas to produce additional CH4. Where hydrogen is directly injected into the digester the process is usually referred to as ‘in-situ’, and makes use of the indigenous hydrogenotrophic methanogens that utilise the gaseous components in conjunction with the syntrophic microbial biome responsible for the degradation of complex organic substrates. It is also possible to carry out these gaseous reactions in a separate dedicated bioreactor, in which case the process is usually referred to as ‘ex-situ’ biomethanisation. Recent work [7] has demonstrated that an in-situ AD plant can also convert exogenously-produced CO2 if this is added to the digester with a stoichiometrically balanced H2 input. This promotes expansion of the hydrogenotrophic methanogenic population in response to the exogenous CO2 load, and results in a hybrid process that satisfies the definitions of both in-situ and ex-situ, in that the digester can simultaneously receive as its feedstock both complex organic carbon and inorganic carbon input streams. This hybrid process has several advantages: firstly, it eliminates the need to construct additional dedicated reactors. Secondly, it avoids the need for a supplementary nutrient supply which is a requirement of the stand-alone ex-situ configuration. Thirdly, it can process and upgrade the biogas from several digesters, with only one hybrid system needing to be retrofitted for hydrogen injection. Finally, there is an overall improvement in specific and volumetric methane productivity as a result of the reductive biomethanisation of CO2 without any expansion in the required digester volume. 
To realise these potential advantages the technology has to prove its reliability, as there are issues of process stability and maximum achievable biogas methane content associated with the in-situ approach [8-10]. These arise because of the rise in pH, which is an inevitable consequence of biomethanisation of biogas CO2 within a digester [9, 11-16], and could result in process failure if satisfactory control systems are not in place. It is therefore crucial to understand the factors that control digester pH under these conditions, and to develop control strategies that allow stable operation, before moving forward to pilot or demonstration-scale projects based on an in-situ concept.
To overcome this problem a precautionary approach has been suggested where hydrogen injection into the digester is limited to ensure that pH remains well below inhibitory levels. In this case the methane content is initially upgraded to 70-75% in an anaerobic digester retrofitted for H2 injection: this first stage is then followed by a second stage ex-situ bioreactor where the partially-upgraded biogas is further upgraded to 90-95% CH4 [12, 14, 16]. The issue of pH rise is not generally reported in ex-situ reactors as they are often designed to operate with synthetic media buffered by phosphate [17-19]. A further choice is to use a single-stage ex-situ reactor, with no hydrogen injection into the main digester. In each case the additional ex-situ reactor has associated capital expenditure and operating costs. 
If stability issues can be addressed, a single stage in-situ process has advantages to commercial operators of organically-loaded digesters as it offers a combined means of upgrading biogas and improving methane productivity. In an agricultural context, where installation of digesters to treat substrates with low energy potential is often uneconomic, a doubling of methane productivity by integration with local renewable power could be transformative in the uptake of on-farm digestion with all of its associated environmental and ecosystem services benefits [20-23]. It also supports decarbonisation of key service sector industries, such as waste management and the water industry, since more of the carbon released as CO2 during degradative processes is captured and transformed to a fuel gas, offsetting fossil fuel usage. It offers a route to utilisation of surplus renewable power via integration with electrolytic hydrogen production, thereby providing a balancing mechanism to meet variable grid power demands. Where exogenous CO2 sources are available, the concept of a hybrid process extends this range of utility. With improved understanding and control of these systems, in-situ and hybrid reductive CO2 biomethanisation thus have a valuable role to play in the wider power-to-gas concept.
[bookmark: _Hlk36980543]The importance and novelty of this work is that it has for the first time developed a theoretical model, based on derived chemical equilibria equations, linking pH and CO2 partial pressure (PCO2) in in-situ and hybrid CO2 biomethanisation digesters. This allows estimation of the maximum biogas methane content for stable operation, and provides a basis for design guidelines and operational control for industrial digesters. A supporting rapid determination assay is also provided to predict trends in pH and the safe limits for in-situ biogas upgrading in digesters fed on different types of feedstock. The work was validated in long-term trials using real and synthetic feedstocks in which the effects of ammonia and phosphate buffering could be quantified. The research has also shown, for the first time, the operation of a hybrid CO2 biomethanisation process receiving food waste, where digestion typically occurs at elevated pH even without endogenous CO2 reduction.
2 Experiments and Methodologies 
2.1 Digester operation
[bookmark: _Hlk27232998]Two types of digester were used to investigate the effect of TAN on CO2 biomethanisation in two trials lasting 340 and 303 days, respectively. The first trial used eight digesters of continuous stirred tank reactor (CSTR) design, in 1-L glass vessels with a working volume of 0.5 L (Figure 1a). Mixing in each digester was by an impeller connected by a shaft passing through a gas-tight draft tube to a 300 rpm 12v DC motor. Temperature was maintained in a water bath at 37 oC. The digesters were operated as four duplicate pairs, and fed on synthetic feed at two different TAN concentrations. Inoculum was taken from digesters used in a previous biomethanisation study [7], the contents of which were mixed to ensure a homogeneous culture and then distributed equally to the eight test digesters. The characteristics of the inoculum and feedstock are summarised in Table 1 and its detailed composition is presented in Table S1 of the Supplementary Information. The hydraulic retention time (HRT) was 15 days and the organic loading rate (OLR) was 3 g organic chemical oxygen demand per L of working volume of the digester per day (g CODorg Ldigester-1 day-1). The only varying parameter was the TAN, which was controlled by varying the urea content of the feedstock. In the first four digesters (R1-4) TAN was maintained at around 2 g N L-1, while in the other four (R5-8) TAN was around 3 g N L-1. Reductive CO2 biomethanisation via H2 addition was carried out in one pair of duplicates (R1&2, R5&6), while the other pair of duplicates (R3&4, R7&8) were operated conventionally without H2 addition and served as controls. R1&2 and R5&6 were, however, initially operated without H2 addition until day 133 to allow acclimatisation to the change in TAN and establishment of stable operating conditions in all digesters. After this a stepwise increase in daily H2 addition was applied whilst carefully monitoring associated changes in pH. H2 addition started at 10% of the theoretical maximum amount needed to react with all of the biogenic CO2 produced (VH2 theo, assuming that 1 mol CO2 reacts with 4 moles H2). The volume of H2 added was then increased to 20, 35, 50, 65, 75, 80 and 85% of VH2 theo. In practice the amount of H2 required on a given day was dispensed into an empty gas bag using an EL-Flow® Prestige mass flow controller (Bronkhorst, UK). The filled gas bag was attached immediately after the daily addition of organic substrate, and gas was recirculated through the digester at a flow rate of 8 mL min-1 as shown in Figure 1a. At the end of the daily cycle the full gas bag was removed for determination of gas composition and volume.
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[bookmark: _Ref4054377]Figure 1 Configuration of digesters used in the investigation of pH rise trends in CO2 biomethanisation: (a) digesters fed with synthetic feedstock with different TAN concentrations and (b) digester fed with industrial food waste.

[bookmark: _Hlk33261771]The second trial used a CSTR-type digester fed on food waste collected from a commercially operated AD plant in Warminster, UK. The feedstock comprised a mixture of industrial food processing waste streams, dairy-based food production waste, catering waste, cereal waste, and selected abattoir wastes including cattle blood and gut contents. The inoculum for the second trial was taken from the full-scale plant: feedstock and inoculum characteristics are shown in Table 1. The trial used a 3-L fermenter (Applikon, UK) with a working volume of 2 L mixed by an impeller driven by a magnetically-coupled motor providing a gas seal and operated at 600 rpm (Figure 1b). The operating temperature was maintained at 37 °C using a heating blanket. The fermenter was equipped with a probe for online pH recording and coupled to a gas chromatograph (GC) for online gas composition measurement. At a HRT of 25 days the OLR was 4.14 g VS L-1 day-1 (5.76 g CODorg Ldigester-1 day-1), and the TAN was taken to be that of the inoculum with a value of 4.79 g N L-1. 
This second trial was divided into three phases. Phase I covered the time required for the process to acclimatise and stabilise without H2 addition. During phase II, H2 was added to the digester following the strategy used the first trial, of staged increase in the volume of H2 added to allow gradual enrichment of the population of hydrogenotrophic methanogens and increase the biogas methane content. As the baseline pH was already above 8.0, H2 addition was incremented cautiously in steps of 5, 10, 20, 30, 40, 44, 50, 60, 70, 75, 80 and 85% of VH2 Theo. H2 was added as in the previous trial, with the full daily amount dispensed via the mass flow controller and injected into the digester via gas recirculation at a speed of 40 mL min-1. In phase III both exogenous CO2 and H2 were added as indicated in the experimental results section. In practice the required amounts of H2 and CO2 were dispensed into the gas bag at the start of the feed cycle and injected into the digester as described above. 
[bookmark: _Ref3896547]Table 1 Characteristics of inocula and substrates used for synthetic feed and industrial food waste digesters.
	
	Synthetic feedstock digesters
	Food waste digester

	
	Inoculum
	Feedstock
	Inoculum
	Feedstock

	pH
	7.36
	7.54
	8.09
	3.87

	Total solids (TS, % wt)
	1.57
	7.90
	3.31
	10.8

	Volatile solids (VS, % wt)
	1.02
	7.78
	2.28
	9.86

	VS/TS (%)
	65.0
	98.5
	68.8
	91.0

	Total Kjeldahl N (g L-1) 
	1.59
	2.80*
	6.63
	6.31

	Total ammonium N (g L-1)
	0.75
	0.01
	4.79
	0.88

	Total CODorg (g L-1)
	12.5
	45.0
	42.8
	144


* for digesters at 2 g N L-1; 3.70 for digesters at 3 g N L-1.

2.2 Development of a rapid method to determination of pH rise through CO2 biomethanisation 
This used the basic process configuration for the fermenter as shown in Figure 1b except that the gases initially stored and subsequently recirculated from the gas storage bags were CH4/CO2 mixtures made up in different proportions, i.e. 50/50, 60/40, 65/35, 70/30,…95/5. The principle of the method was to measure the pH of the digestate when different CH4/CO2 mixes were equilibrated with the digester contents. This allowed simulation of CO2 biomethanisation at differing biogas compositions without running a digester over extended period. To perform the test, 2 L of digestate were taken from a test digester and added to the fermenter. The digestate was heated and agitated to provide the same conditions as in the test digester, but was not fed. Biogas with a CH4/CO2 ratio of 50/50 was first flushed through the system to remove any oxygen. A CH4/CO2 mix of 60/40 was then pumped into the digester and recirculated until the online measured pH and the gas composition remained constant for at least 1 h. Another gas mixture was then pumped in and recirculated until a second steady state was obtained. This procedure was repeated until between 6-8 gas mix compositions had been tested, the entire sequence being completed within a 24-h period. The steady state values of pH and gas composition were then used in the predictive analysis of pH rise from CO2 depletion. 
2.3 Analytical methods
H2, CH4 and CO2 content in biogas samples was measured using a gas chromatograph equipped with a thermal conductivity detector (GC-TCD, MG#5, SRI Instrument, US). The GC had two linked analytical lines, with one line separating and quantifying CH4 and CO2 using a Porapak Q column (80/100 mesh, 6ft) and the other separating and quantifying H2 by a molecular sieve 5A column (6ft). Product gas volumes were measured using a weight-based water displacement gasometer [24] and are reported at a standard temperature and pressure (STP) of 0 oC and 101.325 kPa.
[bookmark: _Hlk41215917]Inoculum, feedstock and digestate characteristics were analysed using standard methods 4500-H+ for pH, 2540-G for total solids (TS) and volatile solids (VS), 5220-C for organic chemical oxygen demand [25] and acid titration for alkalinity [26]. Total ammonium nitrogen (TAN) was determined by distilling NaOH alkalised samples in a BÜCHI Distillation Unit K-350, with the distillate collected in boric acid indicator solution, and titrated by H2SO4. Total Kjeldahl nitrogen (TKN) was determined by first converting organic nitrogen into ammonium nitrogen via acid digestion, and then measuring the TAN of the acid-digested samples. Concentrations of volatile fatty acids (VFA) in digesters were monitored using a gas chromatograph equipped with a flame ionisation detector (GC-FID, GC-2010, Shimadzu). Formic acid acidified supernatant from centrifuged digestate samples was injected into the GC-FID with VFA species separated in a BP-21 column (SGE Analytical). Calibration was carried out against mixed VFA standards containing 50, 100, 250, 500 and 1000 g L-1 of acetic, propionic, iso-butyric, n-butyric, iso-valeric, valeric, hexanoic and heptanoic acids.
3 Results and Discussion 
3.1 Trial 1: CO2 biomethanisation at different TAN concentrations 
TAN concentration as a function of time in the synthetic feed digesters used in trial 1 is shown in Figure 2. The TAN concentration of the inoculum was 0.75 g N L-1 which was raised in the two sets of digesters to ~2 and ~3 g N L-1 respectively by a one-off addition of a calculated amount of urea on day 1. For the first 3 HRT (until day 45), TAN was maintained at 2 and 3 g N L-1 by daily urea supplementation. Dosing was then interrupted for a period between days 45-75, resulting in a washout of TAN in proportion to the HRT and confirming the mixing regime of the digester. Urea dosing was then resumed with a known addition to return the TAN concentration to the targets of 2 and 3 g N L-1 in each set of digesters. TAN was then maintained close to these values by daily urea addition for the remainder of the trial (Figure 2). 
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[bookmark: _Ref2246068]Figure 2 TAN concentration against time in digesters fed with synthetic feed. 

All of the digesters experienced some shock associated with the sudden increase in TAN on day 1 and the subsequent washout and restoration of target TAN concentrations. It took almost 9 HRT (until day 131) for the microbial community to acclimatise to the elevated TAN concentrations and show stable operation, as evidenced by steady pH and gas production with no accumulation of acid intermediate products. During this acclimatisation period, if VFA accumulation was observed feeding was stopped or reduced for a few days to allow recovery and stabilisation, leading to some fluctuation in monitoring parameters. Table 2 shows average monitoring parameter values for the sets of digesters at 2 and 3 g N L-1, for the last 10 days of operation before H2 addition commenced: these were taken as the baseline operating conditions.
[bookmark: _Ref36323027]Table 2 Summary of baseline digestion conditions based on average value for last 10 days prior to H2 addition.
	Digester
	pH
	Vbiogas
	CH4
	CO2
	SMP
	VCO2

	
	
	mL day-1
	% v/v
	% v/v
	L g-1 CODorg
	mL day-1

	R1-4 (2) *
	7.67 ± 0.02
	754 ± 30
	53.8 ± 0.5
	45.9 ± 0.6
	0.271 ± 0.011
	346 ± 13

	R5-8 (3) *
	7.81 ± 0.03
	667 ± 34
	54.3 ± 0.4
	45.4± 0.5
	0.241 ± 0.013
	302 ± 13

	*: value in brackets denotes the TAN of digesters in g N L-1.



[bookmark: _Hlk33260989]These average values were used to estimate the required stoichiometric H2 addition to react with the endogenous CO2 produced and present in the biogas. VH2 theo was taken as 1400 mL day-1 for R1-4 and 1200 mL day-1 for R5-8. From day 133 onwards, one pair of digesters at each TAN concentration started receiving H2, while the other pair continued without H2 addition as controls.
[bookmark: _Hlk34255803]The evolution of biogas methane content, pH and volumetric methane production (VMP, in L of methane per L of digester working volume per day or LCH4 Ldigester-1 day-1) for digesters at TAN 2 g N L-1 is shown in Figure 3. For the pair of digesters R1&2, incremental increases in H2 addition progressed smoothly with no signs of instability between days 133-219, and with the pH reaching 8.25 at a biogas methane content of 90% (Figure 3). During this period, the time required to adapt to each step increase in H2 addition was around 3 days. Any further increase in H2 addition in an attempt to increase the biomethane content above 90% resulted in instability with the pH increasing to 8.41 (day 221). Between days 220-240, two further attempts were made to raise the methane content above 90% but were not successful. It was observed that as the pH exceeded 8.25, VFA accumulation occurred (Figure 4). This suggested that the maximum operational pH for the specific microbial culture was approximately 8.25 and CO2 biomethanisation was possible to a methane content of 90% but no higher. To confirm this H2 was added stepwise between days 284 - 332 to a pair of the original digesters used as controls (R3 & R4), which rapidly progressed to a methane content of 90% without the pH exceeding 8.25 (Figure 3). It was concluded that in the digesters with 2 g N L-1 TAN, stable operation was possible at a methane content of 90% with the pH remaining below 8.25.
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[bookmark: _Ref2253064]Figure 3 Biogas methane content (a), pH (b) and volumetric methane production (c) in digesters with TAN 2 g N L-1. Vertical dotted lines indicate the starting date of H2 injection.
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[bookmark: _Ref34255739]Figure 4 Variations in total VFA concentration over time in digesters operated at TAN 2 and 3 g N L-1.

A similar pattern was seen in digesters R5&6 with a TAN of 3 g N L-1. Biogas methane content, pH and VMP for these digesters is shown in Figure 5. H2 addition started on day 133 and increased gradually until day 177. During this time the methane content of the biogas increased to 83% and the pH rose to 8.29. Attempts to increase the methane content to 85% led to a further rise in pH and signs of incipient instability. Between days 178-184 a methane content of 90% was achieved, but this as not sustainable as the pH rose as high as 8.43 and significant VFA accumulation was observed (Figure 4). Two further attempts were made between days 180-219 to increase the methane content above 85%, but it was concluded the maximum achievable concentration was 83% with a corresponding maximum operational pH of approximately 8.30. To verify this, H2 addition was reduced stoichiometrically to meet a target methane concentration of 83%, and stable operation was maintained between days 220-239 with the pH remaining below the maximum acceptable value. 
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[bookmark: _Ref34255837]Figure 5 Biogas methane content (a), pH (b) and volumetric methane production (c) in digesters with TAN 3 g N L-1. Vertical dotted lines indicate the starting date of H2 injection.

In order to further investigate the response to changing H2 additions below the critical threshold, from day 240 in R5&6 H2 addition was reduced slightly to target 80% methane and after demonstration of stable operation, H2 addition was then gradually reduced incrementally every 3 days, until by day 280 no H2 was added (i.e. a return to conventional anaerobic digestion without biomethanisation). This was maintained for 4 days and then reversed, with H2 addition increased stepwise every 4 days up to 80% methane by day 308 (Figure 5). A smooth and rapid transition without any VFA accumulation showed clearly that the hydrogenotrophic CO2 reductive biomethanisation process could be operationally regulated to meet fluctuations in H2 supply over these timescales. 
The pH of digesters with H2 addition is physico-chemically related to the PCO2 in the biogas, and is also influenced by the digester buffering capacity. The CO2 biomethanisation process decreases PCO2, which results in a decrease in bicarbonate ion concentration [8, 9, 11]. This is primarily buffered by ammonium ion, and thus TAN concentration has a significant effect on the pH profiles of anaerobic digesters coupled with CO2 biomethanisation. For the above digesters fed with synthetic feed, the maximum operational pH for that specific methanogenic community appeared to be 8.25, as instabilities were encountered when pH was over that threshold. Under that pH constraint, a PCO2 as low as 10% was allowable before the pH reached 8.25 in digesters with a TAN of 2 g N L-1, meaning that the CO2 biomethanisation process can be operated to give a methane content of 90%. In digesters at 3 g N L-1, the maximum methane content could not increase beyond 83% before pH exceeded 8.30. 
3.2 Trial 2: CO2 biomethanisation with food waste at high TAN concentration
Food waste digesters generally have a high nitrogen content due to the high protein content of the feedstock, with a TKN typically exceeding 6 g N L-1 [27-29]. The TKN of the food waste feedstock used in this work was 6.63 g N L-1, which on digestion resulted in a TAN of 4.79 g N L-1. The first phase of the trial was acclimatisation of the laboratory-scale digester and establishment of baseline conditions. Stable digestion was achieved after approximately 2 HRT (52 days) with a pH of 8.04 and around 7.0 L of biogas being generated daily. This was composed of 65% CH4 and 35% CO2, giving a VMP of 2.29 LCH4 Ldigester-1 day-1 (Figure 6) and a daily biogenic CO2 production of 2.47 L. From day 53 H2 addition was incrementally increased to give a biogas methane content of 90% CH4 by day 165. This was maintained for the following 10 days with stable pH and gas production (Figure 6). From day 178 the increase in H2 addition was resumed, reaching a biogas methane content of 92% and a pH of 8.54 by day 199. H2 addition was then incremented again with the aim of reaching a biogas methane content of 95%, but by day 209 the pH had reached 8.65. This was too high for the microbial community to function normally, and VFA started to accumulate. From day 212 H2 addition was decreased to allow digester recovery, followed by a rapid reintroduction. By day 230 the digester was operating stably at a pH of 8.52, a biogas methane content of 91% and a VMP of 3.21 LCH4 Ldigester-1 day-1. In these conditions, the daily H2 addition was 7.4 L, corresponding to a contribution of 2.65 g COD per L digester per day (g CODH2 Ldigester-1 day-1), which increased the total COD loading rate of the food waste digester from 5.76 to 8.41 g CODtotal Ldigester-1 day-1.
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[bookmark: _Ref34305943]Figure 6  Biogas methane content, pH and volumetric methane production in CO2 biomethanisation integrated with food waste digestion. Vertical dotted lines at day 52 indicate the starting date of H2 injection and the ones at day 250 indicate the start date of exogenous CO2 injection.  

After two more weeks of stable operation, on day 245 the kinetic profiles of H2 conversion and CH4 production were investigated. The concentrations of H2, CO2 and CH4 in the gas storage bag were recorded by the online GC. The hourly data presented in Figure 7 clearly show that the added H2 was completely consumed in the first 12 hours. The CO2 content gradually increased over the first 5 hours and then decreased until hour 10, before increasing again until the end of the cycle. The profile suggests that the rate of CO2 production immediately following feeding was higher than its rate of biomethanisation; this then reversed, with the CO2 concentration falling until the point at which H2 became limiting. The increase in CO2 content at the end of the feeding cycle represents CO2 produced after conversion of all of the available reactive H2. 
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[bookmark: _Ref34306018]Figure 7 Hourly values for H2, CO2 and CH4 content in biogas storage bag of food waste digester with CO2 biomethanisation (taken on day 245 under stable operational conditions). 
[bookmark: _Hlk41237258]The most important conclusion from the kinetic analysis was that the digester appeared to have a CO2 reductive biomethanisation capacity in excess of that required to convert the endogenously-produced CO2. To take advantage of this excess capacity, from day 245 exogenous CO2 was added into the digester with the corresponding stoichiometric amount of additional H2 needed for its conversion. As shown in Figure 7, this resulted in simultaneous biomethanisation of endogenous and exogenous CO2 which was incremented until 4 L of exogenous CO2 was being added daily with complete conversion. At this point the quantity of exogenous CO2 added was equal to 2.3 times the amount of endogenously-produced biogenic CO2.  The quantity of H2 added to the digester to balance both endogenous and exogenous CO2, was 21.8 L day-1, equal to 7.79 g CODH2 Ldigester-1 day-1 and increased the total COD loading from 5.76 to 13.55 g CODtotal Ldigester-1 day-1. It was not possible to determine the metabolic limitation of the digester to exogenous CO2 addition as the experimental set up determined physical limitations on the quantities of gas that could be handled. During the period of exogenous CO2 addition, biogas methane content and pH stabilised at around 90% and 8.51, respectively. The VMP at the end of this phase was 5.01 LCH4 Ldigester-1 day-1, which is more than twice its original value of 2.29 LCH4 Ldigester-1 day-1 without exogenous CO2 addition. The VMP at the end of this phase was 5.01 LCH4 Ldigester-1 day-1, which is more than twice its original value of 2.29 LCH4 Ldigester-1 day-1 without exogenous CO2 addition. This is significantly higher than values reported in studies using mixed culture CSTR-type reactors for in-situ biomethanisation, which range from 0.4 - 2.5 LCH4 Ldigester-1 day-1 depending on feedstock and OLR [9, 11, 12, 16, 30, 31]. Luo and Angelidaki [15] reported a notably high VMP of 5.3 LCH4 Lreactor-1 day-1 (where Lreactor is the working volume of the ex situ reactor) in a thermophilic ex-situ CSTR after batch enrichment of a mixed culture, while Kim et al. [32] achieved 4.1 LCH4 Lreactor-1 day-1 in a mixed culture ex-situ mesophilic CSTR.

3.3 Prediction of the rise in pH as a result of reductive CO2 biomethanisation 
The greatest challenge to using in-situ reductive CO2 biomethanisation in conventional anaerobic digesters is in regulating the conversion so that any increase in pH does not become inhibitory. It is also clear from the results presented above that the pH at which inhibition occurs is not a fixed value and is influenced not only by substrate and its buffering capacity, but also by the microbial population itself. There is therefore some value in developing a rapid method to predict the pH rise associated with CO2 depletion. As the pH change is dependent on PCO2 it is possible experimentally to simulate the effect by manually altering the PCO2 in the biogas using different CH4/CO2 mixes. This should allow rapid estimation of the relationship between pH and PCO2. Figure 8 shows data obtained using the rapid assay (solid symbols) for the three sets of digesters studied, alongside data from long-term operation of the same digesters for periods with no VFAs accumulation (open symbols). Clearly, the profiles from the rapid assay showed a very good agreement with the long-term experimental data, confirming that the pH rise is predominantly associated with the digester PCO2 and the basis of the rapid assay was sound. The method therefore provides a useful tool by which the pH rise for a digester operating on a specific type of feedstock could be rapidly quantified. It does not, however, give any indication as to the pH at which the population developed from that feedstock is likely to be inhibited.
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[bookmark: _Ref34054667]Figure 8  Trends in pH against PCO2 in digesters with: a) 2 g N L-1, b) 3 g N L-1 and c) food waste. Data points from long-term operation shown as open symbols and from rapid determination as solid symbols. Theoretical values from Eq. (17) shown as solid lines. Points in a) and b) are for duplicate digesters in periods with no VFA accumulation (day 278 on in Figure 3, day 260 on in Figure 4).
[bookmark: _Hlk35348929]The data derived from this study has, however, provided an experimental basis for predicting pH change in CO2 reductive biomethanisation digesters. This can be taken further by considering theoretical aspects of factors that control pH. In AD, the major buffering system is the bicarbonate-ammonium buffering pair. The metabolic product CO2 is regarded as a Lewis acid, which on dissolving in water forms the weak acid carbonic acid water (defined in this paper as H2CO3*, an umbrella formula to include both dissolved CO2 and true carbonic acid) and able to donate proton. Another metabolic product ammonia (NH3), released from degradation of nitrogen-containing substrates, is a Lewis base and capable of receiving proton to form ammonium (NH4+) in a water-based environment such as the liquid phase of digester. 
Neutralisation takes place when NH3 and CO2 are produced in digesters, with the resulting cation (NH4+) and anion (HCO3-) at equal molar concentration (Eq. 1).
	
	
	(1)


Where [ ] denotes the molar concentration of ions or molecules. Although carbonic acid is diprotic, the dissociation of bicarbonate ion HCO3- into the carbonate ion CO32- is not taken into account in the current study. This is because its constant is as low as 5.76 × 10-11 at 37 °C in dilute aqueous solution [33] though the digester pH is generally not higher than 8.5-8.6 [8, 34].  It should be noted that Eq. 1 may not apply if other weak acids or bases are present in digester in comparable concentration, e.g. in synthetic feedstock prepared using a culture medium. Some additional calculations for this situation are provided in the Supplementary Information taking additional phosphate buffer as an example. 
The digester pH is therefore strongly affected by both PCO2 and TAN concentration. The decreasing PCO2 in the digester headspace during CO2 biomethanisation will cause the digestate pH to rise; this pH change can be calculated against the change in PCO2 for any given digester to create a pH versus PCO2 profile, using the equations listed in the main text and Supplementary Information. 
With regard to CO2, according to Henry’s Law and the acid dissociation equilibrium for H2CO3*: 
	
	
	(2)

	
	
	(3)



Where KH is the Henry’s law constant for CO2 and Ka1 is the first dissociation constant for carbonic acid. Combining Eq. 2 and 3 gives:
	
	
	(4)


The molar concentration of ammonium can be calculated from the TAN and free ammonia remaining in digestate, after ammonia/ammonium equilibrium is established. The concentration of free ammonia at equilibrium can be calculated according to Hansen et al. [35], as shown in Eq. 5. 
	
	
	(5)


Where TAN equals the sum of [NH3] and [NH4+] and T is the digester operating temperature in K. At a digester temperature of 37 °C, Eq. 5 can be simplified as shown:
	
	
	(6)


Therefore:
	
	
	(7)


At the baseline condition without CO2 biomethanisation:
	
	
	(8)


Therefore
	
	
	(9)


Rearranging Eq. 9 
	
	
	(10)


Where superscript ‘0’ represents the baseline scenario, i.e. conventional anaerobic digestion without CO2 biomethanisation. The symbols with superscript ‘0’ are therefore constants obtained from normal digestion operation, rather than variables during CO2 biomethanisation. 
Eq. 10 also applies to the CO2 biomethanisation stage, where PCO2 and pH are no longer constant. 
	
	
	(11)


As shown in Figure 2, the TAN concentration does not show a clear change during CO2 biomethanisation, and therefore it can be assumed to be a constant if organic feeding continues as in pre-biomethanisation operation:
	
	
	(12)


[bookmark: _Hlk36213650]The modelling work in the main text assumes a constant TAN concentration. This may not always hold true for several reasons, e.g. changes in feedstock properties or in microbial biomass concentration. When CO2 biomethanisation is introduced the growth in the hydrogenotrophic methanogenic population may lead to an increase in microbial biomass [7] and a corresponding decrease in TAN. In this case Eq. 12 will not apply and TAN must be considered as a variable. Details of an approach for such cases are provided in the Supplementary Information.
Combining Eq. 10, 11 and 12 gives:
	
	
	(13)


Eq. 13 can be re-arranged to give a quadratic expression:
	
	
	(14)


Solving Eq. 14 gives:
	
	
	(15)


Where
	
	
	(16)



Therefore, the relationship between pH and PCO2 is obtained from (15):
	
	
	(17)


According to Eq. 17, the pH vs PCO2 profile is determined by the value of a, which is controlled by the baseline pH and PCO2, and these in turn depend on the intrinsic characteristics of the feedstock and digester operational parameters. If the values of pH and PCO2 under baseline conditions (i.e. without CO2 biomethanisation) are known, a can be calculated from Eq. 16. Values of a for the above three sets of digesters are presented in Table 3. 
[bookmark: _Ref14695645]Table 3 pH and PCO2 values in baseline conditions for 3 sets of digesters studied and their calculated a values.
	Items
	2 g N L-1
	3 g N L-1 
	Food waste 

	pH at baseline
	7.66
	7.82
	8.04

	PCO2 at baseline
	0.452
	0.444
	0.343

	a
	4.571×10-8
	3.141×10-8
	2.331×10-8



These values of a were used with Eq. (17) to predict pH vs PCO2 profiles for the three sets of digesters studied. The results are shown in Figure 8, together with the values obtained from long-term operation and in rapid determination. The theoretical values showed good agreement with the experimental results, confirming the validity of the modelling. The significance of this is that using baseline operational data for an anaerobic digester it is possible to predict how the pH will increase during CO2 biomethanisation before carrying out the process in practice. It should be noted that the model is based on the assumption that ammonium-bicarbonate couple is the dominant buffering compound: in digestion systems where other buffering couples (e.g. phosphates) are in similar or non-negligible strength to the ammonium-bicarbonate couple, the validity and applicability of this model will need to be further investigated. 
In order to estimate the maximum methane content that can be achieved in in situ and hybrid biomethanisation, it is necessary to know the maximum stable operating pH. It is generally accepted that pH 8.50-8.60 is the maximum [8, 34] for the microorganisms involved in anaerobic digestion. This does not mean, however, that stable operation is always possible at pH 8.60 when CO2 biomethanisation is introduced. In the synthetic feed digesters at 2 g N L-1, for example, the maximum stable operating pH was found to be 8.25; while maximum in the food waste digester was close to 8.60. The maximum achievable pH appears to be related to the baseline value. Table 4 shows some reported values for the rise in pH in previous work and other studies using mixed culture in situ digesters on a variety of feedstocks. It is interesting to note that the rise is generally on the order of 0.5-0.6 pH units, although not all of these studies were attempting to establish a maximum stable operating pH. An increase in pH of 0.5-0.6 units corresponds to a reduction in H+ concentration of 70-80%; a pH increase also affects the proportion of ammonia nitrogen present as Free Ammonia Nitrogen (FAN). Based on equation 5 by Hansen et al. [35], at constant TAN a rise of 0.5-0.6 pH units would cause an increase in FAN concentrations of up to 4 times.
It is possible therefore that the initial conditions in the digester, and in particular the make-up of the microbial community, affect the maximum stable pH after the introduction of biomethanisation. It is known that hydrogenotrophic methanogens are more tolerant of high pH than acetoclastic methanogens [36-38], and that certain families are more tolerant of high ammonia [39, 40]. In digesters with a high baseline TAN concentration, such as food waste digesters, the population and pathway will already have shifted to hydrogenotrophic methanogenesis with syntrophic acetate oxidation [41-44] and will be able to function at high pH and ammonia concentrations. In digesters with lower TAN, such as sewage sludge digesters, the initial population is expected to be dominantly acetoclastic [45-47] and thus less tolerant of the high pH. Over the timescale in which CO2 biomethanisation is introduced, the upper limit of pH may thus be mainly influenced by the starting conditions and population, with an increase of 0.6 pH units providing an empirical guideline for the maximum pH value. In the longer term, acclimatisation to higher pH and TAN may occur, and further studies to determine the parameters and timescale governing this transition may be needed. 
[bookmark: _Ref34393287]Table 4 Summary of reported pH rises in anaerobic digesters with in-situ CO2 biomethanisation.
	Feedstock
	pHbase
	pHmax
	∆pH
	 
	 
	Ref.

	Synthetic organic feedstock
	7.32
	7.95
	0.63
	0.23
	3.96
	Previous [7]

	Synthetic organic feedstock
	7.67
	8.25
	0.58
	0.26
	3.33
	This work

	Synthetic organic feedstock
	7.81
	8.30
	0.49
	0.32
	2.66
	This work

	Industrial food waste
	8.11
	8.60
	0.49
	0.32
	2.44
	This work

	Potato-starch
	7.46
	7.92
	0.46
	0.35
	2.72
	[13]

	Manure and whey
	7.61
	8.25
	0.64
	0.23
	3.80
	[30]

	Rye grass
	7.81
	8.37
	0.56
	0.28
	3.08
	[16]

	Wastewater biosolids
	7.89
	8.43
	0.54
	0.29
	2.89
	[10]

	Cattle manure/potato-starch
	8.09
	8.60
	0.51
	0.31
	2.54
	[14]

	Subscript 'base' represents the baseline scenario and 'max' the maximum stable pH reported


Using Eq. 17 above, with a knowledge of the baseline operating conditions and an estimate of the safe maximum operating pH, the maximum achievable biogas methane content for a specific digester can be predicted. This provides the basis of a decision support tool that can be used before making a commitment to build or retrofit a plant for reductive CO2 biomethanisation. The rapid determination assay provides further support for and confidence in the predictions of digester behaviour. 
This approach was tested using digestate taken from an anaerobic digester treating municipal wastewater biosolids at Millbrook Wastewater Treatment Works, Southampton, UK. The trend in pH was established using the rapid determination method, and checked against the theoretical model: the results are shown in Figure 9a. The value of a from regression was 1.13×10-7, which is very close to theoretical value of 1.16×10-7 calculated using the digester baseline conditions of pH = 7.32 and PCO2 = 0.40. The TAN of the feed sludge was approximately 3.0 g N L-1 and the dominant pathway was probably acetoclastic methanogenesis, based on the literature and on previous work [7, 48]; hence the maximum operating pH for this digester might be in the range of 7.9-8.0 based on an allowable increase of 0.5-0.6 pH units. Based on this, the maximum achievable methane content for the digester would be 93-94% and it might be reasonable to predict that the introduction of CO2 biomethanisation would progress smoothly to a methane content of 90% as the corresponding pH would be approximately 7.90. The results also suggest, however, that careful control would be required to increase the methane content above 92%, as this would bring the pH very close to the maximum operational value for the system. Therefore, the wise decision for the wastewater treatment plant would be to allow CO2 biomethanisation up to a methane content of 90%, rather than trying to achieve an extra 2-3% methane content at the risk of potential process imbalance and digester inhibition.
The predicted behaviour was checked by inoculating a 3-L laboratory fermenter with digestate from the Millbrook AD plant and feeding it with sludge from the same source, initially over a 40-day period to establish stable baseline conditions. H2 addition was then introduced rapidly over a total period of 12 days. From day 5 to day 8 the daily volume of H2 added was not incremented in case time was needed for acclimatisation; but as no signs of instability were observed the H2 addition was again increased from day 9 to day 12 to give a biogas methane content of 90% which was them maintained for a further 10 days (Figure 9b). The pH stabilised at 7.95 as predicted by the rapid assay and theoretical model, and the trends in pH and PCO2 during this swift transition period again showed good agreement with predicted values (Figure 9a). The results thus add further support to the validity of the model for another real-world feedstock, and indicate that with adequate mixing and mass transfer the rapid introduction of CO2 biomethanisation is feasible.
[image: ]
[bookmark: _Ref3389226]Figure 9  Results for introduction of H2 addition to a laboratory-scale fermenter fed on wastewater biosolids: (a) pH versus PCO2 trends from rapid determination assay, theoretical model and experimental data; (b) pH and biogas methane content during experimental period.
It should be noted that both the rapid determination and theoretical modelling methods of predicting pH rise are based on equilibrium conditions. Whether the potential maximum methane content can be achieved without pH exceeding the maximum operational value also depends on other factors, such as the kinetics of endogenous CO2 production and the H2 feeding regime. This can be illustrated by the results of online pH monitoring over a series of consecutive feed cycles (each of 24 h) in the food waste digester. 
[bookmark: _Hlk33269242]The digester was operated in three modes: (i) hybrid in-situ and ex-situ biomethanisation (0 - 72 h), (ii) in-situ biomethanisation only (72 - 144 h) and (iii) traditional AD without H2 addition (144 - 216 h). Figure 10a shows the pH throughout the experimental period while Figure 10b compares the pH variation under each mode. As the food waste was digested, pH increased to the same value as before feeding. Although the pH at the beginning and end of a cycle was similar in each mode, the dynamic in between under mode (ii) was different from the other two, where there are times when pH was higher than the initial and final pH. After feeding, pH of the digester increased gradually and reached a maximum of 8.58 at hour 10, before eventually decreased back to the final level of 8.51. The time point when maximum pH was reached was in good agreement with that when lowest PCO2 was recorded (Figure 7), which is closely related to the H2 feeding regime. The H2 feeding regime in this work was in batch-fed mode, where appropriate amount of H2 was stored in the gas storage at the beginning of the feeding cycle. In this way, in the initial hours the gas injected into the digester mainly contained hydrogen. Thus, the biomethanisation process was fast at this stage and the produced CO2 was quickly converted into CH4, resulting in low PCO2 and consequent high pH. From hour 10 onwards, the external H2 was completely converted which allowed the increase of PCO2 and consequent decrease of pH. 
Analysis of the corresponding pH-PCO2 curves is not possible as PCO2 was not determined for each point, but the results show that the time at which the critical maximum pH occurs may depend on the feeding mode adopted. This may be less evident in full-scale digesters, which are generally fed at shorter intervals than laboratory reactors, but further kinetic studies would be of interest and the results support the potential value of PCO2 as a process control parameter. The results also indicate the robustness of the system with regard to significant reductions in H2 addition over short periods, providing security in a commercial context. 
 [image: ]
[bookmark: _Ref3462387]Figure 10 (a) Evolution of pH as a function of time in food waste digester under different operating modes (hybrid in-situ and ex-situ biomethanisation 0 - 72 h, in-situ biomethanisation only 72 - 144 h and traditional anaerobic digestion without H2 addition 144 - 216 h); and (b) pH variations under each operating mode.

4 Conclusions
The derived equation, based on fundamental chemical equilibria, for the relationship between pH and partial pressure of CO2 provides a predictive model for in-situ biomethanisation, facilitating the estimation of the maximum biomethane content of the product gas that can be achieved whilst maintaining operational stability. Use of the equation only requires knowledge of the pH and biogas CO2 content under baseline conditions, i.e. before or at some point during introduction of in situ CO2 biomethanisation. The predictive equation was subsequently tested and validated with experimental data from long-term operation with different feedstocks. The rapid assay developed to determine steady state pH values at different partial pressure of CO2 also supports the accuracy and validity of the model, and provides another means of predicting the safe operational limit for biogas upgrading in a digester for any particular feedstock. The experimental work clearly showed that the maximum stable operating pH varies for digesters fed on different types of feedstock, in turn determining the maximum biogas methane content that could safely be achieved. As a general empirical observation, digesters could safely tolerate a pH of 0.5-0.6 over the baseline operational pH for any given substrate, up to a maximum operational pH for anaerobic digestion of 8.60. Of the substrates tested this ranged from pH 8.51 with 92% biomethane for food waste to pH 7.95 and 90% biomethane for sewage sludge: these values may reflect the methanogenic pathways and communities, respectively hydrogenotrophic and acetoclastic, assumed to dominate initially in each case, but further work is needed to investigate this. Although the work primarily focussed on the influence of ammonia in raising the pH under reduced partial pressure of CO2 the approach has also been shown to be applicable to other buffering systems. In this respect the effect of phosphate buffering was shown to be of limited importance for CO2 biomethanisation in digesters fed on natural organic feedstocks. The overriding conclusions are: the equations developed and verified in the work provide an accurate predictive tool bringing confidence to the design of in-situ and hybrid reductive CO2 biomethanisation systems and can form the basis for continuous operational control of the process. 
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