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Abstract

Sustainable technologies require both renewablisteeks and catalysts that are able to
direct their conversion to specific products. Wiakksh a structure-activity relationship for
the agueous phase reforming of glycerol over 2%IlB@; catalysts, whereby the reaction
pathway can be controlled to produce either hydnagel,2-propanediol as the main
product. Using the colloidal synthesis method,rédiction temperature was altered to
produce Pt nanopatrticle catalysts supported e@AWith varying Pt particle size. The
catalytic activity of the samples for the APR ojagrol resulted in a higher conversion of
glycerol (34%) for the larger Pt particle size 85 nm, producing the liquid 1,2-propanediol
as the major product with a yield of 12.5%, whergasaller particles of ~2.2 nm gave
hydrogen as the main product (5.5% yield). Thiskaaemonstrates how the APR of glycerol

can be tuned to yield both valuable liquid and graslucts using tailored Pt nanopatrticles.

1. Introduction

1.1. Glycerol as a By-Product

The production of crude glycerol has increasedisogmtly in recent years as a
consequence of the rapid growth in the productidnaxdiesel as an alternative for
petroleum-based fuels. Finding a commercially \ealde for this ‘waste’ glycerol, the main
by-product in the production of biodiesel, is nowative area of research, with many
possible applications [1-7]. The production of logkn, coupled with liquid-phase products,

through aqueous phase reforming (APR) of glycesabne possible route. A clean and



sustainable supply of hydrogen is required to enaldliture hydrogen economy, an example
being the development of proton exchange membnagecéll technology [1,2]. The current
industrial processes used to produce hydrogenvewble reforming of hydrocarbons,
resulting in high C@emissions and adding to the depletion of fossll faserves [2,8].

1.2. Aqueous Phase Reforming

Aqueous phase reforming of glycerol, shown in eiguafl), was highlighted in 2002 by
Dumesic [8] as a promising method for the productbhydrogen as it is both kinetically
and thermodynamically favourable. It can be caraetat relatively low temperatures,
~227°C, it minimises undesirable side reactiond,facilitates the water gas shift reaction
(WGS) (equation (2)), limiting the production of Ckhown to poison kg fuel streams
[1,3,4,9,10].

C3Hg05 + 3H,0 & 7H, + 3C0, (1)
CO + H,0 & CO, + H, )

1.3. Glycerol to Hydrogen

Recent studies have shown that Pt based catalygtshigh activity and selectivity
compared to other monometallic systems for the AP&ycerol [4,8,11-13]. Despite its
expense, Pt is a favourable choice as a conseqoénsesnhanced ability to cleave C-C
bonds and promote the WGS reaction [9,14]. The auppaterial has also shown to affect
the catalytic activity; Guet al. studied a range of supports and found that Ptatgxb ony-
Al>Osgave a higher rate of production of Ebmpared to Si¢) TiO>and CeQ, which was
ascribed to the higher basicity of the®@4 support [1].

Thus far the majority of studies on glycerol APR lh@en on commercial catalysts or
those produced via classic synthesis methods suchmegnation and precipitation.
However, recent work has shown that an increasetimity can be achieved by using
supported nanoparticles prepared using colloidath®sis methods [15-17]. Bbnnemasn
al concluded that improvement of catalytic activitgrh a colloidal system was due to the
fact that metal nanoparticles prepared by thertt@thod occupy the most exposed sites of a

support, rather than being buried under the sulfbgle

Compared to the classic synthesis methods, sol-lilisation techniques afford the
possibility of fine-tuning the properties of supgeal metal nanoparticles, thereby allowing

greater control of the size, shape and dispersiohe final catalyst [18—20]. This is achieved



by the use of a stabilizing agent during the sysithesuch as polyvinyl alcohol, (PVA),

leading to more well dispersed catalysts with narparticle size distribution [15,21,22].

Recent studies used variation of the colloidal otidn temperature and solvent systems
during synthesis to modify gold and palladium naartiples for use in the oxidation of
glycerol and hydrogenation of furfural, respectw@lhese studies proved that the colloidal
synthesis technique can be used to control theo$izee metal nanoparticles and the

proportion of available active surface sites, riésglin changes in selectivity [20,23].

1.4. 1,2-Propanediol Production

The main focus in the published literature on tiRAof glycerol has been the production
of hydrogen. However, a high yield of liquid protluare also formed from a complex
network of reactions. These products also havefgignt applications, for instance 1,2-
propanediol (1,2-PDO), produced from the hydroggsislof glycerol under APR conditions,
is used in the food, cosmetic and pharmaceuticaistries [24,25].

Currently 1,2-Propanediol is commercially produgedthe hydration of propylene oxide
derived from propylene. Renewable feedstock camsied to produce 1,2-PDO by
hydrogenolysis however this pathway requires heghgderatures and pressures. For instance,
studies on the conversion of glycerol have requmessures upwards of 100 bar and an
external hydrogen source, therefore making thisxaensive process to consider

commercially viable [26].

It has been shown that using APR conditions, ghjlosain be converted to 1,2-PDO via
an acetol pathway, generating hydrogen in situresdbeen proposed as a potential

alternative to the one step hydrogenolysis [27].

Due to its active nature for the APR of glycerdinBnoparticles supported grAl .03
was chosen for this study as a model catalyst.cbleidal synthesis method was used to
generate preformed Pt nanoparticles with specificpmology to obtain structure-activity
relationships in an attempt to improve the catalgtitivity and control the reaction pathway
to favour either hydrogen or 1,2-propanediol, u@pgmised conditions that we have

recently reported [13].



2. Experimental

2.1. Catalyst preparation

Pt/Al>,O3 catalysts were prepared using the sol-immobilmamethod based on a
previous experimental regime to produce Pt and @loidal systems [20,28]. A stock
solution containing the precursor,®ClL (99.99%, Aldrich), was added to distilled watet (P
concentration = 1.03 — 2.05 x"1®1) that had been heated to the desired temperéGre
90°C) using a stirrer/hotplate. For the synthesi0dC% reflux condenser was used to keep
the solution in the liquid phase. Poly(vinyl alcOh@ VA, Aldrich, Mw = 9000 — 10000 g
mol?, 80% hydrolysed, PVA/Pt (wt/wt) = 0.65) was addedrder to stabilise the solution.
A freshly prepared solution of the reducing agdiaBHs (0.1 M) (>96%, Aldrich, NaBHPt
(mol/mol) =5 - 10) was added drop wise with stigrto form a black sol. The ADs support
material (Aeroxide AluC, Degussa) was then addetithe solution stirred vigorously. After
a period of time the solution was filtered, wask&tensively with distilled water to remove

any precursor material and dried overnight at reemperature [29].

The colloidal solutions were monitored throughdwgt synthesis procedure by UV-vis
spectroscopy (Shimadzu UV-1800 spectrometer withraicells) to assess the reduction of

the Pt precursor.

2.2. Catalyst characterisation

The Pt loading of the samples was determined by Blatrowave Plasma - Atomic
Emission Spectrometry (MP-AES) and Energy Disper3ivway Spectroscopy (EDS). For
MP-AES analysis, the solid samples (0.1g) weredegkin aqua regia using an Anton Paar
Multiwave 3000 and diluted in deionised water toriaa 0.1 wt% solution. The elemental
analysis was performed using an Agilent 4100 MP-AEiSstandards were made up in 10%
agua regia and used to calibrate the instrumentrédhe samples were run. EDS analysis
was performed on a JSM-6610LV scanning electromosgope (JEOL) fitted with Oxford
Instruments Xmax 80mm EDS detector running Aztedyas software. The powder

samples were dispersed on conductive carbon talbegbn aluminium stubs.

Transmission Electron Microscopy (TEM) was usetht@stigate the particle size and
dispersion of the metal nanopatrticles on thgdAkupport. Analysis was carried out on a
JEM-2100 Plus electron microscope with a 200 k\e&rating voltage. Samples for TEM
were prepared by dispersing the supported catalystethanol and then dropping the

solution on 300 mesh carbon-coated copper grids.



The surface area of the samples was measuredthsiidyjunauer Emmett Teller (BET)
method. The samples were first degassed at 1404€r wmacuum using a FloVac Degasser.

Analysis was then carried out on a Quadrasorb EN8ument supplied by Quantachrome.

X-ray diffraction (XRD) patterns were recorded oRigaku Miniflex 600 benchtop
powder X-ray diffractometer equipped with a 6-pesitautosampler and Cuckradiation
source. The @angles were scanned from 5 to 80° at a rate ofiB’/The average Pt
crystallite sizes were calculated using the Schemeation for the Pt (111) diffraction peak
at 2 = 39.9° [30].

X-ray Absorption Fine Structure (XAFS) studies weagried out on the Ptstedge on
the B18 beamline at the Diamond Light Source, DiddoK. Measurements were performed
in transmission mode using a QEXAFS setup withs&e$aanning Si(111) double crystal
monochromator and ion chamber detectors. An averBfescans were acquired and merged
to help improve the signal-to-noise level of théadd@he time resolution of the spectra was 1
min/spectrum (kax = 18). Fresh catalyst samples were analysed dsesised and after
reduction under hydrogen at room temperature. datlyst samples were washed with

water and dried at 12Q in static air overnight before analysis.

The software used to carry out the XAS data procgssd the extended X-ray
absorption fine structure (EXAFS) analysis was IFHFwith the Horae package (Athena
and Artemis) [31,32]. The typical fit range for tB&XAFS data was 1.1 <R < 6A and 3.1 <k
<15.3.

CO adsorption studies were performed on both faeshused catalyst samples using
transmission Fourier Transform Infrared Spectrogdd{I IR). The used samples were
washed with distilled water and dried in an overroight at 120C to remove as much of
the reaction solution as possible. 25 — 30 mg wipda was pressed into a self-supporting
pellet and mounted in a Harrick Dewar transmisseadtgction accessory. The FTIR spectra
were obtained with a Thermo Scientific Nicolet iSSli&ctrometer at a spectral resolution of
4 cnit and accumulating up to 64 scans. For each expetjniee sample cell was purged
with helium at 80 criimin? and heated to 270°C where the sample was redycioWing a
mixture of 50% H/He for 30 minutes. The sample was then coole®B@S€ in helium,
whereby a spectrum was recorded to use as a bacidyszan. CO was then introduced using
a 10% CO/He mixture at a flow rate of 80 mififor 30 seconds, which was repeated until

the spectrum showed that the surface of the sawgdesaturated with CO. The sample was
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then flushed with helium to remove gaseous andipbgsed CO from the catalyst surface
and the final spectra recorded after 30 minutes. @dckground spectrum was then

subtracted to give the final spectrum.

ATR-FTIR spectra were collected on the catalystamusing a Smart iTR Attenuated
Total Reflectance sampling accessory. Spectra emhkected at a spectral resolution of 2

cm™* and accumulating up to 64 scans.

2.3. Catalytic tests

The APR of glycerol was carried out in a 50 ml @ld@we batch reactor (Parr Series 4590
Bench Top Micro Reactor equipped with magneticealstirrer and a Parr 4848B Reactor
Controller system) using experimental conditionsrozed and reported in a previous study
[13]. Typically, 60 mg of catalyst was added tor@Dof 10 wt% aqueous glycerol solution
(corresponding to substrate to metal ratio of 4&3& a glycerol to water molar ratio of
0.022) and the solution purged with argon in theeskreactor. The reactions were carried
out at 1000 rpm, 240°€ 2°C and 42 1 bar (argon). Gas products were collected in a gas
sampling bag after the reaction had been cooledhnalysed using a Shimadzu gas
chromatograph system (GC-2014 with TCD and FID)jgoed with Hayesep N and Mol
Sieve 5A packed columns (2M x 1/8”). The concerdrabf unreacted glycerol and the main
liquid products were analysed using a Shimadzu iPremee HPLC installed with a
MetaCarb 67H column, SPD-M20A Photodiode Array Uié-detector and a RID-10A
refractive index detector. The quantification of tieactants and products were carried out
using external calibration methods for both the @ liquid analysis to allow calculation of
the moles produced. The product concentrationsilzaéd had an error af4% due to
analytical error. The glycerol conversion was cltad according to the following definition

Co — C¢

100
Co

Glycerol Conversion (%) =

The selectivity’'s of the products are reportechia ESI and were calculated as follows:

Hvd Selectivity (%) = Molecules of H, produced 1 .
YOTOBEN SEIeCHVIy 1707 = C atoms in gas products X R X

Where R is the HCO; reforming ratio of 7/3 for glycerol.

C atoms in product

Product Selectivity (%) = 100

X
C atoms converted



Reusability of the catalyst samples was also tassat the reaction conditions above.
After one two-hour cycle, the glycerol conversioasadetermined and used to calculate the
amount of glycerol required to be added to produ&8% feed solution. The procedure was
then repeated until 5 reaction cycles had beemechout.

The APR reactions of hydroxyacetone, 1,2-propargldictic acid and glyceraldehyde
were carried out using the same experimental camgias with glycerol, using a 1 — 10 wt%
reactant solution in water and 1-hour time-on-siréa determine and elucidate reaction

pathways.

Potential metal leaching into the reaction mixtwees also analysed using MP-AES
analysis. For this, concentrated HCI (>=37%) wadeddo the spent reaction solution after
filtering to produce a 10% HCI solution. Calibratistandards were also made in 10% HCI.

The minimum detection limit of the MP-AES instrunheising this method was 10ppb.

3. Resultsand discussion

3.1. Synthesis of 2% Pt/Al>O3 catalysts

In order to ensure accurate comparison for thetikgigcand characterisation of the
synthesised catalysts, the colloidal synthesis atetor the production of Pt nanoparticles
was first optimised by a series of systematic &sidivhich ensured the catalyst samples were
of sufficient Pt loading and the synthesis methed weproducible. The variables
investigated in this study were: the concentratibthe reducing agent (NaBH the
reduction time of the Pt precursor and the immsatlon time on the support. To achieve
complete immobilisation, it was found that the tso@es required for the reduction and
immobilisation were both 24 hours. In the reducstege of the synthesis, the production of
Pt(0) colloids was demonstrated by following tlgahd field induced transitions for the
PtClL? anion [33] demonstrated in Figure 1. Pt(0) colldidse a broad steeply rising
absorption around 200 nm as a result of longitudii@ole resonances, which is consistent
with previous studies [28,34]. Following the redantof PtCk* as a function of time, it was
clear that 4 hours was insufficient to achieve cletepreduction; PtG? ligand field
transitions are readily visible in the UV-Vis speeh of the colloidal solution, which results
in poor immobilisation and the bands are also prieisethe filtrate after supporting on A&s.
Increasing the reduction time to 24 hours resuls UV-Vis spectrum which is consistent

with colloidal Pt and improved immobilisation. MPES results confirmed this improvement



as the measured Pt loading of the sample reduc&dtfbours was 1.53 wt%, compared to

1.15 wt% for the sample reduced for 4 hours.

Using this optimized synthesis procedure, catalysti® then produced at four different
reduction temperatures, Z5, 5FC, 75C and 90C. Our previous work has shown that by
altering the reduction temperature, the resultenat af the metal nanoparticle can be
controlled [20,23]; lower reduction temperaturesénbeen found to achieve smaller
particles. The prepared samples were labelled Pi&®, Pt75 and Pt90, respectively.
Information of the BET surface area and metal logdire shown in Table S1. The SEM-
EDX analysis of the samples showed no evidence, &f&or B leftover from the precursor
materials, with only trace amounts of Cl therefibie not expected that these elements will

affect the studies presented here.

3.2. Characterisation of 2% Pt/Al>Os catalysts

To assess the particle size of the Pt based cttdlyge different complimentary
techniques: EXAFS, TEM, and XRD, were used (Table'he XRD data (Figure 2A, Figure
S1), shows a reflection a6240°, which corresponds to the Pt (111) plane and eamskd as
a reference peak to show the variation of Pt namicfesize [35,36]. As seen in Figure 2A,
the Pt diffraction peak is at its lowest intengay the Pt25 sample and increases with
increasing colloidal reduction temperature, indi@bf an increase in crystallite size. Using
the Scherrer equation [37], this size was calcdl&te all four samples (Table 1) and found
to be 2.25 nm (Pt25), 2.88 nm (Pt50), 3.48 nm (Pans 3.61nm (Pt75), confirming the

trend discussed.

The EXAFS data, presented in Table 1 and FiguresBBws the same trend as the XRD
with regards to increasing particle size. The fesstietween 2 — 3 A are indicative 6f 1
shell Pt-Pt scattering paths and it is clear thatnhagnitude of these peaks increase with
increasing synthesis temperature. This corresptmdsgjreater %L shell Pt coordination
number and by inference a larger particle sizeoi&eénalysis, all four samples were reduced
in hydrogen at room temperature in order to enautgly metallic state, thereby allowing

accurate comparisori'shell coordination numbers.

Using the coordination number obtained from the E&Aitting (Figure S2, Table S2),
particle sizes could be calculated using publighedels [38]. The method used assumes that
the nanoparticles are spherical, fcc and <3 nmisatichited to F' shell coordination numbers

below 10, therefore the size of the Pt75 and P#@lygsts could not be determined through

8



EXAFS. The results calculated were 1.54 and 1.97amrthe Pt25 and Pt50 samples

respectively.

The TEM analysis, shown in Figure 3, of the Pt2hgla shows the presence of small Pt
nanoparticles with good dispersion; however théB&mple starts to show an increased
degree of agglomeration, which is also evidenh&Rt75 and Pt90 samples where
agglomeration is more pronounced. The agglomerénated the ability to determine an
accurate patrticle size through TEM for the Pt5@5Rind Pt90 samples, however, the Pt25

sample was calculated at an average of 2.14 nm.

On comparison of all three techniques, XRD givesléngest particle size for the values
given, which as diffraction from the smaller padgis not observed with consequent heavy
weighting to larger crystallites. The EXAFS datawever, probes the full range of particles
in the sample and is therefore more appropriateéononstrating trends. The TEM data falls
in between as it is limited by the resolution & thicroscope (in this instance <1 nm).
However, all techniques have their limitations #me ability to use all three in conjunction
provides confidence for the trend established hbed;as the colloidal reduction temperature

is increased, larger Pt particle sizes are formed.

3.3. Activity testing

The series of Pt/ADs catalysts prepared were used to establish a stesattivity
correlation in the aqueous phase catalytic refognikPR) of glycerol. Catalytic screening
was carried out under batch conditions using aabéished testing procedure, where a range
of products were identified [13]. The products seetihe gas phase were hydrogen, carbon
dioxide and methane. Liquid products identifiedhia reactions were hydroxyacetone (HA),
1,2-propanediol (1,2-PDO), lactic acid (LA), ethh(€tOH), 1-propanol (1-PrOH), ethylene
glycol (EG), acetic acid (AA), glyceraldehyde (GAR}Propanol (IPA) and 1,3-propanediol
(1,3-PDO), which is in line with previous studi€s39,40].

Figure 4 shows the glycerol conversion after 2reoeaction time. The Pt25 catalyst
showed the lowest conversion of all the sampleth) aiconversion of ~12%. This is in line
with previous studies on a commercial 2%Pi0%lcatalyst that showed a conversion of 13%
[13]. The Pt50 catalyst performs only slightly leetivith the most active catalyst being Pt75
(34% conversion). This trend suggests an incragasenversion with mean particle size of
Pt, however, a further increase in particle sizZ8@Rample) results in reduced performance.

This result can be rationalised by comparing themeting influences of specific activity and



mass activity; normalised to Pt surface area tlgelgparticles would be significantly more
active, however, as the Pt mass is kept constamdlformance ultimately tails off because

of a reduced number of active sites.

For these reactions the hydrogen yield was alstutzked (Figure 4), and as the particle size
increases, with the Pt75 and Pt90 samples, theobgdryield decreases. Therefore, assessing
the glycerol conversion and hydrogen yield aftéioRrs reaction time allows us to establish
that larger Pt particles tend towards higher cosiveryet yield reduced levels obHn light

of these results, it was clear that more work veagiired to explore the other products

involved in the reaction and to establish reacpathways.

3.4. Product analysis

To understand more about these structure-propertglations, the Pt25 and Pt75
catalysts were chosen for further detailed invesiog; Pt25 achieved the maximum
hydrogen yield and the Pt75 showed the maximumegblconversion. Full analysis of the
liquid products was carried out and the reactios vepeated at several timed intervals at an

attempt to understand better the reaction profifdsoth catalysts.

Figure 5 shows the glycerol conversion and the arhofigas products formed from both
the Pt25 and Pt75 catalysts as a function of tithe{480 minutes of reaction time). The
conversion for the Pt25 catalyst reaches a maximiii2% after 2 hours; however, both H
and CQ continue being produced, indicating further reatiare taking place. The absence
of CO and minimal methane production is in linehathermodynamic studies carried out by
Luo [41] whereby the temperature used reducesxtegreal energy input, favouring the

water gas shift reaction, but is high enough t@émaqueous reforming over methanation.

The main liquid products (Figure 6) of the Pt25abgdt after 2 hours are HA and 1,2-
PDO; after this time the amount of hydroxyacetoeerdases to close to zero, whereby the
amount of LA formed increases. Ethanol is also seea product up to 2 hours, but levels
were found to decrease when tested at 6 hourseTheslts are indicative that a complex
network of reactions are taking place during thdRAd® glycerol. Two separate reactions
pathways are presented in Scheme 1 (route 1) ameh&c?2 (route 2), which are in

agreement with previous studies [9] and the regulisented here.

For the Pt25 catalyst we propose that route lvisuiged up to 2 hours, as this is

consistent with the products identifiedz, -LO;, EG and EtOH. After this time, glycerol
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conversion ceases and, here the conversion of Ahihat has been produced (route 2)

becomes dominant, with the main products beipgli2-PDO and LA.

The Pt75 catalyst, however, showed a differentrernereby after 2 hours of reaction
the conversion of glycerol continued to increasgpessively from 34% to 48% conversion.
There was a substantial change in the productsedmhring the time online studies, with a
significantly different product distribution comparto Pt25; the Pt75 catalyst showed a
lesser amount of gas products, in particularithereas more liquid products were produced.
The H/CGO; ratio for the Pt75 catalyst after 2 hours was théch lower than the Pt25
catalyst (1.2) and further away from the idealaati 2.3. The major products of Pt75 were
HA, LA, and 1,2-PDO; consistent with the pathwayteo2 (Scheme 2). Based on the
evidence presented here, it is postulated thas Fhore readily formed in the presence of

smaller Pt particles.

The Pt75 catalyst resulted in a more complex thstion of products after 8 hours, with
many unidentified trace products evidenced in tRe. @& analysis. This is shown in the
carbon mass balance data (Table S4), whereby thercanass balance of the 8 hour reaction
with the Pt25 catalyst was 67%, whereas all theratiactions carried out with the Pt75 and
Pt25 catalysts showed a mass balance of >90%.idund hnalysis clearly shows that there
are many competing reactions, and that whilst t2& Patalyst favours the production of
hydrogen, the presence of larger Pt nanopartiolése Pt75 catalyst favour the production of
the oxygenated liquid products. This is a significdiscovery, as previous work on this
reaction has focused on the production gfighoring the value in the liquid products such as
1,2-PDO.

3.5. Insightsinto reaction pathways

To understand further and elucidate the compegagtions and the formation of
oxygenated liquid products, we studied the conwersi the following substrates:
hydroxyacetone (HA), 1,2-propanediol (1,2-PDO)titaacid (LA) and glyceraldehyde (GA).
The reactions were carried out using the same ewpatal conditions as the APR of
glycerol, using the Pt25 catalyst.

Table 2 shows the reactant conversions for thenmdiate reactions in comparison to
the reaction with glycerol. The major gas and lijproducts formed in the intermediate

reactions are shown in Figure 7.
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The conversion of hydroxyacetone (53%) was highan that of glycerol (9%), followed
by 1,2-propanediol (22%); indicating that both HAdal,2-PDO will readily react as
intermediates in the APR of glycerol, which is greement with our time online studies
where both HA and 1,2-PDO formation drops aftep@rk reaction time when glycerol stops
converting. 1,2-PDO is the most abundant produthéniquid phase when HA was used as
the substrate. This outcome was achieved withopeaternal supply of hydrogen; as 1,2-
PDO is produced from the addition of hydrogen to (E&uation 3), the hydrogen required
must have been producadsitu from the reformation of HA in agreement with piays

reports, whereby HA is broken down to form, i€, and methane [9].
C3HgO2 + Hy © C3HgO, 3)

1,2-PDO was not produced by any other reactangesiog that 1,2-PDO was mainly
formed from glycerol via HA as the main intermedid¥loreover, the amount of 1,2-PDO
was significantly lower (0.6 mmol) when glycerol svased as the reactant at the same
reaction time. These results indicate that theti@acate of HA conversion to 1,2-PDO is
faster than glycerol conversion to 1,2-PDO. Thhs,dehydration of glycerol to HA is one of
the limiting factors in the formation of 1,2-PDin glycerol. Once HA is formed, it quickly

undergoes subsequent reactions.

When 1,2-PDO was used as the substrate, a sigmtifiraount of HA was observed,
confirming that the hydrogenation of HA is revetsilHowever, the lower conversion of 1,2-

PDO compared with that of HA indicates that theeree reaction is much slower.

The production of alcohols, namely, ethanol (Et@HJ 1-propanol (1-PrOH), is seen in
the APR of HA and 1,2-PDO. Ethanol is produced fib@2PDO as given by Equation 6, or
directly from HA hydrogenolysis/decarbonylation (Edion 7) [27]. These reactions lead to
the formation of methane as a by-product, whictsesin both the reforming reactions of

HA and 1,2-PDO, verifying these reaction pathways.
C3HgO, + 2H, & C,HsOH + CH, + H,0 (6)
C3H40, + 3H, & C,HsOH + CH, + H,0 7)

We observed the formation of acetic acid, maintyrfrthe reforming of hydroxyacetone
and glycerol. According to previous studies acatid is formed via C-C cleavage to

acetaldehyde followed by dehydrogenation [42,43].
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Lactic acid (LA) is shown to be produced from bbtA and glyceraldehyde (GA). The
formation of LA from GA is crucial as this indicatéhat from the routes suggested by
Wawretzet al (Scheme 1), route 1B is favoured using the Pt2&lyst. A small amount of
ethanol is also seen from the glyceraldehyde amdkittic acid reactions, confirming further
that ethanol can be produced from glycerol via gigtdehyde and lactic acid, producing H
and CQ in the process. The glyceraldehyde reforming reaéh our studies showed 100%
conversion after 1 hour, hence the reason why wate amounts of GA are seen in the

glycerol reforming reactions.

From the timed studies in Figure 6, it appears dinét a small amount of lactic acid is
formed from the glyceraldehyde route for the Pt2&akyst. However, after glycerol stops
converting at 2 hours, the lactic acid amount iases significantly as it is now formed from
hydroxyacetone, which suggests that the catalpcies/sites in Pt25 responsible for the
conversion of glycerol become inactive after 2 lspatlowing a secondary site to then
convert the HA already formed. From the resultsasshn section 3.4, it was evident that the
small particles are responsible for the APR of giptto produce KHwhereas the larger

particles favour the liquid products.

3.6. Investigation of catalytic sites

From the studies on the intermediate reactionsernAPR of glycerol, it is suggested that
different sites on the Pt/ADs catalyst are responsible for different reactiothpays. One
potential site is the AD3 support; therefore, reactions were carried out Wwath glycerol
and hydroxyacetone using the bare support matérilalank reaction with hydroxyacetone

was also carried out for comparison.

The conversion from the glycerol reaction (tableirsthe ESI) was less than 1%,
indicating that AlOs promotes barely any reaction and that the Pt netaluired to
‘activate’ the glycerol. The hydroxyacetone howesieowed a conversion of 40% in the
presence of bare alumina and the same in the Ibéadtion. We can therefore ascribe that
post 2 hours in the time online studies of Pt25ctheversion of HA is ascribed not to the
presence of catalyst but to the APR reaction cadit The products that were analysed
from the alumina reaction are shown in Figure &sEhresults again are similar to the blank
reaction (table S5 in the ESI) and show that @ acetic acid were the main products, with
the alcohols ethanol and 1-PrOH also being produsigghesting that hydrogenolysis and
reforming of the hydroxyacetone is taking placearmttie APR conditions used in this work.
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3.7. Catalyst reusability

Due to the relatively harsh conditions used inARR of glycerol, deactivation of the
catalyst is a known issue that has not been wistelgied [44]. A commercial 2% Pt/ADs
catalyst provided by Johnson Matthey was previotedied where it was found that the
activity dropped by ~35% after 5 cycles with natreent to the catalyst in between

reactions. The hydrogen yield decreased more dreafigf by ~80% [13].

Figure 9 shows the reusability test results forRt&b and Pt75 catalysts. The conversion
for the Pt25 sample showed the same trend as thmeccial catalyst (Figure S5), whereby
the activity increased after the first run thenrdased steadily. The drop in activity from the
second to the fifth run is ~32%, similar to theyioes study [13]; however the decrease in
hydrogen yield was not as prominent, decreasirapgteby ~45% overall. During the timed
studies we observed that the Pt25 catalyst stapgecting after 2 hours however here it is
able to ‘reactivate’ in between each run, whichpr@pose that this is due to the cooling
down and reheating of the samples and the exptsaie in between reactions, which can
lead to removal of blockages on the active sitevan restructuring of the nanoparticles on
the surface of the catalyst, a phenomenon thabées modelled by Wei [45]. Deactivation
of the catalysts may also be due to the instalfithe support material under APR
conditions as AlO3 is known to convert to boehmite (discussed inise@.8). The presence
of glycerol has been shown to slow down this cosiearhowever may warrant further
investigation in future work [46]. Pt sintering mlag another cause of deactivation. In our
work no evidence of Pt was found in the reactidatsans down to 10ppb, therefore no

indication of metal leaching was found

3.8. Characterisation of catalysts after reaction

CO adsorption studies were performed on both tBB Bhd Pt75 fresh and used catalysts
to gain a better understanding of the surface,dtigsire 10 shows the resulting spectra
indicating the CO chemisorbed on the catalyst setfaable 3 summarises the assignments

for the peaks identified from each sample.

The peaks at 2062 and 2084 tare attributed to linear CO on edge sites andaityse
Pt (111) sites respectively [47,48]. As expecteridimaller particles in the Pt25 fresh catalyst
show a higher number of edge sites. However, omisked catalyst, the number of edge sites
has decreased, which could indicate either (i)etlnas been a loss of small sites due to a

change in morphology or (ii) the edge sites havanld#ocked during the reaction. This result
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can be linked to the activity testing, whereby @tdours it appears the smaller particles

responsible for the APR of glycerol are inactive.

For the Pt75 catalyst, both the fresh and used lesnshow one main peak at ~2090cm
for the crystal Pt sites, confirming that the P$ample contains larger Pt nanopatrticles with
less edge sites. This peak is also shifted to laehifyjequency compared to the Pt25 catalyst,
which can be indicative of increasing surface cageras a result of the larger particles [48].

The peak at 1838 chin the Pt25 samples can be attributed to brid@i@gthat is bound
to more than one platinum atom [48]. This peakdtearly decreased in size for the used
Pt25 catalyst and is not seen in either of the Bardples, which can be attributed to the Pt
dispersion in the samples, whereby the bridged site barely detected in samples with poor
dispersion [49]. This observation is in agreemeith the TEM images shown in Figure 3,
whereby Pt75 shows agglomeration of the partidié&d/ carried out on both the Pt25 and
Pt75 samples after reaction is shown in the Siuflei§6). For both samples the images
appear to show similar agglomeration and disperaftar the reaction. Size analysis carried
out on the Pt25 images showed an average of 2.3@mghtly larger than that of the fresh
catalyst (2.14nm) however on further analysis (Fegu57 and S8), the size distribution of the
Pt25 sample is wider than in the fresh catalyslicating that the Pt nanopatrticles are

modified during the reaction.

The peak at 2121 chappears only on the Pt25 catalyst before theiozad®revious
work suggests that this peak may be due to eithidised species or CO adsorbed on
platinum that is interacting with the &3 support [48]. This analysis is backed up by
EXAFS data performed on the fresh catalysts befxutaction, whereby Pt25 showed a more
pronounced feature corresponding to a Pt-O scadt@nieraction (Figure S9).

A fifth peak at 1972 crh appears on the used catalyst samples. As thiotaen
attributed to the interaction with Pt, it may berfr a adsorbed product on the surface of the
catalyst. We note that this peak is more promioente Pt25 sample, which may explain the
deactivation seen in the Pt25 sample comparecetodhtinuing activity of the Pt75.

Both used catalysts were also studied by EXAFScanapared to the results from the
fresh catalysts, both in the synthesised (frest)raduced states. The used samples were
pelletised after drying in air at 120 and did not undergo any reduction treatmentsnRie
results in Figure 11, the fresh Pt25 sample shaaveelak at ~1.7 A, assigned as the Pt-O

scattering distance, demonstrating that the samasepartially oxidised. This peak decreased
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in both the used and reduced samples, therebyaitialicthat the sample was reduced during
the reaction. Not only was it reduced, but it dad reoxidise on exposure to air. This fact
suggests that the sites on the Pt25 catalyst ackddl during reaction rather than
restructuring of the surface. Further evidencelerPt oxidation states of the Pt25 sample is
seen in the height of the main edge feature IKIRRES analysis (Figure 12). The fresh
Pt25 sample shows the largest height, which caattbbuted to the presence of oxidised Pt.
The used sample is consistent with the sample sedlgfter reduction.

In comparing the fresh (reduced) and used sampkesan infer that in the Pt25 sample
the Pt particles have increased in particle sizews by an increase in the Pt-Pt scattering
interaction at ~2.75 A. Again, these results aragreement with the IR studies, which
showed fewer edge sites for the Pt25 catalyst edtmstion. For the Pt75 catalyst, the results
showed that the fresh sample was only slightly iseid compared to the Pt25 catalyst and
that there did not appear to be any particle dieanges after reaction, confirming what is

shown in the CO absorption analysis.

The characterisation of the used catalysts camked to the reusability testing of the
Pt25 catalyst. As seen in Figure 9, the glyceraleosion shows an increase after the first
reaction, this could be due to 2 factors; i) thialgat is reducedh situ in the first cycle,
causing an initial increase in activity before siéee then blocked or, ii) the Pt nanoparticles
increase in size under the experimental condit&rzt0°C. In Figure 4 we show that the
glycerol conversion increased with increasing phtsize up to around 3.5 nm, we can
therefore conclude that there is a relation betvikenncrease in activity with increasing

particle size.

ATR-FTIR was used to characterize the Pt25 and Panples before and after the
reforming reaction with glycerol. Figure 13 showe tesulting IR spectra. There are 3 bands
marked with a * that appear in both samples afteréaction. These can be attributed to the
boehmite form of alumina. The bands at 3323'@nd 3085 cm are assigned to AIOOH
and the band at 1068 cnto the AIOH bending vibration [50]. XRD analysissvalso carried
out on the Pt25 sample (Figure 14) where severalpsaks have appeared in the used
sample (marked *). The peaks &2 14.5°, 28.2°, 38.3°, 49.5°, 65.0° and 72.0° Hasen
assigned to the boehmite form of alumina [46],¢feme backing up the infrared data that the

phase changes under APR conditions.
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As the alumina phase changes to boehmite, thigegillt in a loss of surface area and
accessible active sites, therefore will cause dseref the catalytic activity, as shown in the
reusability results. The ATR data shows that bb&éhRt25 and Pt75 samples change,
therefore it is expected any contribution to thect®n pathway will be seen in both catalysts
and comparisons can still be drawn. As there igestion over whether the formation of
boehmite is delayed by the presence of metal pest[d6], this is a topic that warrants
further investigation to understand how the alunghase change may affect the reaction
profile of the APR of glycerol.

4. Conclusions

On systematically investigating the catalytic perfance of supported Pt nanopatrticles
with a variation of Pt particle size in the aqueoeferming of glycerol, we found that an
increase in particle size not only led to a higtmmversion, but also selectively changed the
reaction pathway to produce a different produdrithistion, showing a higher amount of
liquid products such as 1,2-PDO. These results ghatthe conversion of glycerol on Pt
catalysts with Pt particle size in the range 26-r8n is structural sensitive, and a minor
change of particle size significantly affects aityias well as yield to gas and liquid phase

products.

Timed studies and further investigation into thenptex network of reactions under APR
conditions conformed schemes presented previonghei literature. Analysis of the catalysts
after reaction allowed insight into the surfaceralstry whereby links could be drawn
between specific catalytic sites or conditions difittring reaction pathways described as:

a) Edge sites, such as Pt (100), prominent on smalaRicles — Responsible for the
dehydrogenation of glycerol to glyceraldehyde ia tbforming process,
producing H as the main product.

b) Facet sites (Pt (111)) prominent on large Pt dadie Responsible for the
dehydration of glycerol to hydroxyacetone, leadimg,2-Propanediol.

c) APR conditions in absence of ‘active’ catalyst -sgensible for reforming and
hydrogenolysis of hydroxyacetone to form aceticlaid ethanol.

In summary, we have shown that careful consideraifdhe synthesis of Pt/ADs
catalysts can be used to fine tune the APR of gbj¢e the desired products either for the
formation of useful oxygenated liquid chemicalgyas phase products.
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Although out with the scope of this study, in treanfuture we will focus on the
development of Pt-based bimetallic catalysts, ohiting transition metals such as Ni and Cu

to act as promoters for the reaction.
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Tables, Figuresand Schemes

Table 1. Characterisation of Pt/Al,O3 catalysts produced using the colloidal method at various
temperatures.

Pt/Al,O; Sample Pt-Pt Coordination Number Particle Size, nm
EXAFS TEM XRD

Pt 25 8.7 (5) 154 214 225
Pt 50 9.5 (4) 1.97 b 2.88
Pt 75 10.6 (3) ’ b 3.48
Pt 90 11.1 (4) ° b 3.61

a@Size calculation limited to coordination number <10
B\Data could not be calculated due to agglomeratimamples

Table 2. Conversion of several reactants over 2% Pt/Al,O3 (Pt25) catalyst. Reaction conditions:
240°C, PAr = 42 bar, 1000 rpm, 60 mg catalyst, 1 h reaction time.

Reactant Reactant concentration, wt% Reactant csiove %
Glycerol (GL) 10 8.8

Hydroxyacetone (HA) 10 52.9
1,2-Propanediol (1,2-PDO)10 22.0

Lactic Acid (LA) 10 2.7

Glyceraldehyde (GA) 1 100.0

Table 3. Infrared assignmentsfor Pt25 and Pt75 fresh and used catalysts after CO adsor ption.

Wavenumber, crh

Peak Assignment Pt25 FreshPt25 Used Pt75 Fresh Pt75 Used
I Oxidised species 2121 - - -

Il Linear COon Pt (111) 2084 2081 2089 2092
i Linear CO on edge sites 2062 - - -

v Product interaction - 1972 - 1975

Y, Twofold bridge sites 1838 - - -
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—— Pt sol (4 hr)
— Pt sol (24 hr)
— — Filtrate (4 hr)
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Figure 1. UV-Vis spectra of Pt sols after reduction with Nagbr 4 hours and 24 hours, plus the
respective filtrated solutions after immobilisatiom Al,Os.

— Pt25 Pt50 Pt75 Pt90
A) (B)

Intensity (a.u.)

36 38 40 42 44 1 2 3 4
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Figure 2. XRD (A) and EXAFS (B) analysis of 2% Pt/&); catalysts produced at different colloidal
reduction temperatures, black — Pt25, red — Pib@, b Pt75, green — Pt90.
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Figure 3. TEM images of catalyst samples
Pt90 (bottom right) at 50nm scale.

Pt25 (top left)ORtbp right), Pt75 (bottom left) and
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Figure 6. Major liquid products formed from APR of glycerding Pt25 and Pt75 catalysts over

various reaction times. Reaction conditions: 2Py = 42 bar, 1000 rpm, 10 wt% glycerol, 60 mg
catalyst.
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)\f o /
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Scheme 1. Proposed reaction pathway for APR of glycerol —tedu
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Figure 7. Product formation from intermediates over 2% PAAI(Pt25) catalyst. Reaction
conditions: 240C, PAr = 42 bar, 1000 rpm, 10 wt% reactant for H&-PDO and LA, 1 wt% for
Glyceraldehyde, 60 mg catalyst, 1 h reaction time.
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Figure 8. Product formation from glycerol and hydroxyacetoner ALOs. Reaction conditions:
240°C, PAr = 42 bar, 1000 rpm, 10 wt% reactant, 60 atglgst, reaction time = 2hr for glycerol, 1h
for hydroxyacetone.
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Figure 9. Glycerol conversion®) and H yield (A) for 2% Pt/AbO; catalysts produced at 25 and
75°C. Reaction conditions: 24Q, PAr = 42 bar, 1000 rpm, 10 wt% glycerol, 60 ratatyst, 2 h
reaction time.
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Figure 10. CO adsorption coverage of Pt25 and Pt75 catalygstsdand after one reaction cycle of 2
hours.
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Figure 11. EXAFS analysis of Pt25 and Pt75 catalysts in theHr reduced and used states.
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Figure 12. Normalised XANES spectra of Pt25 in the fresh, pedliand used states.
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Figure 13. ATR-FTIR Spectra of Pt25 and Pt75 samples befodeadter aqueous-phase glycerol
reforming reaction.
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Figure 14. XRD patterns of Pt25 before (fresh) and after (usegieous-phase glycerol reforming
reaction.
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