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Abstract

Commercial sucrose was used to produce hydrogen in a combined approach of
hydrogenation and aqueous phase reforming (APR). First a mixture of technical
sorbitol/ mannitol was produced by hydrogenating an aqueous solution of sucrose in a
trickle bed reactor over 5 wt % Ru/C. The produced polyols were treated in a continuous
reactor at 498 K and elevated pressure deploying a 2.5 wt % Pt/C catalyst to yield
hydrogen. The highest hydrogen selectivity was 62%. No large differences were found
when comparing a commercial available sorbitol to the technical
sorbitol/mannitol mixture in terms of conversion levels and selectivity to the gas-
phase products. This was accompanied by a similar distribution of products retained in
the liquid phase. The efficiency of APR when utilizing Pt/C was found to be still
insufficient for industrial implementation in terms of hydrogen production. Thus,
additional efforts should be made to increase the obtained amounts of hydrogen per
mole of converted sugar alcohols.

Keywords: aqueous-phase reforming, sucrose hydrogenation, sorbitol, mannitol,
technical feed, platinum, hydrogen

Highlights:

e For the first time a hydrogenated sucrose solution was compared to a
commercial sorbitol in APR over Pt/C catalyst for hydrogen generation

e A similar selectivity towards the main gaseous products (hydrogen, carbon
dioxide, and alkanes) was obtained

e A minor difference between liquid-phase products and catalysts activity was
observed

e Characterization of Pt/C by temperature programmed oxidation is useful for
quantification of light products

e Pt/C catalysts displayed low efficiency in terms of hydrogen production

e Application of Pt/C requires efficient removal of hydrogen, low hydrogen
pressure or operation under low conversion levels



1. Introduction

Biomass, and especially carbohydrates obtained from starch-rich and cellulosic
materials, can become a dominant feedstock for the sustainable production of fuels,
chemicals and materials according to Lynd et al. [1]. The current existing technologies
for the production of first generation biofuel, e.g. biomass-to-ethanol processes, are
developed for the utilization of fermentable sugars mainly obtained from sugarcane and
starch rich crops. A second generation feedstock, lignocellulosic biomass (e.g.
agricultural residues, wood, etc.), is much more complex. It contains cellulose and
hemicelluloses as a source of carbohydrates in a complex matrix, comprising also
lignin. Due to this complexity, liberating sugars from lignocellulosic biomass is a more
demanding process compared to the starch rich feeds, requiring a multiple pretreatment
approach [2].

Carbohydrates can be utilized in various processes to produce fuels and chemicals. One
of the approaches is to apply aqueous-phase reforming (APR), allowing production of
hydrogen and alkanes at relatively low temperatures and pressures. In APR, the
conversion of an aqueous solution of a certain substrate is performed over a
heterogeneous catalyst at typically 463-523 K and 25-60 bar [3] to maintain the liquid
phase. Various transition metals in combination with various supports can be applied
as catalysts in APR. However, this reaction requires catalysts having a high
hydrothermal stability and resistance towards impurities present in the feedstock.

The APR of aqueous solutions of model compounds and various lignocellulosic
biomass has been studied in detail and described in the literature by various research
groups. The majority of studies reported in the literature are devoted to investigation of
APR of model compounds, such as neat alcohols and polyols ranging from C1 to C6.

Methanol, ethylene glycol, glycerol, xylitol and sorbitol are often applied as a feed [4—



7]. The difference between polyols with the different carbon chain length was
demonstrated in [8,9]. An increase in the carbon chain length gives better selectivity to
higher alkanes and leads to a decrease in hydrogen selectivity.

Sugar solutions (fructose, glucose, sucrose) were tested over transition metal catalysts,
such as Ni/Al203, Ni/Ce20-Al203, Ni/ZrOz, Pd/Al2O3, Pt-Ni/Al2O3, Pt/Al>03, Pt/CeO-
ADOs, Pt/ZrO> [10]. Coke formation was identified as the main reason for catalyst
deactivation. Glucose APR was studied over doped graphene [11], Pt/C [12,13],
Pt/AL2Os [8,14,15]. Severe degradation of glucose through side reactions was also
detected over Ni/Al,O3 [16]. Comparably low selectivity to hydrogen was obtained
during the glucose APR over carbon-supported transition metals (Pt, Pt-Ni, Pt-Ru, Pt-
Sn, Pt-Ni-Sn) [17]. Lactose APR was investigated over Ni-La/Al,O3, Ni-Co/Al,O3-
MgO, and Ni-La/AL,O;3 catalysts [18,19] and an overlayer of Pt on Ni or Co on Pt [20].
Several attempts were made for direct biomass gasification and utilization of various
biomass with minimal pretreatments, examples of which including such feedstock, as
wood, cellulose, lignin and its monomers, hydrolysate of lignocellulosic biomass, are
discussed below.

Batch-wise direct wood gasification was performed via combination of acid hydrolysis
and APR over Pt/Al,O3 [15]. Pine sawdust and waste paper were found to be similar to
glucose and ethylene glycol in terms of hydrogen production per mass of feed. More
acidic conditions promoted hydrogen production due to more effective hydrolysis of
polysaccharides.

Screening of carbon supports was performed for APR of wheat straw hydrolysate over
Pt/C catalysts [21]. Various carbon supports were tested, such as activated carbon (AC),
graphene oxide (GO), multi-walled carbon nanotubes (MWCNT), super-Darco carbon

(SDC), and single-walled carbon nanotubes (SWCNT). The best performance was



obtained with activated carbon and SWCNT, which can be mainly related mainly due
to the large size of the polysaccharide molecules not being able to reach Pt sites located
inside graphene layers. Bimetallic and trimetallic catalysts were compared in terms of
activity and selectivity towards hydrogen in the conversion of glucose and wheat straw
hydrolysate APR [17] using the following metals and metal combinations with AC and
MWCNT as supports: Pt, Pt-Ni, Pt-Ru, Pt-Sn, Pt-Ni-Sn. Wheat straw hydrolysate was
more selective to hydrogen compared to glucose and Pt-Ru/AC, Pt-Ni/AC and Pt-
Ru/MWCNT appeared to be the best candidates for hydrogen production among all
tested catalysts. APR of kenaf hydrolysate was performed over Pt/C [22], Pt/Al,O3 and
Ru/C [23]. Higher hydrogen production was obtained in the experiment with the
hydrogenated kenaf hydrolysate compared to glucose and the non-hydrogenated
hydrolysate. Optimum conditions were determined for the APR of sorghum
hydrolyzate over Raney-Ni [24].

Direct conversion of cellulose arouses interest of many researchers as it can eliminate
the need for initial hydrolysis. The degree of crystallinity was found to be crucial for
hydrogen production via APR of various sources of cellulose (filter paper, degreased
cotton, microcrystalline cellulose) over Pt/C [13]. At the same time, hydrogen
selectivity and yield were much lower in the case of glucose APR. According to the
same study, platinum appeared to be the best metal for cellulose conversion among the
studied metals (Pt, Pd, Ni, Co and Ir). Cellulose conversion to hydrogen appeared to be
slightly more efficient over Pt/Al,Os than over Pt and Pt-Ru catalysts supported on
carbon textile [25]. One pot conversion of cellulose via polyols to hydrogen by APR
was studied over Pt/Na(H)ZSM-5 [26]. Pt/C catalyst was compared to a powdered
tungsten and tungsten coated oxidized Si wafers prepared by magnetron sputtering of

tungsten coating in the cellulose APR [27]. Sputtered tungsten catalyst was stable in



the presence of sulphur- and nitrogen-containing compounds, being 10-fold more active
compared to Pt/C. Nickel catalysts supported on layered double oxides were found to
be efficient and stable for the conversion of cellulose to hydrogen [28].

APR of lignin and several monomers (catechol, guaiacol, methanol, phenol, syringol)
was performed over Pt/ZrO,, Pt/Al,O3, Pt/C, Pt/Ti0,, and Ni/C in order to propose the
corresponding reaction network [29], while phenol was tested over Ni/ZSM-5 [30,31].
Besides lignocellulosic biomass, alginate APR was conducted over Pt/C focusing on
the influence of operation parameters [32].

Byproducts of pyrolytic bio-oil production, such as an aqueous phase and low boiling
fractions of pyrolysis oil, were also tested in APR. This type of feed has a large
potential, since the produced hydrogen can be utilized on-site for bio-oil upgrading. An
aqueous fraction of pyrolytic bio-oil was applied in APR over Pt/Al,0; [33]. APR was
performed with a not treated and hydrogenated. The hydrogen selectivity obtained by
applying the hydrogenated feed gave results similar to the values observed during the
sorbitol APR. The distillate of crude bio-oil was converted over Pt/Al,O3 [34,35] and
Pt/Ce0,-TiO; and Pt/CeO,-ZrO> catalysts [35]. Mixed zirconia-ceria and ceria-titania
oxides were as selective to hydrogen as alumina displaying higher hydrothermal
stability. Influence of temperature and concentration on the APR of the low-boiling
fraction of rice husk pyrolyzed bio-oil was investigated over Pt/Al,O3[36].

APR of crude glycerol was studied over Ni/SiOz-Al2O3 focusing on the feed
concentration, temperature and the role of impurities [37]. A pronounced inhibition
effect on hydrogen production was shown in the crude glycerol APR over Pt supported
on alumina, carbon and magnesium aluminate due to formation of long chain olefins
and aliphatics from sodium salts of fatty acids [38]. The role of operating conditions

was thoroughly studied in the crude glycerol APR over Ni-La/Al2Os catalyst [39].



The APR of waste lipids with formation of linear hydrocarbons was performed over Pt-
Re/C [40].

Slightly more exotic examples are the APR of cheese whey [18,19], fermentation broth
[41], and tuna-cooking waste water [42]. Optimum parameters were proposed for
cheese whey valorization via APR over Ni-La/Al,03, Ni-Co/Al,03-MgO, and Ni-
La/AlOsz [18,19]. Biomass hydrolysate wusually contains relatively large
polysaccharides, therefore certain mass-transfer limitations can take place during
degradation of this feed [17]. Thus, certain unsolved problems are associated with the
direct reforming of biomass. The overall conclusion from studies on sugar APR is that
sugars appeared to be a problematic feed due to high coke formation rates and
subsequently fast catalyst deactivation. An additional step — hydrogenation of sugars —
should be applied to diminish coke formation and to increase the total hydrogen
production by increasing the degree of feed utilization [23]. Hydrogenated glucose
solution was studied previously [23], however, the catalyst behaviour with time on
stream was not discussed. This topic was considered in the current study for the first
time.

In this work model compounds and technical feeds were tested and compared in APR
over Pt/C catalyst at 498 K and 29.7 bar. Important parameters in this investigation
were: catalyst activity, selectivity and the yield of gas- and liquid-phase products.
Commercial sorbitol represented the model compound, and the technical feed was a
mixture of polyols obtained from a hydrogenated aqueous sucrose solution. Long-term
stability tests were performed (120 and 160 h time-on-stream) to elucidate potential
catalyst deactivation. Additional supporting studies were performed in a batch reactor.

Hydrogen production per mole of converted sorbitol was compared for various



alumina- and carbon-supported catalysts described in the literature and the current

study.

2. Experimental

2.1. Materials

Platinum catalyst containing 2.5 wt % of the metal supported on activated carbon
(Pt/AC-JM) was provided by Johnson Matthey.

Additionally, two Pt catalysts were prepared via incipient-wetness impregnation of an
activated carbon support. Commercial activated carbon from Merck (AC-MkU) was
crushed and sieved prior to impregnation to the following fractions: 1.0-2.0 mm
(Pt/AC-4) and <0.1 mm (Pt/AC-1). A solution of H2Pt(NO3)s in aqueous HNO3 was
used as a precursor. Catalysts were treated with air flow in an oven at 373 K during 2
hours, reduced at 523 K, and passivated. Metal content was targeted to be 2.5 wt %.
The Ru/C (5 wt %) used was purchased from KaiDa, Shaanxi, China.

The (beet) sucrose was a food grade sugar purchased from a food market in the
Netherlands.

Commercial sorbitol (=98%) was provided by Sigma-Aldrich.

2.2, Catalysts characterization

Textural properties of the Pt/AC-JM catalyst were studied by nitrogen physisorption on
a gas sorption system Autosorb iQ/ASiQwin (Quatachrome instruments).

The reduction temperature of Pt/AC-JM was identified by means of temperature
programmed reduction (TPR) performed in an AutoChem 2900 instrument. The
catalyst sample (0.1 g) was reduced in a U-shaped quartz tube in 5% H/Ar flow. The

sample was heated from room temperature to 973K at a rate of SK/min. Subsequently



the hydrogen uptake was measured by a thermal conductivity detector (TCD). Gas
effluent passed through a cold trap (liquid nitrogen and isopropanol syrup, 185 K) to
exclude the influence of water on the signal. Additionally, a mass spectrometry (MS)
detector was applied without the cold trap for identification of the gas-phase
composition.

Temperature-programmed desorption (TPD) of ammonia was applied for studying the
Pt/AC-JM catalyst acidity by means of pulse chemisorption apparatus (Micromeritics,
AutoChem 2900). The catalyst was dried at 373 K overnight prior to analysis. The
sample (0.1 g) was loaded in a quartz U-tube and reduced in an excess of hydrogen
(flow: 20 mL/min STP) at 548 K (heating rate 5 K/min) during 2 hours. Hydrogen was
removed by flushing with He (20 mL/min STP, 30 min); thereafter the reduced sample
was cooled down to the ambient temperature. Ammonia treatment with 5 % NH3 in He
was performed during 1 h. Physically adsorbed ammonia was removed by He flow (20
mL/min STP, 30 min). The sample was heated to 498 K or 673 K with different heating
rates (3, 5, 10, 15, 20 K/min). After each heating step the sample was cooled to ambient
temperature, flushed with He (20 mL/min STP, 15 min), and saturated with ammonia
as described above.

The heat of desorption was calculated using a conventional approach plotting 1/Tp
against In(T?/b), where T, is the temperature of the maximum desorption and b is
heating rate, determined as the slope [43].

The platinum dispersion was evaluated for fresh Pt/AC-JM catalysts by CO pulse
chemisorption (Micromeritics, AutoChem 2900). The following program was used for
the catalyst pretreatment prior to analysis: heating from 298 to 323 K at 10 K/min in
He, dwelling for 30 min, gas switch to H», heating to 523 K at a rate of 5 K/min,

dwelling for 2 h, followed by a flushing for 60 min in He. In the first step the sample



(0.1 g) was pre-reduced in a U-shaped quartz tube, while in the second step the surface
hydrogen was removed. After this procedure the catalyst was cooled to ambient
temperature and titrated by CO pulses (10 vol % CO in He). The Pt/CO stoichiometry
was assumed to be 1/1. A similar procedure was applied for the fresh Pt/AC-1, Pt/AC-
4 catalysts in a chemisorption apparatus (Micromeritics, AutoChem II). During the
pretreatment stage the catalyst samples (0.1 g) were flushed with 5% H2/N», heated up
to 523 K with applying a heating rate of 10 K/min. After the reduction, which lasted
for 10 minutes, the samples were cooled down to 303 K and flushed with He. During
chemisorption pulses of CO were fed with the flow rate 30 mL/min together with He
(50 mL/min STP). Helium was applied as a carrier-gas.

Spent Pt/AC-1 and Pt/AC-4 catalysts were washed with deionized water and dried over
night at room temperature. Complete removal of water was achieved during the final
drying in a vacuum oven overnight at 313 K.

Thermo-gravimetric analysis (TGA) in air was performed for the fresh and spent
Pt/AC-1 and Pt/AC-4 catalysts (each probe is 16-24 mg) with SDT Q600 V8.3 thermal
analyzing instrument at 100 mL/min (STP) air flow and heating rate 5 K/min up to 1173
K. Heat flows were measured by differential scanning calorimetry (DSC). All spent
catalysts, except for one, were thoroughly washed with 200-300 mL of deionized water
to remove absorbed polyols and water-soluble reaction products from the catalyst.

The metal content in the fresh and spent Pt/AC-1 and Pt/AC-4 catalysts was determined
by ICP.

The size and the structure of metal particles of the Pt/AC-JM catalyst was studied by
transmission electron microscopy (TEM) on a JEM-2010 microscope (JEOL, Japan)

with a lattice resolution of 0.14 nm at an accelerating voltage of 200 kV.



2.3. Preparation of technical sorbitol-mannitol mixture

Large quantities of technical mixed polyols (+15 kg) were produced by hydrogenation
of an aqueous sucrose solution (50 wt %) in a trickle bed reactor over 5 wt % Ru/C
catalyst at 453 K and 50 bar. The reactor scheme can be found in Figure S1 (Supporting
information). The sucrose solution was fed with a flow rate of 80 g/h (corresponding
WHSV was equal to 2 h''). Hydrogen flow was 60 L/h (STP). The produced polyol
feed was diluted to 29 wt % to prevent the blockage of the feed pump and/or reactor
inlet by crystallization of mannitol during the longer term processing (as observed in
preliminary experiments). The details of hydrogenation can be found in the Supporting

information.

2.4. Aqueous-phase reforming of technical sorbitol-mannitol mixture

Aqueous-phase reforming of the technical polyol solution was performed in continuous
and batch mode. The Pt/AC-JM catalyst was only utilized in the continuous set-up to
process the technical feed and commercial sorbitol. The Pt/AC-1 and Pt/AC-4 catalysts

were applied in the batch reactor with the technical feed.

2.4.1. Continuous reactor

The details on the experimental set-up can be found in an earlier publication [44]. The

catalyst (0.5 g, powder) was mixed with quartz sand (1 g, mesh size 200-800 pm) to

minimize the pressure drop. The catalyst layer was located in-between two layers of
sand in the middle of a stainless-steel reactor tube, which was placed in a furnace.
Experiments were performed in a downflow concurrent mode. The catalyst was reduced
in situ prior to the experiments during 2 hours at 573 K applying hydrogen (40 mL/min,

STP). Residual hydrogen was removed by flushing with N> (25 mL/min, STP) for 20

10



min; the reactor was subsequently pressurized to the desired reaction pressure with
nitrogen containing 1% He, and heated to 498 K. An HPLC pump was used for feeding
the aqueous solution of sorbitol (0.27 mol/L, or 4.9 wt %) or the mixture of technical
polyols (0.26 mol/L, or 4.6 wt %). The density of the polyol solutions was determined
according to [45] and used to calculate the polyol concentration (wt %). The liquid flow
rates varied from 0.1 to 1 mL/min, which corresponds to weight-hour space velocities
of 0.5-1.1 h! calculated as mass of the substrate per mass of the catalyst per hour (g x
g 'x h!). A constant co-feeding of N, (1% He) carrier gas (19 mL/min, STP) was
applied to maintain the pressure inside the reactor. Helium was utilized as an internal
standard for GC analysis.

The liquid samples were taken via a sampling loop at the bottom of the reactor. Analysis
of the liquid phase products was performed by HPLC. The same procedure was applied
for the analysis of the initial technical feed (Aminex HPX-87H, RI detector, 45°C, 5
mM H>SOq, isocratic conditions, 0.6 mL/min).

The gas samples were analyzed online by a Micro-GC (Agilent Micro-GC 3000A)
equipped with four columns: Plot U, OV-1, Alumina and Molsieve.

The carbon balance was elucidated by total organic carbon analysis.

A list of experiments performed in the continuous set-up is given in Table 1. PtYAC-IM
catalyst was applied in the APR of sorbitol at 29.7 bar during 161 hours, then the
pressure was increased to 40 bar and the experiment at the elevated pressure and 498 K
continued for 24 hours. Elevation of pressure was performed to check experimentally
if there was too excessive evaporation of water at lower pressure influencing the
catalytic results or if a higher hydrogen pressure can adversely affect conversion and
selectivity. Because of minor differences in conversion and selectivity, results of this

experiment will not be further discussed in this contribution focused on APR of a
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technical feed. The catalyst was subsequently reactivated in the following manner: the
reactor was cooled down to 308 K, depressurized, the catalyst was flushed with
deionized water (2.0 mL/min, 10 min), acetone (2.0 mL/min, 10 min), and again with
water (2.0 mL/min, 10 min). Acetone flushing was applied to remove water-insoluble
compounds. The catalyst was then heated to 573 K (heating rate 5K/min) for a
subsequent reduction in the hydrogen (40 mL/min, STP) for 2 hours. After the
regeneration step, the catalyst was cooled down to the reaction temperature (498 K),
and the diluted aqueous solution of technical polyols was introduced. The APR with
the diluted feed lasted for 120 hours. The experiment with the concentrated solution of

polyols (29 wt %) was performed over a fresh sample of Pt/AC-JM.

Table 1. Experiments in the continuous set-up.

Reduction
Polyol content, | Pressure, | TOS, Catalyst
Step temperature,
wt %J [bar] [h] loading
[K]
APR of sorbitol 49 29.7 161 Fresh 573
APR of sorbitol 49 40 24 Same -
Same
APR of technical feed 4.6 29.7 120 573
regenerated
APR of technical feed 29 29.7 145 Fresh -

2.4.2. Batch reactor

APR of the technical feed was performed in an autoclave (300 mL), made from
Hasteloy. The autoclave is equipped with a heating/cooling jacket, gas inlet and outlet,
and an internal thermocouple. A conventional propeller stirrer was applied for an

experiment with the powder catalyst Pt/AC-1 and a blank test, while a cage reactor was

12



used for the experiment with the Pt/AC-4 catalyst (granule size 1-2 mm). The cage
reactor is made from two perforated cylinders assembled together with two round
holders, in a way that the space in between these cylinders could be filled with the
catalyst. Water was continuously circulated through this system, being sucked by built-
in impellers from the top and bottom holes, and coming out from the holes of the

external cylinder (average hole diameter is 0.9 mm).

Catalytic tests were performed at 498 K and at 30 bar initial N, pressure, with a stirring
rate set at 1000 rpm. The feed and the catalyst were loaded, and the reactor was closed
and flushed 10 times with nitrogen. An external cylinder for gas collection was attached
to the system. After pressurizing to 30 bar and sealing, the reactor heating was started
with a heating rate 5 K/min. The stirring (200 rpm) started at the same moment. The
zero-time of the reaction was taken at the moment when temperature reached 498 K
and the stirring rate was increased to 1000 rpm. The reaction was stopped after 2 hours
by reducing the stirring rate to 200 rpm and cooling the reactor down with cold tap
water. Gas and liquid samples were taken when the reactor temperature reached 293-
303 K.

The experiments performed in the batch reactor are listed in Table 2. The blank
experiment and the experiment with the Pt/AC-1 powder were performed with a ~15.3
wt % polyol solution, while a more diluted feed (~4.0-5.6 wt %) was applied with the
Pt/AC-4 catalyst. Three experiments with the same Pt/AC-4 sample were performed in
order to study catalyst deactivation. Additional long-term studies (up to 24 h) were

performed with the same catalyst.
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Table 2. Experiments in the autoclave.

Catalyst Support Catalyst Polyol content, Duration, Stirrer
size, [mm] | weight, [g] [wt %] [h]

blank - - 15.3 2 impeller
Pt/AC-1 <0.1 mm 6 15.3 2 impeller
Pt/AC-4 1.0-2.0 29 5.6 2x3 cage
Pt/AC-4 1.0-2.0 2.32 4.6 1 cage
Pt/AC-4 1.0-2.0 2.02 4.1 cage
Pt/AC-4 1.0-2.0 2.12 4.1 4 cage
Pt/AC-4 1.0-2.0 2.02 4.1 8 cage
Pt/AC-4 1.0-2.0 2.02 4.0 24 cage

Analysis of the liquid phase products were performed by HPLC. The same procedure
was applied as for the analysis of the initial feed (Aminex HPX-87H, RI detector, 45°C,
5 mM H>SO0q, isocratic conditions, 0.6 mL/min). The carbon content in the initial feed
and in the produced liquid phase was determined by CHN analysis

The gas samples were analysed by an Agilent Technologies 7890A instrument
equipped with JW CP8713 column and TCD detector. The column was calibrated prior

to analysis with a mixture of Hz, N2, CO, CO», C3Hs and light alkanes C;-Ca.

2.5. Equations

The following equations were applied. Conversion was calculated as:

Conversion (%) = <pokin™Cpolout . 1004 (1)
polin

where Cporin — input polyol concentration [mol/L], Cposou — output polyol concentration
[mol/L].
The carbon conversion to the gas phase was defined in the following way:

V(chas)
V(CCpol in)

Carbon conversion (%) = +100% , 2)

14



where y(CCqus) — the total amount of carbon in all gas-phase products (CO2, CO and

alkanes) or the corresponding molar carbon flow [mol C or mol C/min], u(CCpoin) — the

amount of carbon in the input polyol or the corresponding molar carbon flow [mol C
or mol C/min].

The selectivity to alkanes, CO> and CO was defined as:

v(CCx)

Selectivity to product X(%) = PCCoas)
gas

-100% , 3)
where y(CCy) — carbon, contained in a product X, or the corresponding carbon flow

[mol C or mol C/min].

The yield of the liquid-phase products was defined as:

v(CCyx)

Yield of product X(%) = T
polin

+100% , 4
Selectivity to hydrogen is defined in the following way:
1

Selectivity to Hy(%) = U’zfc—’;z)) -2-100% , (5)

where U(H>) — the amount of H, formed, or the corresponding flow rate [mol or

mol/min], and reforming ratio RR=13/7 for sorbitol and mannitol. The reforming ratio
RR (H2/CO») was introduced to calculate the selectivity to hydrogen, since hydrogen is

produced both from polyol and via the water-gas shift (WGS) reaction:
+6H,0
CsH1406 — 6CO + 7TH, —— 6CO; + 13H2
The molar flow of carbon v(CCyx) is determined as:
v(CCx) =Cx v, (6)

where Cy — concentration of a substance X [mol/L]; v— volumetric flow [L/min]; n —

number of carbon atoms in the substance X.

15



3. Results and Discussion

3.1. Catalysts characterization

The Pt/AC-JM catalyst has a specific surface area of 963 m?/g, pore volume 0.83 cm?/g,
and the average pore diameter of 6.3 nm, determined by the Barrett-Joyner-Halenda
method. The activated carbon (Merck AC-MkU) applied as a support for Pt/AC-1 and
Pt/AC-4 has a specific surface area of 927 m?*/g.

The reduction curve of the Pt/AC-JM catalyst is presented in Figure S2 in the
Supporting information. The curve was obtained during the TPR performed with the
cold trap (185 K) to remove water from the gas phase. Two local minima at 314 and
500 K correspond to the reduction of Pt. However, the TPR curve reflects not only the
hydrogen consumption, but also the formation of CH4 and CO, which was confirmed
by MS analysis (Figure S3). It is known that functional groups on the carbon surface
can be decarbonylated, decarboxylated or reduced over Pt during TPR [46,47]. In the
current study, CO formation started at temperatures exceeding 484 K. A small amount
of methane was formed below 588 K, and it accelerated after 778K. CO, was not
detected, being probably reduced to CO.

Acidity of Pt/AC-JM catalyst was determined by ammonia desorption; the curves and
determination of the ammonia desorption energy can be found in Figure S4, Supporting
info. The ammonia desorption energy Eqes was equal to 40 kJ/mol. The amount of acid
sites was 42 umol NH3/g catalyst. This data is consistent with the previous studies on
similar carbon-supported catalysts [43,44].

The metal particle size of the fresh Pt/AC-JM catalyst, determined by CO-
chemisorption (22.6 nm, 5% dispersion) is in a clear disagreement with the TEM

analysis of a fresh sample (average size of 1.7 nm). This inconsistency can be explained
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by the presence of metal agglomerates in the spent catalyst sample (Figure 1). The fresh
Pt/AC-1 and Pt/AC-4 catalysts showed similar particle diameters of 8.0 and 8.1 nm and

a moderate dispersion of 14% (determined by CO-chemisorption).

Figure 1. TEM images of the spent Pt/AC-JM sample.

The Pt/AC-JM catalyst was mixed with quartz sand for the experiment in the
continuous mode, which appeared to be a challenge for subsequent analysis of the spent
catalyst properties due to difficulties of catalyst separation from the quartz sand.
Textural properties of the activated carbon support from Merck, which was utilized for
preparation of Pt/AC-1 and Pt/AC-4, can be found in [48].

The TGA/DTG/DSC plots of the Pt/AC-1 are shown in Figure 2 (upper three) for the
fresh, spent but not washed, and washed samples. The three lower plots in Figure 2
represent TG analysis of the Pt/AC-4: the fresh and two spent samples (2 hours and 2x3
hours in the batch).

Both Pt/AC-1 and Pt/AC-4 catalysts underwent a substantial mass loss (12-15%) at
temperatures 613-663 and 573-630 K correspondingly, as can be seen from Figure 2.
This can be attributed to the loss of the weakest surface groups through decarboxylation
[49]. The Pt/AC-1 exhibited another sharp mass loss (28%) at 745 K, while Pt/AC-4

was slowly oxidized in a temperature range from 627 to 813 K with a 20% mass loss.
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The final period of carbon support burning appeared at 733-863 K (Pt/AC-1, 49%) and

813-893 K (Pt/AC-4, 59% mass loss), when the support was burnt completely.

PYAC-1 fresh Pt/AC-1 spent 2h not washed PYAC-1 spent 2h
1009 - 745K {600 1009 - {600 1009 ---. 1600
80 80+ * 861K 740K 804 T -
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=60 60 - g 60 N =
> " %
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80 80 A 80 —
= 400 400 400 %
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Figure 2. TGA of fresh and spent Pt/AC-1 (upper row) and Pt/AC-4 (lower row)

catalysts. Weight and heat flow are shown as a function of temperature.

The spent catalysts showed highly exothermic mass losses (3-15%) at 393-466 K. This
can be attributed to a catalytic oxidation of feed and products present in the catalyst
pores rather than to the feed oxidation, which occurred at 623 and 638 K for sorbitol
and mannitol correspondingly [50-52]. Another additional exothermic mass loss in the
spent catalysts occurred at 663-673 K, which is much more challenging to explain due
to complexity of the processes taking place during TPO analysis. Similar mass losses
at 400-460 K and 663-673 K were obtained for a spent Pt/Al2Os catalyst utilized in

sorbitol APR [53,54].
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Activated carbons are in general not very stable at temperatures above 673 K.
Autoignition of activated carbon occurs during treatment with hot air at 725 K [55].
The losses of surface groups (573-673 K) and subsequent carbon skeleton
decomposition (above 673 K) were detected during TPO of activated carbon prepared
from Babassu palm petiole [49]. In addition, it was shown that Vulcan carbon black is
significantly more thermally stable than the corresponding Pt/C impregnated catalyst
with high metal loadings (20-46 wt %) [56—59]. Similar results were obtained for the
Pt/C catalyst (1-2 wt %), supported on activated carbon [60]. The expected temperature
of coke burning is above 873 K [61]. According to the facts mentioned above,
TPO/DSC cannot be considered as an effective method for investigating coke formation
on Pt/AC due to low stability of the support. However, it could be applied for an
approximate estimation of absorbed initial feed and products from the liquid phase.

The Pt content of the fresh and spent Pt/AC-1 and Pt/AC-4 catalysts are shown in Table
3. The values obtained for the spent catalysts were considerably affected by the amount
of material absorbed on the catalyst, as it was found by TGA analysis. Thus they were
normalized to the amount of adsorbed organic carbon and water. The metal content in

the spent catalysts was calculated in the following way:

l-a-m
Cpt,spent norm = 100 * l—d—ken’ (7

where a and d is the Pt content determined by ICP in the fresh and the spent catalyst, m
and n are the water content in the fresh and the spent catalyst, and & is the percentage
of adsorbed species in the spent catalyst.

Both catalysts did not show any significant metal losses.

Table 3. ICP analysis of fresh and spent Pt/AC catalysts.

Catalyst Condition ICP Pt content, [wt %]
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Pt/AC-1 fresh 2.4

spent, 2h / normed 2.16/2.36

Pt/AC-4 fresh 2.72

spent 3x2 h, cage / normed 1.92/2.49

3.2. Preparation of technical sorbitol-mannitol mixture

Sugars obtained from biomass, €.g. sucrose from sugarcane, are easily accessible and
comparably cheap. According to the literature, APR of sugars is leading to fast catalyst
deactivation due to high coke formation and generation of multiple condensation
products. Addition of a preliminary hydrogenation step can substantially increase the
overall hydrogen production and catalysts stability. APR of a polyol appears to be more
beneficial compared to the direct APR of the starting sugar. Hydrogenation of sugars is
a well-known process, which leads to formation of a mixture of polyols.

Hydrogenation of sucrose is schematically represented in Figure 3. The sucrose
conversion, yields of the main and by-products and balances, are given in Table 4. An
overall conversion of sucrose up to 98% was obtained, resulting in a polyol yield of
92%. Sorbitol dominates among the products, mannitol is the second major product.
Some minor side products were observed, the two most abundant ones being 1,2-
propanediol and ethanol. Formation of 1,2-propanediol and glycerol can be explained

by the retro-aldol condensation. Traces of glucose and sucrose were found as well.
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Figure 3. Scheme of sucrose hydrogenation (adapted from [62]).
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Table 4. Results of the production of technical sorbitol/mannitol mixture from sucrose.

Parameter Value
Initial feed
concentration of sucrose [wt %] 51.3
Product

conversion of sucrose [%] 98.0

concentration of polyol [wt %] 49.3

yield of polyol [%] 92%

concentration of by-products [wt %] 3

Polyol distribution

yield of sorbitol [wt %] 62.4

yield of mannitol [wt %] 37.6

Yields of identified liquid by-products

yield of 1,2-propanediol [%] 0.4

yield of ethanol [%] 0.2

yield of glycerol [%] 0.1

Yields of identified gaseous by-
products

yield of CHs [%] 1.0

yield of CO [%] 0.05

Overall balances

mass balance [%] 97

carbon balance [%] 88

hydrogen balance [%] 103

oxygen balance [%] 99

* A white solid was crystallized in the reactor tubing, which is probably mannitol. Therefore,
the total yield of polyols is expected to be higher.
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3.3. Aqueous-phase reforming of technical sorbitol-mannitol mixture
Catalytic reforming of polyols proceeds through the formation of various liquid-phase

intermediates, giving gas-phase products, such as hydrogen, CO, CO>, and alkanes

(Figure 4).
OH OH alkanes
HO . OH s intermediates —
oH  OH N / ¢ T~ (0,
sorbitol H, +H,0

Figure 4. A simplified scheme of products formed in the APR of sorbitol.

The commercial sorbitol and the technical polyol feed mixture were compared in terms
of gas production, conversion of polyols and selectivity to hydrogen, CO> and alkanes.
The comparison is given below for the results obtained in the continuous reactor.

The technical and the commercial feed were showing a similar conversion (Figure 5a).
It should be noted that although the same catalyst sample was utilized for both
experiments, the activity was restored during the regeneration procedure, previously
implemented successfully [63]. Flushing with water removes water-soluble
components, while acetone dissolves hydrophobic compounds, and the metal is reduced
to the zero-valent state. Coke formation is not pronounced in the case of APR of pure

sorbitol, as it was shown in [53,54].
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Figure 5. APR of sorbitol or technical polyols over Pt/AC-JM. A: conversion of
sorbitol or technical polyols versus WHSV. B: selectivity to hydrogen, CO; and total
selectivity to alkanes versus conversion of sorbitol or sorbitol/mannitol. The following
conditions were applied: T = 498K, P =29.7 bar, mass of catalyst 0.5 g.

Both sorbitol and technical polyols displayed a similar selectivity to the main final
products, such as alkanes, CO2 and hydrogen (Figure 5b). As reported earlier by our
group [64], the chirality of the initial polyol has a noticeable influence on the
distribution of the liquid-phase products, while selectivity to the final products is
unaffected. Similar results were obtained for the individual alkanes ranging from C; to
Cs (Figure 6). The catalyst was mostly selective to n-butane and propane, with slightly
lower values obtained for methane and ethane. The selectivity to pentane was
significantly lower compared to other linear alkanes. The product of the full
hydrogenation of the initial polyol, n-hexane, was formed in substantial amounts.
Traces of neo-pentane were found among other alkanes. The overall alkane distribution

is similar in the case of both feeds.
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Figure 6. Selectivity to individual alkanes C;-Cs in the APR of sorbitol or the technical
polyols over Pt/AC-JM versus conversion. The following conditions were applied: T =
498K, P = 29.7 bar, mass of catalyst 0.5 g.

The catalyst activity is decreasing along with time-on-stream (Figure 7), being slightly
lower in the case of the technical feed. Similarly, a lower overall gas production was
obtained with technical polyols mixture (Figures 8 and 9), however, similar patterns are
obtained for both feeds, indicating a comparable catalyst deactivation mechanism.

The decrease in conversion is more pronounced after the periods, when a higher feeding
flow rates were applied, being practically restored to the original values after long
periods with a low flow rate. Catalytic activity obtained in this study correlates well
with the data of sorbitol APR obtained over 1% Pt/Al,O; in [64]. A similar
enhancement effect was observed for the gas production from sorbitol after long periods

of low flow rates. These phenomena were not reported previously, and require

additional experimental efforts.
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Figure 7. Conversion of sorbitol and technical polyols in APR over Pt/AC-JM versus
TOS. The flow rates applied during the experiment are shown above and below
concentration dependences for sorbitol and the technical mixture respectively. The
following conditions were applied: T = 498K, P = 29.7 bar, mass of catalyst 0.5 g.
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Figure 8. Hydrogen, CO; and total alkanes production from sorbitol or technical
polyols in APR over Pt/AC-JM versus TOS. The following conditions were used: T =
498K, P = 29.7 bar, mass of catalyst 0.5 g.
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Figure 9. CO production from sorbitol or technical polyols in APR over Pt/AC-IM
versus TOS. The following conditions were used: T = 498K, P = 29.7 bar, mass of
catalyst 0.5 g.

A comparison of sorbitol APR in a nitrogen atmosphere to glucose and sorbitol
hydrodeoxygenation is described in literature [14]. Here, a similar selectivity to
hydrogen and alkanes was obtained.

Comparison of the data obtained in this research with data from the literature is rather
difficult and limited. The results obtained here can only be directly compared with
literature data, if the following requirements are met, use of: the same feed [8.,9],
substrate concentration [37], temperature [39], reactor type [65—67], active metal [68],
and type of support [9,69,70] .

The catalysts activity found in this study correlates well with the data of sorbitol APR
obtained over a 1% Pt/Al,O3 in [64]. A similar initial feed concentration of 3.6 wt %
was applied, while the metal loading was higher in the case of 2.5 wt % Pt/AC-JM.
Similar conversion levels of ca. 15 and 95% were obtained at comparable WSHV’s.
The selectivity to hydrogen is much lower over the Pt/AC-JM compared to Pt/Al,O3,
which is accompanied by an opposite trend of selectivity to alkanes. According to [71],
platinum catalysts supported on activated carbon and on alumina exhibited a similar

selectivity to hydrogen, while Pt/Al,O3; was slightly less selective to alkanes. However,
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it is known that the acidity of the supports can significantly influence alkane selectivity
[43], making direct comparison difficult.

A part of the liquid-phase intermediates obtained in the APR of sorbitol and the
technical polyols were identified. The amount of identified carbon in the intermediates
varied from 21 to 52% depending on the conversion. The yields of identified substances
are presented in Figure 10. The intermediates are subdivided into the following groups:
sugars and sugar alcohols, alcohols C»-Cs, alcohols Cs-Cg, aldehydes/ketones, acids,
and heterocyclic compounds. It should be noted that a small amount of glucose, arabitol
and glycerol was already present in technical polyol feed. The corresponding values
were subtracted from their concentrations in the final solution. Poor separation of
arabitol, xylitol, and arabinose from sorbitol and mannitol in the HPLC analysis led to
rather high errors in the concentration of those substances, especially at low conversion
levels.

Certain sugar alcohols were found among other intermediates, namely xylitol, arabitol
and erythritol (Figure 10 a). The general trend is that yields of shorter sugar alcohols
are increasing along with conversion of the initial polyol. Xylitol and arabitol can be
treated as primary intermediates.

Yields of primary intermediates formed through dehydrogenation of the initial feed
should be decreasing along with the conversion. Yields of mannose and glucose are
following this trend except for glucose in the technical polyols, which is altered by the
presence of glucose in the initial solution (Figure 10b). Formation of mannose from
pure sorbitol can be explained by diastereomerisation and subsequent dehydrogenation
[62].

Linear alcohols C3-Cs, including diols and triols, were obtained in similar amounts

regardless the initial feed (Figure 10c and d). Linear and branched carbonyls, namely
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3-hydroxy-2-butanone and isobutyraldehyde (Figure 10e), along with fumaric and
acetic acids (Figure 10f) are also detected in similar amounts. It is rather interesting that
isobutanol or branched alkanes were not found. The yield of glycerol was similar in
both cases.

The yields of 5-hydroxymethyl-2-furaldehyde and 2-acetylfuran were approximately a
twofold higher in the case of the technical polyols feed while 2,5-dimethylfuran was
detected in similar amounts in the both cases (Figure 10g).

Comparison of the liquid-phase intermediates did not show any major differences

between the APR of commercial sorbitol and technical polyols.
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Figure 10. Yields of the liquid-phase intermediates as a function of polyols conversion.
Substances obtained in the sorbitol APR over Pt/AC-JM are shown on the left side, in
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the APR of technical polyols — on the right side. All intermediates are separated to the
following groups: a — sugar alcohols, b — sugars, ¢ — acids, d — alcohols C>-C3, e —
alcohols Cs-Cg, f — aldehydes/ketones, g — heterocyclic compounds. The following
conditions were used: T = 498K, P = 29.7 bar, mass of catalyst 0.5 g.

A comparison of data obtained in the sorbitol APR over Pt/AC-JM and Pt/Al,O3 [64]
at similar conversion levels revealed a significant difference in the liquid-phase
composition (Table 5). Only 30% of carbon contained in the liquid-phase intermediates
was identified in the case of the carbon-supported catalyst, which is twofold lower
compared to Pt/Al,Os. Higher yields of sugar alcohols, acids and other alcohols were
observed with the Pt/Al>Os, while formation of sugars and substituted furans was more

pronounced for Pt/AC-JM. The overall degree of carbon conversion to the gas phase

was higher over alumina-supported catalyst.
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Table 5. Yields of the liquid-phase intermediates obtained during sorbitol APR over
Pt/A1bO3 [64] and Pt/AC-JM at similar conversion: 62 and 65 % correspondingly.

Pt/A1,0;3 Pt/AC-JM
Substance yield [%] yield [%]

sugars
D(-)-arabinose 0.49
D(+)-glucose 0.36 3.04
mannose 1.30

sugar alcohols
D(+)-arabitol 0.40 0.08
meso-erythritol 2.09
xylitol 2.87 0.12
acids

acetic acid 0.90 0.50
caproic acid 0.14
fumaric acid 1.52 0.16
lactic acid 0.16 traces
pyruvic acid 0.13
tartaric acid 0.06

alcohols
1-pentanol 0.17 traces
1-propanol 2.86
2-pentanol 0.05
butane-1,2-diol 1.40 0.91
ethanol 3.32
ethylene glycol traces
glycerol 2.89 0.55
hexane-1,2-diol 0.29 0.35
hexane-1,2,6-triol 0.73
hexane-2,5-diol 0.62
isopropanol 1.04
methanol 2.85 0.89
propane-1,2-diol 2.23 1.17

aldehydes/ketones

3-hydroxy-2-butanone 3.48 1.93
acetone 0.41
isobutyraldehyde 3.36

furans
2-acetylfuran 0.06
2,5-dimethyltetrahydrofuran 0.12 1.44
5-hydroxymethyl-2-furaldehyde 0.24 0.31
tetrahydrofurfuryl alcohol 0.48
SUM 30 18.4
Identification degree [%] 62 30
Total carbon content in the liquid- | 30.3 40
phase intermediates [%]
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Additionally, APR of a concentrated technical polyols mixture (29 wt %) was
performed over the Pt/AC-JM catalyst. The overall polyol conversion determined by
HPLC, the gas production and selectivity to the main gas products are presented in
Figure 11.

The initial conversion level (9%) of the concentrated feed was, as expected, lower
compared to the diluted feed. The conversion dropped to zero after 70 hours of time-
on-stream (Figure 11 a). Some gas production was observed even at apparently zero
conversion (Figure 11 b), mainly due to low accuracy of HPLC analysis. Selectivity to
hydrogen, CO, CO; and alkanes was practically not altered by catalyst deactivation
(Figure 11 c), while the distribution of alkanes changed significantly with n-hexane
being predominantly formed (Figure 11 d).

Initial selectivity to hydrogen was noticeably lower in the case of the concentrated
technical feed (10%) compared to the diluted one (50%), while selectivity to alkanes
showed an opposite trend, being 40 and 35% for the concentrated and the diluted feed
correspondingly. Selectivity to CO2 was equal in the both cases.

Higher feed concentration led to an increase in the overall reaction rate and,
subsequently, gas production in the case of APR of glycerol in a wide range of
concentrations (10-30%) [72]. These results are not directly in line with APR of diluted
sorbitol solutions over Pt/Al,O3, showing that hydrogen production was not affected by
an increase in sorbitol concentration from 1 to 5% [54].
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Figure 11. Aqueous-phase reforming of the 29 wt % solution of the technical polyols
mixture: a — conversion, b — gas production, ¢ — selectivity to CO2, H, CO, alkanes, d
— selectivity to individual alkanes. The following conditions were used: T = 498K, P =
29.7 bar, mass of catalyst 0.5 g.

Slightly lower conversion levels and gas productivity were obtained in the APR of the
technical polyols mixture compared to commercial sorbitol over a Pt/C catalyst. Both
feeds were equally selective to gas products and showed practically equal yields of the
liquid products. The minor amounts of impurities in the technical polyol mixture were
not giving any notable complications in APR. The technical feed is not showing any

significant differences from the model polyol, indicating a large potential of its

application as feed in APR for hydrogen production.

3.4. Batch reactor

The results of the technical feed conversion in the batch mode are shown in Figure 12.
The amount of gas products produced in the experiments was normalized to the initial
concentration of the feed. The carbon conversion from the liquid to the gas phase was
significantly higher over Pt catalysts compared to a blank non-catalytic reaction (Figure
12a). However, the conversion of sorbitol/mannitol reached 10% in the blank
experiment, which is rather significant in comparison with the value achieved over Pt

catalysts (26-28%). Negligible quantities of identified gas products, such as hydrogen,
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CO» and methane, were obtained in the blank experiment (Figure 12d, g). The amount
of other alkanes was insignificant in all tests. CO, was the main gas-phase product
(Figure 12d) in the catalyzed experiments, the observed amount of hydrogen and
methane was considerably lower (Figure 12g).

Three consecutive reuse cycles of the Pt/AC-4 catalyst are given in Figure 12b. The
catalyst was losing activity with each run in terms of carbon conversion, however, the
sorbitol conversion was increasing. The hydrogen production was halved after the first
run in the reuse experiment (Figure 12h), while a stable production of methane and CO»
was observed (Figure 12e, h). This could probably be explained by the changes in the
Pt particle size and coke formation.

Carbon conversion (Figure 12c) is increasing with time along with methane (Figure
121) and CO; (Figure 12f) production over the Pt/AC-4, while the observed amount of
hydrogen is decreasing after a sharp initial increase (Figure 12i). In several studies
found in literature, it was already concluded that batch reactors are not preferred for
hydrogen production due to hydrogen involvement in secondary reactions [65-67]. The

results of the current study are in line with the literature.
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Figure 12. APR of the technical sorbitol/mannitol mixture in the batch reactor at 498
K. Left side: blank test and APR over Pt/AC-1 and Pt/AC-4. Middle: stability of Pt/ AC-
4. Right side: performance of Pt/AC-4 during 24 hours. Upper row: carbon and
sorbitol/mannitol conversion. Middle row: CO; production. Lower row: H, and CH4
production. Experiments were performed in 380 mL autoclave. 150 mL of feed (15.3
mol/L) was used in blank test and Pt/AC-1. 200 mL of feed (4.0-5.6 mol/L) was used
in experiments over Pt/AC-4. Gas production was normalized to initial concentration

of 15.3 mol/L.
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The total amount of identified carbon contained in the liquid-phase intermediates was
11-18%. Higher yields of glycerol (1.2%), acetic acid (4%), and 1,2-propanediol (4.9%)
were obtained in the batch test over Pt/AC-4 catalyst compared to the tests performed
in the continuous reactor (0.5, 0.6, and 1.0% correspondingly) at similar conversion
levels. In addition, ethylene glycol (1.3%), acetone (1.1%), and xylitol (0.8%) were
identified in the liquid-phase products obtained in the batch reactor. A higher alcohol
content could be assigned to hydrogenation reactions, more pronounced in the batch
mode compared to the continuous one. The overall fraction of carbon transformed to
the gas phase was approximately a twofold lower in batch mode (3.8%) compared to
the continuous mode (6.5%) at a comparable conversion level of ca. 29%.

The carbon distribution along with the total carbon balance is shown in Figure 13. The
amount of carbon transformed to the gas phase was estimated by GC, while the aqueous
products were analysed by CHN. The rest was supplemented by the theoretical amount
of carbon, which could be adsorbed by the catalyst. The majority of carbon was retained
in the liquid phase. Less than 15% of the starting carbon was converted to the gas-phase
products after 24 h of reaction. The total carbon balance reached 99% in the blank test
and was close to 80-90% in other experiments, with the exception of the 8 h experiment

with P/AC-4.

37



A B C

100 - 100 Pt/AC-4, re-use 100 - Pt/AC-4

80 80-
60 - 0-
401 401
20- 2.
0- . . o- . . L

80 -
60
401
20 -
T 0 T
blank Pt/AC-1 Pt/AC-4 1st 2nd 3rd 1h  2h 4h 8h 24h
[ carbon adsorbed in catalyst, il carbon in liquid, ] carbon in gas

Carbon distribution [%]
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Pt/AC-1 and -4. B: stability of Pt/AC-4. C: performance of Pt/AC-4 during 24 hours.
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used in blank test and Pt/AC-1. 200 mL of feed (1.2-1.8 mol C/L) was used in
experiments over Pt/AC-4. Gas production was normalized to initial concentration of 5

mol C/L.

The amount of carbon adsorbed by the Pt/AC-1 catalyst was 0.03 mol C according to
TGA analysis. A similar value of 0.03 mol C (Cca, mol) was obtained by a rough
estimation based on the amount of absorbed water by the carbon support (xwarer, g
water/g cat), the carbon content in the final solution (CCp,, Wt %), and the catalyst

amount (Mcar, g):

_ Xwater Mcat
Ccat - CCfin : 100%12 (8)

This value correlates well also with the experimental data obtained for adsorption of
ethanol by activated carbon from aqueous solutions [73].

The amount of carbon adsorbed/absorbed by the catalyst is negligibly low and is
insignificant for the carbon balance calculated for all experiments except for the
experiment over the Pt/AC-1.

Application of the Pt/AC-4 catalyst with the particle size 1-2 mm could potentially
cause internal mass-transfer limitations. The Weisz-Prater criterion value is equal to
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1.25, which confirms the presence of internal mass-transfer limitations. For a first-order
reaction not limited by mass-transfer this value should be below 0.6. The details of this
calculation can be found in the supporting information. The real value of the Weisz-
Prater criterion is at least one order of magnitude larger, since it was based on the
observed reaction rate at 2 h of reaction. Thus, certain mass-transfer limitations are

taking place in the experiment performed batch-wise with the Pt/AC-4 catalyst.

3.5. Hydrogen production

The hydrogen balance can be presented in the following way. One mole of hydrogen is
utilized in order to obtain one mole of sorbitol or galactitol from 0.5 moles of the
disaccharide sucrose. A similar ratio with the coefficient equal to 1 is valid for
monosaccharides and corresponding polyols. According to the theoretical
representation of APR, it is thus possible to produce 13 moles of hydrogen from 1 mole
of sorbitol. The overall hydrogen balance is positive when more than one mole of
hydrogen is produced from one mole of sorbitol in APR, however, a higher ratio is
beneficial:

0.5 C12H22011 + 0.5 H20 + Ha -=> C6H140s6

CeH1406 + 6 H2O -> 6 CO2 + 13 H>

The experimental data generated in the current work as well as found in the literature
for continuous reactors over various catalysts are presented in Figure 14. More details
can be found in Table 6. The ratio of generated H» to converted sorbitol (H/S) is given
as a function of sorbitol conversion. The H/S value for sorbitol could theoretically range
from 0 to 13 according to the equations presented above.

Both the commercial sorbitol and technical polyol mixture, processed by applying the

Pt/AC-JM catalyst showed very low values of H/S being close to 1 with a slight increase

39



at low conversion levels. Thus, the amount of produced hydrogen production in the
current study barely covers the need for sucrose hydrogenation, making the overall
process completely inefficient.

However, data obtained over Pt/Al,O3 (denoted as Duarte 2016, Godina 2015, Kirilin
2010, and Kirilin 2012 in Figure 14) appeared to be more promising in terms of
hydrogen production with the maximum H/S value equal to 9. A certain discrepancy of
results obtained in different set-ups has to be studied further. A decreasing dependence
was obtained by Duarte et al. [54], a linear one by Godina et al. [64], and a maximum
by Kirilin et al. [63]. Similar catalysts and conditions were applied except for splitting
with an inert gas, which was performed at a lower ratio of the inert to liquid flows in
[54] compared to other studies (see Table 6). It should be noted that the inert splitting
was 20-30 mL/min (STP) in all studies.

Purging of an inert carrier gas is beneficial for hydrogen production, as shown in [66]
for APR in a wash-coated reactor over Pt/AIOOH catalyst (Neira 2014 H; strip in
Figure 14). Application of a membrane reactor [74] allowed effective separation of gas
phase from liquid medium during APR over Pt/C, which significantly improved
hydrogen production (Neira 2014 m in Figure 14).

Similar low values of H/S were obtained over Pt/AC-JM and Pt/C (denoted as Neira
2014 m in Figure 14) catalysts, while the same Pt/C performed better at higher
conversion levels (Neira 2014 in Figure 14) giving H/S equal to 2.5-3.5. Absence of
details about the experimental studies does not allow, however, an adequate explanation

of these observations.
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Figure 14. Amount of produced hydrogen from reacted sorbitol as a function of polyol
conversion. Data were collected from the following publications: Kirilin 2010 [75],
Kirilin 2012 [63], Duarte 2016 [54], Neira 2014 strip [66], Neira 2014 [76], Neira 2014
m [74], Godina 2015 [64]. Pt/C+membrane denotes application of a membrane reactor
for direct hydrogen separation during APR. Pt#/AI0OOH strip stays for stripping with an
inert gas.

Table 6. Experimental conditions found from the literature for comparison of hydrogen
roduction per mole of converted sorbitol.

Catalyst Publication Inert splitting Flow rates of | Feature related
[m® gas/m’ liquid '] liquid phase to hydrogen
[mL/min, STP] production
Pt/AC-IM current study | 6.4-0.64 0.1-1 Role of
impurities
Pt/Al,O3 Kirilin 2010 | 10-2 0.1-0.35
[75]
Pt/Al,03 Kirilin 2012 | 10-2.9 0.2-0.5
[63]
Pt/AlL,O3 Duarte 2016 | 0.11-0.03 0.1-0.4 Role of Pt
[54] dispersion
Pt/AIOOH Neira 2014 2 for Pt/AIOOH Role of inert
Ru/AIOOH strip [66] strip, O for others splitting
Pt-Ru/AIOOH
Pt/C Neira 2014 2 Role of the
Ru/C [76] catalyst
Pt/C+Ru/C
Pt/C Neira 2014m | 9 0.3 Role of gas-
[74] phase removal
Pt/Al,O3 Godina 2015 | 10-1 0.1-1
[64]

1 Volume ratio at reaction conditions
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It could be concluded that carbon-supported Pt catalysts are most probably not selective
enough to hydrogen for utilization in polyol APR, despite the combination of their
strong mechanical properties (e.g. Sibunit or polymer-based activated carbons) and
high hydrothermal stability. However, removal of the gas phase during the reaction,
decreasing of hydrogen partial pressure via application of a carrier gas, and operation
under low conversion levels could help to maximize the hydrogen yield.

Another important aspect is feasibility of the process. Hydrogen production from polyol
via APR is becoming competitive with methane steam reforming if the polyol price is
less than 0.3$/kg per kg according to the calculations provided in [77]. The current
sucrose price is 0.28 $/kg according to [78]. The target polyol price of 0.3$/kg is clearly
not achievable via sucrose hydrogenation, nevertheless, the APR process has a high
potential for the production of renewable hydrogen in the near future in case of

economically competitive feedstock.

42



4. Conclusions

An aqueous solution of sorbitol and a mixture of sorbitol/mannitol (technical polyols),
produced by the hydrogenation of a sucrose solution, were used as the feed in APR to
produce hydrogen in batch and continuous reactors over Pt/C catalysts. A detailed
comparison was made between the feed conversion, selectivity to the main products
and the yields of liquid-phase intermediates. To the best of our knowledge this was not
earlier reported in literature. The hydrogen selectivity obtained at 14% conversion level
was 42-44% for both the feedstocks. The 2.5 wt % Pt/C catalyst was equally selective
to the main gas-phase products in APR for both feedstocks, while minor differences
were found in the yields to some liquid-phase intermediates, accompanied by a slightly
different distribution of alkanes. Application of the technical feed also resulted in
slightly lower activity.

Batch-wise processing appeared to be considerably less effective for hydrogen
production compared to the continuous mode. The main reason for this is the fast
consumption of produced hydrogen in various hydrogenation reactions.

A small amount of impurities in the initial feed was not an obstacle for the APR of the
technical mixture of polyols, as was confirmed by comparing data obtained with the
technical feed and commercial sorbitol in the continuous reactor. The technical feed
was not showing significant differences from the model polyol, indicating a strong
potential of its application as a feed in APR to produce hydrogen.

However, the process described in this work cannot be utilized directly for hydrogen
production, since the amount of produced H> per one mole of converted sorbitol is
barely enough to perform sucrose hydrogenation. Pt/Al,O3 or other metal- or mixed
oxides-supported catalysts are more promising, while application of carbon-supported

catalysts will probably require additional efforts, such as decreasing of hydrogen partial
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pressure via removal of the gas phase during the reaction, application of a carrier gas,

or operating under low conversion levels.
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