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A B S T R A C T

Surface reactions involved in aqueous phase reforming of glycerol, sorbitol and glucose over Pt/γ-Al⁠2O⁠3 are stud-
ied by in-situ attenuated total reflection infrared (ATR-IR) spectroscopy. In these experiments aqueous solutions
of the reactants are flowed over a catalyst layer that is coated on the internal reflection element of the spectro-
scopic cell. Linearly bound CO (CO⁠L) and bridging CO (CO⁠B) are readily formed on the Pt particles at 24–72 °C.
The relative abundance of CO in different environments and the rates of formation and conversion of these
species provide insight into the reaction path of different oxygenates. Even at 24 °C, CO⁠B can be converted by the
water-gas shift reaction. During the conversion of sorbitol and glucose, the formation and conversion of adsorbed
CO is affected by the presence of co-adsorbed reactants or by-products. In addition to CO, surface bound alkoxy
species are observed during the conversion of sorbitol and glucose.

1. Introduction

In the 20⁠th century, the petrochemical industry developed numerous
processes for converting hydrocarbons into commodities. However, di-
minishing reserves of fossil feedstocks and related carbon dioxide emis-
sions have motivated an intensive search for renewable sources of fuels
and chemicals. Biomass is considered as a sustainable long-term solu-
tion as feedstock for many products [1–3]. Aqueous Phase Reforming
(APR) of biomass has gained significant attention as a promising hetero-
geneously-catalyzed process for converting oxygenated carbohydrates,
such as sugars (e.g., glucose) and polyols (e.g., methanol, ethylene glyc-
erol, glycerol and sorbitol), into H⁠2 and CO⁠2 at temperatures around
230 °C (Scheme 1) [4–7]. Thus, this process can provide the hydrogen
needed in many other biorefining operations, such as hydrodeoxygena-
tion [1].

APR has several advantages over the conventional steam reform-
ing processes. Specifically, APR operates at relatively low temperatures
and somewhat higher pressures compared to industrial steam reform-
ing processes. This eliminates the need to evaporate both water and the
oxygenated hydrocarbons, leading to energy saving [7,8]. In addition,
a hydrogen stream with low amounts of CO is produced in a single re

actor because APR is performed at temperatures where the water-gas
shift (WGS) equilibrium is favorable for the forward reaction [4,7].
Moreover, APR is conducted at pressures (typically 15–50bar) where
pressure-swing adsorption and membrane technologies can efficiently
separate hydrogen from the effluent [8]. In principle, APR can convert
any polyol, but the H⁠2 yield decreases notably with larger molecules,
such as sorbitol [9]. Even lower yields were reported for the conversion
of glucose [9]. The reaction pathways of APR of biomass-derived poly-
ols have been studied by many research groups, but the reasons for the
strong dependence of the H⁠2 yield on the feedstock are not entirely un-
derstood [9–12].

Effective catalysts for APR require high activity for C C bond
cleavage and the WGS reaction, but activity for CO hydrogenation can
reduce the hydrogen selectivity and result in the formation of light alka-
nes (i.e., methane and ethane) [13]. When acidic supports catalyze de-
hydration steps, various reaction products, such as alcohols, aldehydes,
and alkanes, can be co-produced [11]. In particular, the formation of
alkanes by repeated dehydration and hydrogenation steps was reported
[14]. Among a set of monometallic catalysts (i.e., Pt, Ni, Ru, Rh, Pd,
Ir), Pt was found to have the best combination of activity for C C
bond cleavage and the WGS reaction [6]. Among the different supports
(i.e., TiO⁠2, Al⁠2O⁠3, carbon, SiO⁠2, ZrO⁠2, CeO⁠2, and ZnO) investigated for
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Scheme 1. Reactions involved in APR of glycerol.

Pt particles, Al⁠2O⁠3 exhibited the highest hydrogen selectivity (>90%)
[15]. A large particle size of Pt is beneficial for H⁠2 selectivity since
low index Pt surfaces favor C C bond cleavage [16]. However, several
studies showed that CO oxidation by WGS reaction is the rate-limiting
step in APR, and the reaction is strongly inhibited by adsorbed hydro-
gen and CO on the surface [4,5,17].

CO oxidation on metal surfaces is a traditional reaction of interest
in surface science [18–20], and many efforts have already been made
to understand this reaction at the molecular level, often studying CO
conversion experimentally or theoretically on single crystal surfaces in
ultra-high vacuum [21–24]. Small amounts of H⁠2O in the gas phase
can convert CO to CO⁠2 via the WGS reaction even at low temperatures
[21,25]. In addition, DFT calculations showed that the activation bar-
rier of CO oxidation is reduced in the presence of H⁠2O vapor [25,26].
These studies cannot be directly applied to the APR reaction conditions
since the chemical potential of water is much higher, and water can
affect reaction paths by solvating surface species and transition states
[27]. Moreover, it is important to account for the presence of a variety
of exposed facets in supported metal catalysts.

Attenuated total reflectance infrared (ATR-IR) spectroscopy is a pow-
erful approach to probe reactions on solid-liquid or solid-gas interfaces.
A study of methanol reforming over Pt/Al⁠2O⁠3 in vapor and liquid phase
showed that CO is formed as intermediate on Pt and that the surface
coverage by CO decreases as the partial pressure of H⁠2O increases [17].
In the same study, it was shown that product inhibition by adsorbed hy-
drogen reduces the number of surface sites that are available for activat-
ing methanol. H⁠2O also has a positive effect on the rate of CO oxidation
over Pd/Al⁠2O⁠3 and causes a red-shift of the stretching vibration of CO
species compared to dry conditions [28]. Similarly, a large red-shift of
the stretching vibration of CO adsorbed on Pt/Al⁠2O⁠3 indicated that the
C–O bond is weakened by formation of an activated CO-water complex
[29]. These studies provide insight into the nature of surface species on
metal particles during APR and related reactions. However, few stud-
ies directly investigate the rates of formation and conversion of sur-
face bound CO. Recently, our group reported that Pt/Al⁠2O⁠3 readily con-
verts glycerol to adsorbed CO at room temperature once metal sites are
cleaned by exposing them to hydrogen and oxygen saturated water in
an alternating order and that bridging CO can be converted by water
gas shift even at room temperature [30].

In addition to the formation of CO and its oxidation by the WGS
reaction, it is important to understand how APR is affected by the
presence of additional surface species that can be formed from bio-
mass-derived oxygenates containing multiple functional groups. Various
surface intermediates (e.g., acetate, carbonate, crotonaldehyde, acetyl,
acetone, and adsorbed linearly bound and bridging CO) were iden-
tified in spectroscopic studies of ethanol conversion over supported
metal catalysts, such as Pt/Al⁠2O⁠3 and Rh/Al⁠2O⁠3 [31–35]. The key dif-
ference between surface intermediates on single crystal metal surfaces
and metal-oxide-supported metal particles is the possible presence of
oxygenated surface species on the support and at the metal-support in-
terface. Moreover, the presence of multiple functional groups in the
same molecule creates different possibilities of forming bonds to the sur-
face, which may be mutually exclusive [27]. For example, glycerol ad-
sorbs strongly on Lewis acidic metal oxides by forming a cyclic species,
which involves a bridging alkoxy bond between a primary alcohol
group and the Lewis acid site as well as a non-dissociative interaction

of the other primary alcohol group with the same site [36,37]. Under
conditions similar to the operating conditions of APR (i.e., 190–225 °C),
ketones or aldehydes can also form on the surface of Pt/Al⁠3O⁠3 [11], and
ketones can strongly adsorb on supported metal particles under similar
conditions [38].

Here, we report the effect of size and functionality of oxygenate mol-
ecules on the formation of surface species on 5wt% Pt/γ-Al⁠2O⁠3 in aque-
ous phase using in-situ ATR-IR spectroscopy. Specifically, kinetics of for-
mation and conversion of linearly bound and bridging CO from glycerol,
sorbitol, and glucose are studied at different temperatures, and the ef-
fect of co-adsorbed surface species is discussed.

2. Experimental

2.1. Materials

Glycerol, sorbitol, and glucose (99%) and 5wt% Pt on γ-Al⁠2O⁠3 were
used as received from Sigma Aldrich. A Barnstead NANO unit was used
to further purify deionized water up to 18.2 MΩ/cm. All H⁠2, O⁠2, and He
gases were purchased from Airgas with ultra-high purity grade (UHP,
grade 5).

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns of 5wt% Pt on γ-Al⁠2O⁠3 were ob-
tained with a Philips X’pert diffractometer using an X’celerator mod-
ule using Cu Kα radiation. Diffractograms were collected at incident an-
gles from 2θ=5° to 70° with a step size of 0.0167°. Nitrogen physisorp-
tion measurements were taken using a Micromeritics ASAP 2020 Ph-
ysisorption Analyzer. Samples were degassed under vacuum at 250 °C
for 4h prior to analysis. The surface area of the sample was calculated
from the adsorption isotherm in the region 0.05<P/P⁠0 <0.3, based on
the BET method [39]. The BJH method [40] was also adopted to cal-
culate average pore diameters of the sample in the region 0.05<P/
P⁠0 <0.99. Pyridine adsorption followed by IR spectroscopy was per-
formed using a Thermo-Nicolet 8700 FT-IR spectrometer with a MCT/
A detector. For every spectrum, 64 scans were accumulated at a res-
olution of 4 cm⁠−1. The sample was pressed into self-supported wafer
and then mounted into a custom-built vacuum chamber with ZnSe win-
dows. The activation of the catalyst wafer was conducted at 500 °C
at <10⁠−6 mbar for 12h, and a background spectrum was taken af-
ter lowering the temperature to 150 °C. Pyridine was introduced into
the chamber at a partial pressure of 0.1mbar for 30min. The spec-
trum of adsorbed pyridine was taken after the chamber was evacu-
ated for 30min. After the experiment, the density of the catalyst wafer
was determined by weighing a cutout of the wafer with a diameter
of 6.35mm (1/4 inch). The concentrations of Lewis and Brønsted acid
sites were determined based on the integrated areas of the peaks of
chemisorbed pyridine and pyridinium ions around 1445 and 1540 cm⁠−1,
respectively, the density of the wafer, and the molar extinction coef-
ficients published by Datka et al. [41]. The ⁠27Al MAS-NMR spectrum
was measured on a Bruker DSX 400 spectrometer, using a 4mm zir-
conia rotor and a spinning rate of 12kHz. The resonance frequency
for ⁠27Al was 104.2MHz. A π/12 pulse was used, and the recycling
delay was 250msec. Each spectrum consisted of a minimum of 2400
scans. Aqueous Al(NO⁠3)⁠3 was used as an external standard (δ =0ppm).
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Transmission electron microscopy (TEM) images were obtained with a
JEOL 100CX microscope using a 100kV acceleration voltage. The sam-
ples were prepared by applying a slurry of the catalyst in ethanol on a
graphene coated, 200 mesh copper grid. The slurry was sonicated for
15min prior to applying to the sample grid. The Pt particle size distrib-
ution was determined based on these micrographs.

2.3. In-situ ATR IR spectroscopy

All spectra were acquired using a Thermo-Nicolet 8700 FT-IR spec-
trometer with an MCT/A detector. Each spectrum was collected with a
resolution of 4cm⁠−1 and 32 scans. A commercial heated flow-through
ATR cell from Pike Technologies (catalogue number: 022–5210) was
used for the experiments. It contained an Internal Reflectance Element
(IRE) (ZnSe crystal, 45°, 80×10×3mm, Pike Technologies). During
the experiments, a spectrum was collected every 30s. To coat the IRE
with a catalyst layer that was thicker than the penetration depth of the
IR beam, a suspension of 12.5mg of catalyst in 10mL of ultrapure wa-
ter was prepared and sonicated for 30min. The catalyst was deposited
onto the ZnSe crystal in layers. After each deposition step, the water in
the layer was evaporated at 60 °C in an oven. The process was repeated
until all of the suspension was deposited on the crystal.

For each experiment, 4 different feeds were prepared in separate bot-
tles: ultrapure water degassed with He, an aqueous solution of 1wt%
of reactant (i.e. glycerol, sorbitol, and glucose) degassed with He, ul-
tra-pure water saturated with O⁠2 gas, and ultrapure water saturated
with H⁠2 gas. These feeds are henceforth referred to as H⁠2O, reactant (i.e.
glycerol, sorbitol, and glucose), O⁠2(H⁠2O), and H⁠2(H⁠2O), respectively.
The solutions were saturated with the respective gases for at least 4h
prior to the start of each experiment. The feed solutions were pumped
through the ATR-IR cell with an Agilent 1200, quaternary HPLC pump
at a flow rate of 5.0mL/min. The catalyst bed in the ATR cell was sta-
bilized in a flow of degassed ultrapure water (5.0mL/min) for 3h prior
to the start of an experiment until the system reached a mechanically
stable state of the catalyst bed (usually less than 1h, as observed by
reaching a constant absorbance spectrum). To remove adsorbed car-
bonaceous contaminants from the catalyst, H⁠2O, O⁠2(H⁠2O), and H⁠2(H⁠2O)
were flowed through the ATR IR cell for sequential 30min intervals.⁠30

This cleaning procedure was repeated two times (Fig. 1). The back-
ground was collected during the last minute of the cleaning procedure,
prior to the start of the experiment. During the experiments, different
feed solutions flowed through the cell (Fig. 1). A typical experiment con-
sisted of 30min of reactant solution, followed by H⁠2O, and O⁠2(H⁠2O).
Separate experiments were performed with glycerol, sorbitol, and glu-
cose solutions as reactants at temperatures of 24, 50, and 72 °C. Thermo
Fisher Scientific Inc. GRAMS 9.1 was used to analyze and integrate the
peaks in the spectra. The peak of linearly bound CO was integrated from
ca. 2060 to 1870cm ⁠−1, and the one bridging CO on Pt peak was inte-
grated from ca. 1870 to 1734cm⁠-1.

Fig. 1. Flow periods used during the cleaning of the catalyst and the conversion of aque-
ous oxygenate solutions (including time scale in minutes).

2.4. NMR spectroscopy

γ-Al⁠2O⁠3 (250mg) was impregnated with 5mL of an aqueous ⁠13C⁠6-glu-
cose solution in a 20mL scintillation vial. The concentration of glu-
cose was adjusted to achieve a glucose loading of 1wt%. The prepared
slurry was subject to vortex mixing for 1min and sonication for 10min.
This procedure was repeated 3 times. The resulting slurry mixture was
dried under vacuum overnight. ⁠1H-⁠13C cross polarization (CP) NMR ex-
periments were conducted on a 20T Varian VNMRs system utilizing a
4mm HXY probe operating in HX mode tuned to 213.6862MHz. A lin-
ear ramp CP sequence was utilized with a ⁠1H π/2 pulse of 3.125μs, a
mixing time of 500μs, and two phase pulse modulation (TPPM) decou-
pling with a decoupling field of 76923Hz. A recycle delay of 8 s, a spin-
ning speed of 15kHz, and a constant temperature of 20 °C were used to
collect 4844 transients. The time domain free induction decay was zero
filled once and apodized with 50Hz of Lorentzian broadening. The spec-
trum was referenced against tetramethylsilane (TMS) at 0ppm.

3. Results

3.1. Catalyst characterization

The Pt/γ-Al⁠2O⁠3 catalyst used here was from the same batch that was
used and characterized in more detail in a previous study [30]. The sur-
face area and pore size distribution of Pt/γ-Al⁠2O⁠3 as determined by N⁠2
physisorption were in the expected range (Table S1). X-ray diffractions
at 2θ=44.6° and 66.7° represented the (4 0 0) and (4 4 0) planes of
the defective spinel structure of the γ-Al⁠2O⁠3 support [42]. The ⁠27Al MAS
NMR spectrum contained two peaks at 7 and 63ppm, which are attrib-
uted to octahedrally and tetrahedrally coordinated Al atoms. The inte-
grals of these peaks showed that the sample contained 77% octahedrally
coordinated Al and 23% tetrahedrally coordinated Al species, which is
typical for γ-Al⁠2O⁠3 [43]. An average Pt size of 3nm was determined by
measuring 177Pt particles in TEM micrographs. IR spectra of adsorbed
pyridine exhibited peaks from the ν⁠19b mode at 1448cm⁠−1 and the ν⁠8a
mode at 1613cm⁠−1 that are attributed to pyridine coordinated to Lewis
acid sites. The concentration of Lewis acid sites was quantified as 18
μmol/g. However, the ν⁠19b mode of pyridine coordinated to Brønsted
acid sites (i.e., pyridinium ions), which is commonly observed at ca.
1540cm⁠−1, was absent [44].

3.2. Identification of surface species formed during APR of glycerol,
sorbitol, and glucose

When Pt/γ-Al⁠2O⁠3 coated on a ZnSe crystal was placed in an in-situ
ATR-IR cell and exposed to an aqueous glycerol solution (1wt%), the re-
sulting IR spectra contained two strong peaks at around 2017 and 1788
cm⁠−1, which are attributed to the stretching vibrations of linearly bound
CO (CO⁠L) and bridging CO (CO⁠B) on the Pt surface, respectively (Fig. 2b)
[11,30,45]. CO⁠L and CO⁠B were also formed from aqueous sorbitol (Fig.
3b) and glucose (Fig. 4b) solutions, but the corresponding peaks ap-
peared at lower wavenumbers (Table S2). Over the course of each aque-
ous oxygenate solution flow (i.e., 30min), these peaks gradually shifted
to higher wavenumbers, respectively, due to increasing dipole-dipole in-
teractions with increasing coverage [29].

The other peaks in Fig. 2b are all attributed to various modes of
glycerol according to Colthup et al. (Table 1) [46]. No significant peaks
that would indicate the presence of hydroxyacetone or glyceraldehyde
were observed during any flow period of this experiment. Differences
between the peaks from glycerol in the presence of Pt/γ-Al⁠2O⁠3 (Fig. 2b)
and its absence (Fig. 2a) in terms of positions and shapes were mar-
ginal, and the peaks rapidly declined during the subsequent H⁠2O flow
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Fig. 2. ATR-IR spectra of 1wt% glycerol in water in the absence of a catalyst (trace a), and
surface species formed on a Pt/γ-Al⁠2O⁠3 catalyst layer: b) during 1wt% glycerol in water
flow; c) subsequent H⁠2O flow; d) subsequent O⁠2(H⁠2O) flow. All of the spectra were taken
after 10min of the respective flow period.

(Fig. S1). This indicates that most of the intensity of the glycerol peaks
in the range from 900 to 1600cm⁠−1 comes from the liquid phase and
that the peaks from glycerol in water may obscure smaller peaks of
other surface species that might be present on Pt/γ-Al⁠2O⁠3.

During the H⁠2O flow, a significant negative peak was observed above
2600cm⁠−1, which is attributed to the νOH mode of water. It is suggested
that residual surface hydrogen from the decomposition of glycerol inter-
fered with the formation of a H⁠2O bilayer on Pt particles (Fig. 2c) [30].
This feature disappeared when the catalyst was exposed to an O⁠2(H⁠2O)
flow because adsorbed H atoms were oxidized by O⁠2 [30]. Moreover,
the peaks of CO⁠L and CO⁠B disappeared during O⁠2(H⁠2O) flow (Fig. 2d),
which is attributed to the oxidation of these species. Upon exposure to
O⁠2(H⁠2O), new peaks were observed at 1614, 1493, and 1394cm⁠−1 (Fig.
S2) that are completely removed by the end of the O⁠2(H⁠2O) flow period
((Fig. 2d). In a reference experiment, CO⁠2 saturated H⁠2O was flowed
over Pt/γ-Al⁠2O⁠3, and the peak positions of the resulting carbonate sur-
face species matched those observed during oxidation of adsorbed CO
(Fig. S4). The rapid removal of adsorbed CO and formation of carbon-
ates was also observed during the O⁠2(H⁠2O) flow periods in experiments
with sorbitol (Fig. 3d) and glucose solutions (Fig. 4d).

Fig. 3. ATR-IR spectra of 1wt% sorbitol in water in the absence of a catalyst (trace a), and
surface species formed on a Pt/γ-Al⁠2O⁠3 catalyst layer: b) during 1wt% sorbitol in water
flow; c) subsequent H⁠2O flow; d) subsequent O⁠2(H⁠2O) flow. All of the spectra were taken
after 10min of the respective flow period.

When the aqueous sorbitol feed was flowed into the cell, there were
multiple peaks between 950 and 1550cm⁠−1 that are attributed to both
adsorbed sorbitol and sorbitol in the aqueous phase (Fig. 3b). In contrast
to the aqueous glycerol feed (Fig. 2b), which exhibited two distinct νCO
modes at 1131 and 1045cm⁠−1, the νCO modes of sorbitol gave rise to
several peaks at 1130, 1084, 1049 and 1027cm⁠−1, which are attributed
to primary and secondary alcohols of sorbitol interacting with H⁠2O and
Pt/γ-Al⁠2O⁠3 in diverse ways (Fig. 3b). After 30min of H⁠2O flow, peaks of
the δOH, two νCO modes of sorbitol-derived surface species remained at
1409, 1084, and 1022cm⁠−1, respectively. Additional peaks remained at
2918, 2850, and 1151cm⁠−1 and are attributed to the ν⁠asymCH⁠2, ν⁠symCH⁠2,
and νCO modes of surface alkoxy species on the Al⁠2O⁠3 support.⁠36 How-
ever, the νCH⁠2 bands were very low in intensity. The remaining δOH
and νCO peaks at the end of the subsequent O⁠2(H⁠2O) flow period (Fig.
3d) indicated that certain irreversibly adsorbed surface species cannot
be entirely removed by O⁠2.

The spectrum of 1wt% glucose in aqueous solution exhibited strong
bands in the 1160−990cm⁠−1 region involving νCO modes of COH and
COC groups and multiple moderately intense bands in the
1460-1200cm⁠−1 region attributed to CH⁠2 deformation (δCH⁠2), and CH⁠2
wag
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Fig. 4. ATR-IR spectra of 1wt% glucose in water in the absence of a catalyst (trace a), and
surface species formed on a Pt/γ-Al⁠2O⁠3 catalyst layer: b) during 1wt% glucose in water
flow; c) subsequent H⁠2O flow; d) subsequent O⁠2(H⁠2O) flow. All of the spectra were taken
after 10min of the respective flow period.

ging, and OH in-plane deformation (δOH) (Fig. 4a). While this region
of the spectrum is certain very convoluted, it appears that a new peak
arises at 1409cm⁠−1 indicating that some of the glucose chemisorbs on
the catalyst in a way that significantly alters the geometric or elec-
tronic structure of the molecule. One possible transformation is ring

opening of the abundant hemi-acetal form of glucose. As a reference,
the ⁠13C CP MAS NMR spectrum of glucose on γ-Al⁠2O⁠3 was obtained
(Fig. 5). No clear peak of a free carbonyl group was observed in the re-
gion of 190–205ppm showing that glucose predominantly adsorbs on
γ-Al⁠2O⁠3 in a cyclic form. However, it is possible that Pt particles induced
ring-opening of glucose as observed in another study under UHV con-
dition [47]. After 30min of H⁠2O flow, peaks of the δOH and the two
νCO modes of glucose-derived surface species remained at 1409, 1082,
and 1045cm⁠−1, respectively. An additional peak at 1147cm⁠−1 is attrib-
uted to νCO modes of surface alkoxy species on the Al⁠2O⁠3 support. The
intensity in the 1460-1200cm⁠−1 region decreased markedly in the first
minute of the H⁠2O flow period (Fig. S3), but residual peaks remained
until the end of the 30min period.

3.3. Evolution of surface species at different temperatures

The influence of the reaction temperature on the formation of sur-
face intermediates from glycerol, sorbitol, and glucose was investigated
based on the IR spectra obtained after feeding the aqueous oxygenate
solution for 30min, followed by 10min of pure H⁠2O (Fig. 6). This ap-
proach was chosen to reduce the spectral contribution of the aqueous
oxygenate solutions. Glycerol reforming at 24, and 50 °C only resulted in
very weak features that might be peaks of persistent surface species (Fig.
6a and b). Specifically, the potential νCO peaks at 1140 and 1060cm⁠−1

could indicate the presence of alkoxy species on the γ-Al⁠2O⁠3 support.
During the experiment at 72 °C, broad peaks appeared around 1300 and
1061 cm⁠−1, which can be attributed to CH⁠2 twisting mode and the νCO
modes of adsorbed alkoxy species at the elevated temperature (Fig. 6c)
[11].

Prominent surface species were formed from the interaction of sor-
bitol with the catalyst at all temperature studied (Fig. 6d–f). Specifically,
the broad peaks of νCO modes existed between 1000 and 1200cm⁠−1,
and the δOH peak at 1403cm⁠−1 was observed due to the existence of di-
verse alcohol and alkoxy groups. The broad peaks in this region indicate
that many types of alcohol-derived surface species are present, which
may include surface-bound decomposition products from sorbitol. At
72 °C, a broad peak around 1300 cm⁠−1, which can be attributed to δCH⁠2
modes, and a peak at 1147cm⁠−1 attributed to the νCO mode of sur-
face alkoxy species were observed (Fig. 6f). The intensity of the νCO at
1147cm⁠−1 of surface intermediates from sorbitol at 72 °C was noticeably
lower compared to 24, and 50 °C, which might indicate that primary al-
cohol groups of surface species are preferentially dehydrogenated or de-
hydrated.

Interestingly, glucose formed similar surface species as sorbitol with
peaks of a δOH and three νCO modes at 1403, 1146, 1074 and
1057cm⁠−1 (Fig. 6g–i). As for sorbitol, the intensity of the νCO mode at
1022cm⁠-1 was lower at 72 °C (Fig. 6i). The most prominent difference at
72 °C was the noticeably broader feature in the δCH⁠2 and δCH⁠3 region
around 1300cm⁠-1.

Table 1
Vibrational modes of reactant solution over the empty ZnSe crystal and aqueous reactant solution interacting with the catalyst layer.

1wt% Glycerol
in H⁠2O / cm⁠−1

1wt% Glycerol over
Pt/γ-Al⁠2O⁠3 / cm⁠−1

Δ/
cm⁠−1

1wt% Sorbitol
in H⁠2O / cm⁠−1

1wt% Sorbitol over
Pt/γ-Al⁠2O⁠3 / cm⁠−1

Δ/
cm⁠−1

1wt% Glucose
in H⁠2O / cm-1

1wt% Glucose over
Pt/γ-Al⁠2O⁠3 / cm⁠−1

Δ/
cm⁠−1

ν⁠asymCH⁠2 2947 2945 −2 2945 2943 −2 2935 2929 −4
ν⁠symCH⁠2 2889 2887 −2 2889 2889 0 2885 2877 −8
δCH⁠2 1462 1460 −2 1462 1462 0 1460
δOH 1419 1414 −5 1415 1411 −4 1433 1409 −24
δCH 1334 1333 −1 1315 1324 9 1315 1321 6
CH⁠2 wag 1214 1211 −3 1217 1216 −1 1203 1201 −2
unknown x x 1132 1130 −2 1153 1151 −2
νCO 2° 1131 1131 0 1084 1084 0 1080 1080 0
νCO 1° 1047 1045 −2 1047 1049 2 1036 1036 0
CH⁠2 rock 995 995 0 1007 1007 0 991 991 0
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Fig. 5. ⁠13C CP MAS NMR spectrum of ⁠13C⁠6-glucose impregnated on γ-Al⁠2O⁠3.

3.4. Rates of CO formation and conversion starting from glycerol, sorbitol,
and glucose

The frequencies of νCO modes of adsorbed CO after 1min of ex-
posure to aqueous oxygenates decreased based on the source of CO in
the order glycerol>sorbitol>glucose (Fig. 7). It is suggested that frag-
ments from the larger oxygenates prevent dipole-dipole interactions and
the associated blue-shift of the νCO mode. Interestingly, the νCO⁠B peak
from glucose clearly contained two contributions at 1776 and 1751cm⁠−1

(Fig. 7c). This could be due to the presence of domains in which di-
pole-dipole interactions can develop to different extents. After 2min of
exposure to glucose the different contributions to the CO⁠B peak were no
longer clearly resolved (Fig. 7c*).

The integrals of the CO⁠L and CO⁠B bands observed in Fig. 7 continu-
ously changed during aqueous reforming of glycerol, sorbitol, and glu-
cose. The rates of formation and conversion of CO⁠L and CO⁠B as well
as the abundance of these species in different experiments were inves-
tigated based on the integrals of the respective peaks (Figs. 8–10). In
all reactions studied here, CO⁠L and CO⁠B were formed when the aque-
ous oxygenate solution was flowed through the cell for 30min. The con-
version of glycerol at room temperature resulted in the largest inte-
grated area of the CO⁠L, which was 1.5 and 4.7 times higher than the
integrated area of CO⁠L from sorbitol and glucose, respectively (Fig. 8a).
Fig. 8b shows that the highest area for CO⁠B was reached after 6min
and 9min during glycerol and sorbitol flow period, respectively, fol-
lowed by a gradual and apparently linear decrease throughout the oxy-
genate flow and the following H⁠2O flow period. The intensity of the CO⁠L
peaks formed from glycerol and sorbitol remained approximately con-
stant during the H⁠2O flow period (Fig. 8a).

When glucose was fed at 24 °C, CO⁠B and to a lesser extent CO⁠L kept
accumulating over the entire glucose flow period (Fig. 8). After 30min,
the coverage of CO⁠B from glucose was 15% higher than the maximum
coverage of CO⁠B from sorbitol (Fig. 8b). Without a continued supply
of reactant during the H⁠2O flow period, CO⁠B produced from glucose
declined at a similar rate as CO⁠B from the other oxygenates. Surpris-
ingly, in case of glucose, the intensity of the CO⁠L band continueously
increased in the absence of reactants in the feed during H⁠2O flow pe-
riod. After 30min of H⁠2O flow, it had increased by 40% compared to the

Fig. 6. ATR-IR spectra during the H⁠2O flow period after exposure of Pt/γ-Al⁠2O⁠3 to aqueous
oxygenate solutions: Glycerol conversion at a) 24 °C, b) 50 °C, c) 72 °C (c); sorbitol conver-
sion at d) 24 °C, e) 50 °C, f) 72 °C; glucose conversion at g) 24 °C, h) 50 °C, i) 72 °C. All of
the spectra were taken after 10min of their H⁠2O flow period.

CO⁠L band after the aqueous glucose flow (Fig. 8a). Fig. S5 shows that
the increase in the intensity of the CO⁠L band coincided with a decrease
of the peaks corresponding to the νCO mode of adsorbed glucose, which
indicates that a reduction in the density of glucose on the surface al-
lows for the production of additional CO⁠L. The ratios of the integral of
the CO⁠L to CO⁠B peaks from glycerol and sorbitol were approximately 2
at the end of the oxygenate flow period. In contrast, a much smaller
CO⁠L/CO⁠B ratio of 0.57 was observed after 30min of aqueous glucose
flow. Once O⁠2(H⁠2O) water was flowed through the cell both bands of
adsorbed CO disappeared rapidly, indicating fast oxidation of adsorbed
CO to CO⁠2 or the corresponding carbonates at each reaction tempera-
ture (Figs. 8–10).

The evolution of the integrated regions of CO⁠L and CO⁠B during APR
at 50 °C showed similar trends compared to the experiments at 24 °C.
The increased reaction temperature led to an increase in the maximum
coverage of CO⁠L during the conversion of sorbitol and glucose (Fig. 9a).
Likewise, the maximum CO⁠B coverage from glucose increased (Fig. 9b).
The maximum coverage of CO⁠B was observed after 6.2 and 6.7min dur-
ing the conversion of glycerol and sorbitol, respectively, followed by
a gradual and almost linear decline that extended throughout the rest
of the aqueous reactant flow until the end of the H⁠2O flow period. In-
terestingly, glucose produced as much CO⁠B as glycerol, with maxima
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Fig. 7. Spectra of CO⁠L and CO⁠B formed on Pt/γ-Al⁠2O⁠3 taken after 1min of exposure to a)
glycerol, b) sorbitol, c) glucose; and c*) after 2min of exposure to glucose. All spectra were
taken at 24 °C.

of the integrated peak areas that were 25% larger than for the CO⁠B peak
during the conversion and sorbitol. In contrast to the conversion of glyc-
erol and sorbitol, the intensity of the CO⁠B peak from glucose gradually
approached a constant value while the aqueous glucose solution was fed
and decreased sharply at the beginning of the H⁠2O flow period. Then,
the area of the CO⁠B peak showed the similar gradual decline as observed
during the H⁠2O flow periods after conversion of glycerol and sorbitol.

At a reaction temperature of 72 °C, the maximum peak area of CO⁠L
was higher than at 50 °C, and the peak area of CO⁠L decreased during

the H⁠2O flow period (Fig. 10a). The area of the CO⁠B peak exhibited a
similar behavior for all the reactants with maxima after 0.6, 2.5, and
4.5min for glycerol, sorbitol, and glucose, respectively (Fig. 10b). Then,
it decreased sharply even in the presence of the reactants. During the
H⁠2O flow period, the observed rate of CO⁠B conversion became slower.
In fact, it was slower than at 24 and 50 °C.

The initial changes of the peak areas with respect to time (propor-
tional to the rate of formation) of CO⁠L and CO⁠B at the initial contact
of different reactants with the catalyst is plotted in Fig. 11. The initial
rates of formation of both CO⁠L and CO⁠B were fastest during the conver-
sion of glycerol. The rates of CO⁠L formation from all reactants increased
to a similar extent with increasing temperature. The only exception was
a sharp increase in the initial rate of formation of CO⁠L from glucose
at 72 °C. The initial rate of CO⁠B formation changed less as the temper-
ature increased. During the conversion of glycerol and sorbitol, it de-
creased slightly as the temperature increased from 24 to 50 °C, and then
increased when the temperature increased further to 72 °C. The initial
rate of CO⁠B formation from glucose showed a continuous increase, start-
ing from a very low value at 24 °C.

4. Discussion

4.1. Surface species during APR of glycerol, sorbitol, and glucose

The three primary steps in the mechanism of APR of polyols are
dehydrogenation, decarbonylation, and water-gas-shift (WGS, i.e.,
CO+H⁠2O→CO⁠2 +H⁠2) (Scheme 1) [11,17]. The key intermediate, ad-
sorbed CO, is formed through a sequence of dehydrogenation of a pri-
mary alcohol group to an aldehyde and decarbonylation of the alde-
hyde to forming CO [11]. Dehydrogenation of a secondary alcohol
group results in the formation of a ketone, which cannot be decarbony-
lated directly like an aldehyde [38]. The dissociation of water during
the WGS reaction is generally assumed to be the slowest step in APR
[5,14,17]. Many surface studies observed CO bound to one Pt atom (lin-
early bound, CO⁠L) or two Pt atoms (bridging, CO⁠B) and H atoms as domi-
nant surface species during APR reactions over Pt-based catalysts 1730].
An ATR-IR spectroscopy study of methanol reforming over Pt/γ-Al⁠2O⁠3
in vapor and liquid phase showed that the surface coverage of CO is
lower in the liquid environment, which could be due to weaker binding
or competitive adsorption of other species 17]. In particular, dissocia-
tively adsorbed hydrogen reduces the number of surface sites that are
available for activating methanol.

Several researchers proposed the formation of dehydrogenated poly-
ols, such as C⁠xO⁠xH⁠2x, on supported Pt particles as intermediates of
APR [4,48], but the presence of these species is typically inferred from

Fig. 8. The integrated peak area of the νCO⁠L mode (a) and the νCO⁠B mode (b) as a function of time and type of reactant at 24 °C, glycerol, sorbitol, and glucose.
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Fig. 9. The integrated peak area of the νCO⁠L mode (a) and the νCO⁠B mode (b) as a function of time and type of reactant at 50 °C, glycerol, sorbitol, and glucose.

Fig. 10. The integrated peak area of the νCO⁠L mode (a) and the νCO⁠B mode (b) as a function of time and type of reactant at 72 °C, glycerol, sorbitol, and glucose.

indirect evidence rather than direct spectroscopic detection [49]. A
study of electrochemical glycerol oxidation in acidic media used IR
spectroscopy, HPLC analysis, and DFT calculations to show that glycerol
binds to Pt (111) as a bidentate C⁠3O⁠3H⁠6 intermediate, which can be con-
verted to glyceraldehyde, dihydroxyacetone, and glyceric acid [50]. On
Pt (100), a monodentate surface species is formed that involves a Pt-C
bond with a primary carbon atom. Glyceraldehyde is the main product
from this species. In addition, the presence of a strongly adsorbed sur-
face species other than CO was inferred.

All oxygenates used in our study produced CO⁠L and CO⁠B as dominant
surface species, but the abundance of these species varied between oxy-
genates and as a function of the reaction temperature. It is well-known
that the size of the Pt particles has a strong influence on the distribu-
tion of CO⁠L and CO⁠B [51,52]. For example, it was shown that Pt par-
ticles of a minimum size are required before CO⁠B can be formed, in-
dicating that this species is preferentially formed on terrace sites [53].
All of our experiments were conducted with the same of the size of Pt
particles supported on γ-Al⁠2O⁠3, and it is highly unlikely that the differ-
ent feedstocks significantly change the size of the particles during the
APR at 24–72 °C. Therefore, any change in the abundance of CO species
should be due to the surface reactions of different reactants and the re-
sulting co-adsorbed surface species that compete with CO for specific
active sites. The relative abundance of CO⁠B compared to CO⁠L was higher
than in previous studies, in which CO was adsorbed on Pt/γ-Al⁠2O⁠3
in the presence and absence of water, which might be affected

by co-adsorbed species, the size of the Pt particles, and solvent effects
[29,54]. The CO⁠B to CO⁠L ratio in our study was strongly affected by the
nature of the reactant, with values of 0.42, 0.49, and 1.6 for glycerol,
sorbitol, and glucose, respectively, after 30min of exposure to the aque-
ous oxygenate solution at 24 °C. In particular the uptake of CO⁠L after
30min at 24 and 50 °C, decreased markedly in the order glycerol>sor-
bitol>glucose. These observations indicate that sites at which CO⁠L can
be formed are preferentially blocked by co-adsorbed species. It is impor-
tant to note that these species may be directly bound to the Pt sites or
adjacent support sites. Since the conversion of glucose to CO requires
opening the cyclic hemiacetal as the first step, it is plausible that CO for-
mation from glucose proceeds more slowly. Moreover, unreactive sur-
face species can be formed in parallel and reduce the number of avail-
able sites for CO formation. The formation of additional CO⁠L from resid-
ual adsorbed glucose during H⁠2O flow (Figs. 8a and 9a) shows that a
reduced density of surface species provides the required space for the
decomposition of glucose to CO⁠L. It is recognized that APR of sorbitol,
which contains six carbon atoms like glucose, also occurs via an aldose
as an intermediate. However, it appears that the decarbonylation of the
aldose intermediate is fast relative to the formation of a hemiacetal, re-
sulting in a faster rate of CO formation from sorbitol. This is in agree-
ment with lack of glucose in the product stream during APR of sorbitol
over Pt/Al⁠2O⁠3 [7].

In all of our experiments, the frequency of the νCO vibrations of
CO⁠L and CO⁠B increased with increasing coverage. Previous studies have

8



UN
CO

RR
EC

TE
D

PR
OO

F

J. So et al. Journal of Molecular Catalysis. A, Chemical xxx (xxxx) xxx-xxx

Fig. 11. Initial changes of the peak areas with respect to time (proportional to the rate of
formation) of CO⁠L and CO⁠B based on peak areas after 1min of exposure to different reac-
tants at different temperatures.

attributed similar observations to two different phenomena. It is
well-known that adsorbed CO molecules have dipole-dipole interactions
with their neighbors, which results in an increase of the vibrational fre-
quency with increasing density of CO on the surface [28,55]. Alterna-
tively, electronic effects can explain the shifts of νCO peaks. Specifically,
it has been proposed that CO⁠L and CO⁠B initially form at undercoordi-
nated Pt sites at edges and kinks [56]. Once these sites are occupied,
more CO⁠L and CO⁠B also form on terrace sites that consist of more coordi-
nated metal Pt atoms, which results in a higher frequency. Based on this
argument, the increasing νCO frequency in our study (Table S2) could
indicate that decarbonylation reactions preferentially occur at edge and
kink sites and that the resulting CO species are migrating to terrace sites.
This would be consistent with a DFT study that found a higher activity
for decomposition of ethylene glycol on Pt(211) compared to Pt(111)
[12]. However, the present data does not allow for deconvoluting the
extent of such migration processes from the impact of dipole-dipole in-
teractions.

The conversion of glucose at 24 °C led to the formation of two dis-
tinct CO⁠B species at 1776 and 1751cm⁠−1 (Fig. 7). It is well-known that
co-adsorbed surface species can isolate CO on Pt in different environ-
ments. For example, when CO is co-adsorbed with less than one mono-
layer of H⁠2O, islands containing pure CO and a mixture of CO and
H⁠2O, respectively, can be formed [ [57–59]. Due to dipole-dipole inter-
actions, CO⁠B in islands of pure CO has a higher vibrational frequency.
In the present study, the existence of distinct CO⁠B peaks during APR
of glucose can be attributed to the formation of different domains on
the surface. While some domains contain sizable ensembles of CO mole

cules with dipole-dipole interactions, others contain CO species that
are relatively isolated by co-adsorbed glucose or glucose-derived oxy-
genates. The latter domains can be attributed to the contribution with
the lower νCO frequency, which was also lower than the νCO frequen-
cies of CO⁠B from glycerol and sorbitol. When the CO coverage increased
the different contributions to the CO⁠B were no longer resolved. Further-
more, the formation of distinct islands of CO formed from glycerol and
sorbitol was not observed. Thus, it is suggested that cyclic forms of glu-
cose are capable of adsorbing on or adjacent to Pt particles to block a
significant fraction of the metal sites.

γ-Al⁠2O⁠3 is a useful support to stabilize Pt nanoparticles. However, it
also provides a high surface area with adsorption sites for oxygenates.
A study of polyol adsorption on hydrated alumina showed that incrased
adsorption with an increasing number of vicial alcohol groups, in par-
ticular when they are present in the threo configuration [59]. Copeland
et al. used a combination of FT-IR spectroscopy and DFT calculations
to reveal that glycerol and 1,3-propanediol form a multidentate sur-
face species on γ-A⁠2O⁠3, in which one of the primary alcohol groups
forms a bridging alkoxy bond to a Lewis acid site (ν =1125cm⁠−1) [36].
The other primary alcohol group coordinates to the same Lewis acid
site without dissociating (ν =1083cm⁠−1), while the secondary alcohol
group in glycerol can hydrogen bond to a basic surface oxygen atom
(ν =1151cm⁠−1). These multidentate surface species are bound suffi-
ciently strongly to effectively outcompete water for surface sites [60].
In contrast, ethylene glycol and 1,2-propanediol only form alkoxy bonds
to the Lewis acidic sites of γ-Al⁠2O⁠3 after removal of coadsorbed water
in vacuum because the stability of bidentate surface species from these
molecules is reduced due to strain.

During the H⁠2O flow period after exposure to an aqueous glycerol
solution, only very weak features remained at 1140 and 1060cm⁠−1 (Fig.
6a–c), which might be νCO modes of a small amount of alkoxy species
on surface. This region of the spectrum was different from the ad-
sorption of glycerol on pure alumina in Copeland’s work [36], which
would imply the presence of different alkoxy species, such as products
of dehydration or C C cleavage. When the temperature was increased
to 72 °C a broad δCH⁠2 deformation peak indiated the formation of a
new unknown surface species (Fig. 6c). It is suggested that dehydration
and possibly oligomerization reactions lead to the formation of surface
species containing alkyl groups.

During the conversion of sorbitol and glucose, much stronger resid-
ual νCO peaks were observed between 1160–1030cm⁠−1 after the aque-
ous oxygenate solutions were replaced by pure water and water satu-
rated with O⁠2 (Figs. 3 and 4). This indicates the presence of strongly
chemisorbed alkoxy species. The fact that these species remained on
the catalyst during the O⁠2 (H⁠2O) flow period strongly indicates that
they are on the Al⁠2O⁠3 support rather than the Pt particles where O⁠2 is
known to oxidize and remove organic surface species [61]. The signif-
icant breadths of the νCO peaks can be explained with distributions of
nature of surface alkoxy species and the strength of the Lewis acid sites
involved in their formation. Notably, the spectra of surface species from
sorbitol and glucose that remained during the H⁠2O flow period were
very similar at each temperature (Fig. 6). Thus, there seems to be a re-
action path to common surface species from these oxygenates. The de-
hydrogenation of sorbitol to an aldose, such as glucose, is a necessary
step in the APR mechanism, but glucose could also be hydrogenated to
sorbitol with surface hydrogen that is formed by reforming other mol-
ecules. Considering that the ⁠13C CP MAS NMR spectrum of glucose ad-
sorbed on γ-Al⁠2O⁠3 (Fig. 5) did not contain the characteristic resonance
of the aldehyde group in the open-chain form of glucose, we specu-
late that C⁠6 sugars in one or more cyclic hemiacetal forms are com-
mon surface species on alumina during the conversion of sorbitol and
glucose. The increased accumulation of such surface species with in-
creasing number of oxygen-based functional groups is consistent with
results extrapolated from previous studies (vide supra) 59,60. The rela
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tive rigidity of the alcohol groups on the cyclic forms of sugars likely
has a strong influence on the formation of specific species, but the exact
nature of these species is beyond the scope of this work.

The extent to which carbonaceous surface species on the support af-
fect APR catalysts strongly depends on their location relative to the Pt
particles, which are generally considered to be the active sites for all
essential steps in APR (i.e., dehydrogenation, decarbonylation, and wa-
ter-gas shift). Deposits at a sufficient distance will be spectators and
can help to protect the alumina support against hydrolytic decay [62].
In contrast, surface species close to the metal-support-interface can be
converted via bifunctional reaction paths or sterically block access to
parts of the Pt particles. While the present data does not exclude the
presence of spectator species at a distance from the Pt particles, several
observations illustrate the likely participation of surface species at the
metal-support-interface on the APR reaction. Most importantly, the rate
of CO⁠L formation was affected much more strongly by the nature of the
reactant than the rate of CO⁠B formation (Fig. 11). Considering the pref-
erence for CO⁠L formation on edge and kink sites and that such sites are
more abundant near the metal-support interface, we suggest that these
trends are caused by blockage of metal sites near the interface with the
support. However, preferential blockage of edge and kink sites in other
locations cannot be excluded based on the present data. In addition, the
similarity of surface species formed from glucose and sorbitol implies
that their precursors can be converted by metal catalyzed dehydrogena-
tion or hydrogenated before they strongly bind to the support. Under
such circumstances an enrichment of such surface species near the metal
particles is plausible. The formation of additional CO⁠L from glucose dur-
ing the H⁠2O flow periods at 24 and 50 °C also implies that a decreased
density of surface species in the vicinity of edge and kink sites allows
reactants to approach them in the right orientation for decarbonylation
to occur. This effect was not observed at 72 °C, which is attributed to
increased mobility or desorption of surface species. It should be men-
tioned that the kinetic diameter of glucose is 0.86nm [63], whereas the
average size of the Pt particles used here was 3nm. Thus, it is conceiv-
able that a substantial number of metal sites at the interface are blocked
when a significant fraction of the support is bound with strongly ad-
sorbed surface species from reactants like glucose.

4.2. Kinetics of conversion of oxygenates with different numbers of carbon
atoms and structures

The selectivity for H⁠2 production during APR of oxygenates over a
Pt/γ-Al⁠2O⁠3 at 225 and 265 °C decreases in the order methanol>ethyl-
ene glycol>glycerol>sorbitol>glucose [9]. Due to their abundance
as building blocks of lignocellulosic biomass, glucose and other sugars
are desirable feedstocks. Like other aldoses, glucose already contains
an aldehyde group, which is required for the decarbonylation step in
APR [11]. Thus, it is important to analyze the kinetics of different re-
action steps within APR to identify the reason for the low selectivity to
hydrogen. The rate of APR of methanol and ethylene glycol to H⁠2 and
CO⁠2 was similar under kinetically controlled reaction conditions sug-
gesting that C C bond cleavage, which involves dehydrogenation and
decarbonylation, is not rate-limiting for ethylene glycol APR [4]. There-
fore, undesirable parallel reactions or the formation of unreactive sur-
face species from larger oxygenates appear to be likely explanations for
the reduced yields. While homogeneous decomposition of glucose can
certainly play a role at typical reaction temperatures [7,8], our results
also point to the relevance of its interactions with metal and Lewis acid
sites on Pt/γ-Al⁠2O⁠3.

In agreement with previous studies [29,30], most of the CO on the
surface was formed faster than the temporal resolution of our ATR
IR cell, which is about 30s. However, important differences were ob-
served for the achievable coverage of each species and the formation

rates of additional adsorbed CO molecules beyond this point. Specifi-
cally, the formation of CO⁠L was affected by the nature of the reactant
much strongly than the formation of CO⁠B. At 24 °C, the CO⁠L coverage
after 30min of exposure to aqueous glucose, sorbitol, and glycerol so-
lutions had the approximate ratios of 1: 2.6: 4.1 (Fig. 8a). These strong
differences are attributed to increased blockage of edge and kink sites
by larger and more strongly adsorbed surface species from sorbitol and
glucose. As discussed above, many of these species likely reside at the
metal-support interface. Davis et al. also indicated that ketones adsorb
particularly strongly under comparable conditions [38]. The likelihood
of forming a ketone by dehydrogenation of a polyol or sugar certainly
increases with an increasing number of secondary alcohol groups in the
reactant. While the formation of ketones may be significant in our study,
the present data do not allow for detecting such species. It should be
noted that the presence of such co-adsorbed surface species has been in-
ferred before, but they are notoriously hard to detect [64]. One could
also suggest that the intensities of the CO⁠L vibration are low due to a
high rate, at which these species are converted in subsequent reactions,
but the low yields of hydrogen from larger oxygenates like sorbitol and
glucose in reactivity studies indicate that this is not the case [9]. While
the formation of CO⁠B from glucose was also slower compared to the
other oxygenates at 24 °C, the difference in coverage after 30min was
much less pronounced. This suggests that the formation of CO⁠B on ter-
race sites is less inhibited by co-adsorbed oxygenates. After 30min, the
CO⁠B coverage from glucose was higher than that from sorbitol at all
temperatures (Figs. 8b, 9b and 10b). This is attributed to a more se-
lective path to aldehydes by ring opening and subsequent decarbonyla-
tion from glucose, whereas the dehydrogenation of a secondary alcohol
group in sorbitol yields a ketone that cannot be easily decarbonylated
and might block Pt sites. Moreover, the complete decomposition of glu-
cose would result in the same number of adsorbed CO species and fewer
co-adsorbed hydrogen atoms compared to sorbitol.

The differences in the achievable coverage of CO⁠B and CO⁠L from dif-
ferent feedstocks became less pronounced with increasing temperature.
This could be explained with facilitated desorption of co-adsorbed oxy-
genates. In addition, we speculate that glucose is increasingly present
in the open-chain form at elevated temperature [65], which is the pre-
requisite for the decarbonylation of the aldehyde group. It is also sug-
gested that the rate of the ring opening reaction explains the low rate
of CO⁠L formation from glucose compared to other reactants over the en-
tire temperature range (Fig. 11). The same trend was observed for the
rates of CO⁠B at 24 °C, while CO⁠B was formed from sorbitol and glucose
at the same rate at higher temperature. Thus, we speculate that the in-
teractions of glucose with support sites at the perimeter of the metal
particles interfere with the ring opening reaction and thus the forma-
tion of CO⁠L on kink or edge site, whereas at 50 °C and above glucose
can rearrange more readily and undergo ring opening more freely on
terrace sites. However, direct site blockage by cyclic forms of glucose
or its reaction products may still be the reason for the lower H⁠2 yields
from glucose compared to sorbitol at elevated temperature [7,9] even
though the conversion of both reactants is expected to occur via the
same open-chain aldose intermediate.

Glycerol exhibited the highest initial rate of CO⁠L and CO⁠B formation
at all the temperatures studied (Fig. 11). This could be due to higher
ratio of primary to secondary alcohol groups compared to sorbitol and
glucose and the increased probability of dehydrogenation steps yielding
aldehydes rather than ketones as a consequence thereof. However, com-
petition for surface sites with co-adsorbed species could also play a role.

The conversion of adsorbed CO to CO⁠2 by water-gas shift is gener-
ally considered the slow part of APR [66]. Specifically, the dissociation
of water to form a surface hydroxyl group has been proposed as rate
limiting step [66]. It was shown that CO⁠B on Pt/Al⁠2O⁠3 can be converted
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by this reaction at ambient temperature, while the reactivity of CO⁠L was
much lower [30]. In the presence of O⁠2, both CO⁠L and CO⁠B are con-
verted rapidly. Thus, the difference is the reactivity of these species has
to be associated with the formation of reactive intermediates from water
(likely a Pt−OH species) in the vicinity of adsorbed CO. He et al. demon-
strated that atomic hydrogen binds strongly to the active sites for the
water-gas shift reaction during APR leading to product inhibition [17].
In principle, the conversion of adsorbed CO by water-gas-shift should
not be directly influenced by the reactant that CO was formed from.
However, co-adsorbed surface species can restrict the required space for
the formation of a hydroxyl groups adjacent to adsorbed CO or the re-
action of the two to ultimately form CO⁠2.

In the present study, the conversion of some surface bound CO by
water gas shift was observed in all experiments. The resulting CO⁠2 was
not observed in the IR spectra, but evidence for adsorbed carbonates
that are rapidly formed from CO⁠2 and water was obtained (Figs. 2–4).
The surface coverage of CO⁠B from glycerol and sorbitol reached a max-
imum during the flow of the oxygenate solutions at each temperature
and decreased at the same rate the rest of the oxygenate flow and
the subsequent H⁠2O flow periods (Figs. 8b, 9b and 10b). The decrease
of the CO⁠B coverage during the unchanged oxygenate flow cannot be
explained with spontaneous desorption but rather indicates that these
species are converted by water gas shift. The maximum shows that hy-
drogen atoms remain adsorbed on the surface and prevent the repopu-
lation of sites that are vacated by conversion of CO⁠B, which is in agree-
ment with previous studies [17,30]. The coverage of CO⁠L from glyc-
erol and sorbitol during H⁠2O flow at 50 and 72 °C showed much smaller
changes compared to CO⁠B. Based on this observation, it is concluded
that the CO⁠B is predominantly located in an environment with sufficient
space and activity for dissociation of water in the vicinity, whereas these
conditions are not met for CO⁠L. This is consistent with the formation of
CO⁠B on terrace sites (vide supra).

The concentration profiles for CO formed from glucose showed some
unusual behavior. At 24 and 50 °C, additional CO⁠L was formed during
the H⁠2O flow period (Figs. 8a and 9a). Typically, one would expect re-
duced coverage when the supply of a reactant is stopped. However, it
is conceivable that the coverage of adsorbed reactants or intermediates
on the surface can become so high that decomposition reactions like the
formation of CO by decarbonylation are sterically inhibited. It is easy
to imagine that such a crowding effect would affect a reaction like the
conversion of the cyclic hemiacetal form of glucose to open chain form,
which is a prerequisite for the decarbonylation reaction. While the for-
mation of additional CO⁠L in a less crowded environment appears to be
the main contribution at 24 °C, the sudden decline in CO⁠B coverage in
the beginning of the H⁠2O flow period at 50 °C (Fig. 9b) indicates that
some of CO might migrate to edge and kink sites to become CO⁠L once
these sites become available when adsorbed oxygenates at the perimeter
of the Pt particles are removed.

At 72 °C, the concentration of CO⁠B from all reactants declined more
slowly during the H⁠2O flow (Fig. 10b), but the intensity of the CO⁠L
peaks declined markedly during the experiments with glycerol and glu-
cose (Fig. 10a). It is unlikely that the reactivity of CO⁠B would decrease
with increasing temperature. Thus, our experiments suggest that the ad-
sorbed CO can become sufficiently mobile to migrate from sites where
it is linearly bound to terrace sites where it is bound as CO⁠B. Since the
conversion of CO⁠B is compensated by this migration the intensity of the
CO⁠B peak decreases at a reduced rate. It has been shown that water can
induce the interchange between CO⁠B and CO⁠L [56].

5. Conclusions

At moderate reaction temperatures of 24–72 °C, different steps of
APR of glycerol, sorbitol, and glucose over Pt/γ-Al⁠2O⁠3 occur at rates
that are compatible with the temporal resolution of in-situ ATR-IR

spectroscopy. The key intermediate for APR is CO that can be bound to
one (linearly bound, CO⁠L) or two Pt atoms (bridging, CO⁠B). CO⁠B appears
to be formed preferentially on terrace sites, while CO⁠L is more abundant
on edge and kink sites. In addition, larger oxygenates like sorbitol and
glucose tend to form strongly adsorbed alkoxy species. These species
predominantly form on the Lewis acid sites of the alumina support. At
least some of them are close enough to support Pt particles to block kink
and edge sites at the interface from participating in the APR reaction.
The reactivity of glucose is low when it is present in the cyclic hemi-ac-
etal form, and unreactive surface species are formed when glucose ad-
sorbs in the hemi-acetal form. The formation of strongly bound surface
species, such as the cyclic hemi-acetals, is a plausible explanation for the
low H⁠2 yield during APR of glucose. On the other hand, the formation of
CO⁠B from glucose occurs more selectively than from sorbitol. This might
be because it is easier to form the open-chain form of glucose on ter-
race sites, which are sufficiently far from the metal support interface.
This open chain form contains the necessary aldehyde group to readily
form CO by decarbonylation. In contrast, sorbitol needs to be dehydro-
genated first, which may yield an aldehyde or a ketone. Ketones cannot
be decarbonylated directly, and they could poison Pt sites, although no
direct evidence for this was obtained in this study.

Since the water-gas shift reaction requires the activation of water in
vicinity to the adsorbed CO, CO⁠B on terrace sites is more reactive for this
reaction. Co-adsorbed feed molecules or their fragments can reduce the
rate of the water-gas shift reaction by breaking up the required ensem-
bles of Pt sites. At sufficiently high temperatures, inhibition by co-ad-
sorbed species becomes less significant, and CO⁠L and CO⁠B can be con-
verted into each other, which likely involves migration of the adsorbed
CO to different sites.
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