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Abstract

We have recently developed a single-step, low-temperature process for the catalytic production of fuels, such as hydrogen and/or alkanes,
from renewable biomass-derived oxygenated hydrocarbons. This paper reviews our work in the development of this aqueous-phase reforming
(APR) process to produce hydrogen or alkanes in high yields. First, the thermodynamic and kinetic considerations that form the basis of the
process are discussed, after which reaction kinetics results for ethylene glycol APR over different metals and supports are presented. These
studies indicate Pt-based catalysts are effective for producing hydrogen via APR. Various reaction pathways may occur, depending on the
nature of the catalyst, support, feed and process conditions. The effects of these various factors on the selectivity of the process to make
hydrogen versus alkanes are discussed, and it is shown how process conditions can be manipulated to control the molecular weight distribution
of the product alkane stream. In addition, process improvements that lead to hydrogen containing low concentrations of CO are discussed, and
a dual-reactor strategy for processing high concentrations of glucose feeds is demonstrated. Finally, various strategies are assembled in the
form of a composite process that can be used to produce renewable alkanes or fuel-cell grade hydrogen with high selectivity from concentrated
feedstocks of oxygenated hydrocarbons.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells have emerged as promising devices for meeting
future global energy needs. In particular, fuel cells that
consume hydrogen are environmentally clean, quiet, and
highly efficient devices for electrical power generation.
While hydrogen fuel cells have a low impact on the
environment, current methods for producing hydrogen
require high-temperature steam reforming of non-renewable
hydrocarbon feedstocks [1,2]. The full environmental
benefit of generating power from hydrogen fuel cells is
achieved when hydrogen is produced from renewable
sources such as solar power and biomass. Biomass and
biomass wastes are promising sources for the sustainable
production of hydrogen in an age of diminishing fossil fuel
reserves. However, conversion of biomass to hydrogen
remains a challenge, since processes such as enzymatic
decomposition of sugars, steam reforming of bio-oils, and
gasification suffer from low hydrogen production rates and/
or complex processing requirements [3,4].

The production of hydrogen for fuel cells and other
industrial applications from renewable biomass-derived
resources is a major challenge as global energy generation
moves towards a ‘hydrogen society’. Conversion of biomass
to hydrogen involves an extraction step to produce an
aqueous carbohydrate feed stream from biomass, which can
then be processed in a reformer to produce H, and CO,. The
CO, green-house gas can then be recycled back into the
environment where it is consumed to grow more biomass,
and the H, can be used for various applications (e.g., fed to a
fuel cell, used in a hydrogenation process, consumed in an
internal combustion engine, etc.). The development of an
efficient reforming process is imperative to make the overall
process feasible.

In the present review paper, we show that carbohydrates
such as sugars (e.g., glucose) and polyols (e.g., methanol,
ethylene glycol, glycerol and sorbitol) can be efficiently
converted with water in the aqueous phase over appropriate
heterogeneous catalysts at temperatures near 500 K to
produce primarily H, and CO,. Our aqueous-phase
reforming (APR) process provides a route to generate
hydrogen as a value-added chemical from aqueous-phase
carbohydrates found in waste-water from biomass proces-
sing (e.g., cheese whey, beer brewery waste-water, sugar

processing), from carbohydrates streams extracted from
agricultural products such as corn and sugar beets, and from
aqueous carbohydrates extracted by steam-aqueous fractio-
nation of lower-valued hemicellulose from biomass [5-7].
The resulting hydrogen can be purified, if necessary, and
utilized as:

1. a chemical feedstock for production of ammonia and
fertilizers;

2. a chemical reagent for the future hydrogenation of
carbohydrates to produce glycols;

3. a hydrogen-rich gas stream that augments the gas
stream from biomass gasification units utilized for the
production of liquid fuel via the Fischer—Tropsch
process;

4. a future renewable fuel source for PEM fuel cells.

Hydrogen production using APR of carbohydrates has
several advantages over existing methods of producing h-
ydrogen via the steam reforming of hydrocarbons:

1. APR eliminates the need to vaporize both water and the
oxygenated hydrocarbon, which reduces the energy
requirements for producing hydrogen.

2. The oxygenated compounds of interest are nonflammable
and non-toxic, allowing them to be stored and handled
safely.

3. APR occurs at temperatures and pressures where the
water-gas shift reaction is favorable, making it possible to
generate hydrogen with low amounts of CO in a single
chemical reactor.

4. APR is conducted at pressures (typically 15-50 bar)
where the hydrogen-rich effluent can be effectively
purified using pressure-swing adsorption or membrane
technologies, and the carbon dioxide can also be
effectively separated for either sequestration or use as
a chemical.

5. APR occurs at low temperatures that minimize undesir-
able decomposition reactions typically encountered
when carbohydrates are heated to elevated temperatures.

6. Production of H, and CO, from carbohydrates may be
accomplished in a single-step, low-temperature process,
in contrast to the multi-reactor steam reforming system
required for producing hydrogen from hydrocarbons.
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Important selectivity challenges govern the production of
H, by APR, because the mixture of H, and CO, formed in
this process is thermodynamically unstable at low tempera-
tures with respect to the formation of methane. Accordingly,
the selective formation of H, represents a classic problem in
heterogeneous catalysis and reaction engineering: the ide-
ntification of catalysts and the design of reactors to maxi-
mize the yields of desired products at the expense of
undesired byproducts formed in series and/or parallel rea-
ction pathways. We show how the hydrogen selectivity can
be controlled by altering the nature of catalytically active
metal and metal-alloy components, and by choice of catalyst
support. We also show how the reforming process can be
operated at moderately high feed concentrations of oxyge-
nated hydrocarbons (e.g., 10 wt.%), and we indicate how the
APR processes can be conducted to achieve low levels of CO
in the gaseous effluent (e.g., lower than 100 ppm). We also
demonstrate how the APR process can be designed to favor
the formation of heavier alkanes (e.g., hexane) from bio-
mass-derived oxygenated compounds (e.g., glucose). This
variation of the APR process provides a means to produce
clean alkane streams from renewable resources, thereby
providing an application for APR in the interim period until
hydrogen fuel cells become more economical.

2. Aqueous-phase reforming
2.1. Basis for aqueous-phase reforming process

2.1.1. Thermodynamic considerations

Reaction conditions for producing hydrogen from
hydrocarbons are dictated by the thermodynamics for the
steam reforming of the alkanes to form CO and H, (reaction
(1)) and the water-gas shift reaction to form CO, and H,
from CO (reaction (2)):

C,Hz, 12 + nH O =nCO + (2n + 1)H, (1)
CO +H,O=CO; + H, 2)

Fig. 1 shows the changes in the standard Gibbs free energy
(AG°/RT) associated with reaction (1) for a series of alkanes
(CHy4, CyHg, C3Hg, C¢Hyy4), normalized per mole of CO
produced. It can be seen that the steam reforming of alkanes
is thermodynamically favorable (i.e., negative values of
AG°/RT) only at temperatures higher than 675 K (and higher
than 900 K for methane reforming). Carbohydrates are
oxygenated hydrocarbons having a C:O ratio of 1:1, and
these compounds produce CO and H, according to reaction
(3):

C.H,0, = nCO + yH, 3)
Relevant oxygenated hydrocarbons having a C:O ratio of 1:1
are methanol (CH30H), ethylene glycol (C,H4(OH),), gly-

cerol (C3H5(OH)3), and sorbitol (C¢Hg(OH)g). Importantly,
sorbitol is produced via the hydrogenation of glucose
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Fig. 1. AG°/RT vs. temperature for production of CO and H, from vapor-
phase reforming of CH,, C,Hg, C3Hg and CgH,4; CH3(OH), Co;H4(OH),,
C3H5(OH); and C¢Hg(OH)e; and water-gas shift. Dotted lines show values
of In(P) for the vapor pressures vs. temperature of CH3(OH), C,H4(OH),,
C3H5(OH);, and C¢Hg(OH)¢ (pressure in units of atm).

(C¢He(OH)g). Fig. 1 shows that steam reforming of these
oxygenated hydrocarbons to produce CO and H, is thermo-
dynamically favorable at significantly lower temperatures
than those required for alkanes with similar number of
carbon atoms. Accordingly, the steam reforming of oxyge-
nated hydrocarbons having a C:O ratio of 1:1 would offer a
low-temperature route for the formation of CO and H,. Fig.
1 also shows that the value of AG°/RT for water-gas shift of
CO to CO, and H, is more favorable at lower temperatures.
Therefore, it might be possible to produce H, and CO, from
steam reforming of oxygenated compounds utilizing a sin-
gle-step catalytic process, since the water-gas shift reaction
is favorable at the same low temperatures at which steam
reforming of carbohydrates is possible.

The steam reforming of hydrocarbons typically takes
place in the vapor phase. However, vapor-phase steam
reforming of oxygenated hydrocarbons at low temperatures
may become limited by the vapor pressures of these
reactants. Fig. 1 shows the plots of the logarithm of the vapor
pressures (in atm) of CH;OH, C,H4(OH),, C3H5(OH)3, and
CeHg(OH)g versus temperature. It is apparent that the vapor-
phase reforming of methanol, ethylene glycol, and glycerol
can be carried out at temperatures near 550 K, since the
values of AG°/RT are favorable and the vapor pressures of
these oxygenated reactants are higher than 1 atm at this
temperature. In contrast, vapor-phase reforming of sorbitol
must be carried out at temperatures near 750 K. Importantly,
reforming of oxygenated hydrocarbons, if carried out in the
liquid phase, would make it possible to produce H, from
carbohydrate-derived feedstocks (e.g., sorbitol and glucose)
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that have limited volatility, thereby taking advantage of
single-reactor processing at lower temperatures.

2.1.2. Kinetic considerations

Important reaction selectivity issues must be addressed
if APR reactions are to be used for the production of H,
from renewable biomass resources, since the H, and CO,
produced at low temperatures are thermodynamically
unstable with respect to alkanes and water. Alkanes
(especially CH4) can be formed from the subsequent
reaction of H, and CO/CO, via methanation and Fischer—
Tropsch reactions [12-15]. For example, the equilibrium
constant at 500 K for the conversion of CO, and H, to
methane (CO, + 4H, <= CH4 + 2H,0) is of the order of 10'°
per mole of CO,. Accordingly, selective hydrogen pro-
duction via APR of oxygenated hydrocarbons would require
an efficient catalyst that promotes reforming reactions
(C-C scission followed by water-gas shift) and inhibits
alkane-formation reactions (C-O scission followed by
hydrogenation).

The catalytic activities of different metals for C—C bond
breaking during ethane hydrogenolysis have been studied by
Sinfelt and Yates [16], and the relative rates for the different
metals are shown in Fig. 2. It can be seen that Pt shows
reasonable catalytic activity for C—C bond cleavage, although
not as high as metals such as Ru, Ni, Ir and Rh. However, an
effective catalyst for reforming of ethylene glycol must not
only be active for cleavage of the C—C bond, but it must also be
active for the water-gas shift reaction to remove CO from the
metal surface at the low temperatures of the reforming
reaction. In this respect, Grenoble et al. [ 17] have reported the
relative catalytic activities for water-gas shift over different
metals supported on alumina, and these data are also shown in
Fig. 2. It can be seen that Cu exhibits the highest water-gas
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Fig. 2. Relative rates of C—C bond breaking reaction by Sinfelt (grey),
water-gas shift reaction by Grenoble, et al. (white), methanation reaction by
Vannice (black). The rate of a particular reaction can be compared for the
different metals; however, for a specific metal, the absolute rates of the three
different reactions cannot be compared relative to each other. Adapted from
reference [8].

shift rates among all the metals (although this metal shows no
activity for C—C bond breaking), and Pt, Ru and Ni also show
appreciable water-gas shift activity. Finally, to obtain a high
selectivity for hydrogen production, the catalyst must not
facilitate undesired side reactions, such as methanation of CO
and Fischer—Tropsch synthesis. Fig. 2 shows the relative rates
of methanation catalyzed by different metals supported on
silica, as reported by Vannice [15]. It can be seen that Ru, Ni
and Rh exhibit the highest rates of methanation, whereas Pt, Ir
and Pd show lower catalytic activities for the methanation
reaction. Thus, upon comparing the catalytic activities of
various metals in Fig. 2, it can be inferred that Pt and Pd should
show suitable catalytic activity and selectivity for production
of hydrogen by reforming of oxygenated hydrocarbons, which
requires reasonably high activity for C—C bond breaking and
water-gas shift reactions, and low activity for methanation.
We have recently reported results from periodic density
functional theory calculations to probe the nature of surface
intermediates that may be formed on Pt(1 11) by the
decomposition of ethanol [18]. In these calculations, we
probed transition states for cleavage of C—C and C-O bonds
in these intermediates adsorbed on Pt(1 1 1) to identify and
compare the most favorable pathways for cleavage of these
bonds in oxygenated hydrocarbons on Pt-based catalysts.
We chose ethanol for the study since this molecule is a
simple oxygenated hydrocarbon containing a C—C bond.
The strategy for conducting these calculations was first to
determine the stabilities of all 24 species (with stoichiometry
C,H,0) that can be formed by removal of hydrogen atoms
from ethanol, without cleavage of C—C or C—O bonds. Within
each C,H,O isomeric set, the lowest-energy surface species
(with respect to gaseous ethanol and clean Pt(1 1 1) slabs) are
ethanol, 1-hydroxyethyl (CH;CHOH), 1-hydroxyethylidene
(CH3COH), acetyl (CH;CO), ketene (CH,CO), ketenyl
(CHCO), and CCO species. The next step in these calculations
was to determine the stabilities of all possible reaction
products resulting from C-C or C-O bond cleavage (i.e.,
stabilities of adsorbed O, OH, C,H,,, and CH, O species). From
the results of these calculations it was then possible to
determine the energy changes for all possible C—C and C-O
cleavage reactions. We then selected those C—C and C-O
cleavage reactions with the most favorable energy changes and
identified their transition states. In general, the computational
time to identify stable adsorbed species is shorter than to
identify transition states. Thus, we started with rigorous DFT
calculations for transition states corresponding to those
reactions with the most favorable energy changes, since these
reactions are expected to lead to transition states of low energy.
Accordingly, we investigated with rigorous DFT calculations
14 transitions states from among the 48 transition states that
are possible by cleavage of C—C and C-O bonds in the 24
species that can be formed by dehydrogenation of ethanol. The
1-hydroxyethylidene (CH3;COH) species has the lowest-
energy transition state for C—O bond cleavage, and the ketenyl
(CHCO) species has the lowest-energy transition state for C—C
bond cleavage. Based on the results from DFT calculations for
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Fig. 3. Reaction energy diagram for ethanol reactions on Pt(1 1 1). The
reference state is gas phase ethanol and clean slab(s). Removed H atoms and
bond cleavage products are each adsorbed on separate slabs. Solid curves
represent bond cleavage reactions. Insets show views of stable and transition
state species. The large white circles represent Pt atoms, grey medium
circles represent C atoms, white medium circles represent O atoms, and the
small white circles represent H atoms. Adapted from reference [18].

reactions with favorable energy changes, we generated a linear
Brgnted—Evans—Polanyi correlation for the energies of the
transition states for C—C and C-O bond cleavage in terms of
the energies of the adsorbed products for these reactions. We
then used this correlation to estimate the energies of the
transition states for the 34 remaining C—C and C-O bond
cleavage reactions having less favorable energy changes, from
which it was concluded that the energies of these remaining
transition states were all significantly higher than the values of
the lowest-energy transition energies that we had identified
from our rigorous DFT calculations.

Fig. 3 shows a simplified potential energy diagram of the
stabilities and reactivities of dehydrogenated species derived
from ethanol on Pt(1 1 1). Only the most stable species
within each isomeric set and the most stable transition states
for C-O and C-C bond cleavage are consolidated in this
schematic potential energy diagram. Views of adsorbed
species and transition states are shown in the insets. It can be
seen from Fig. 3 that C—O bond cleavage occurs on more
highly hydrogenated species compared to C-C bond
cleavage. Importantly, it can be seen that cleavage of the
C—C bond in species derived from ethanol should be faster
than cleavage of the C-O bond on Pt(1 1 1), since the
energies with respect to ethanol of the lowest transition
states for these reactions are equal to 4 and 42 kJ/mol,
respectively. Furthermore, it appears that cleavage of the
C—C bond in species derived from ethanol should be faster
than cleavage of the C—C bond in ethane on Pt(1 1 1). In
particular, the electronic energy associated with the forma-
tion of this transition state (and adsorbed H-atoms) from
ethane is equal to 125 kJ/mol (ref), and this value is signi-
ficantly higher than the energy of 4 kJ/mol for the transition
state controlling C—C cleavage in ethanol.

% HpSelectivity
% Alkane Selectivity

CO,TOF x 10%, min™

Rh

Fig. 4. Comparison of catalytic performance of metals for aqueous-phase
reforming of ethylene glycol at 483 K and 22 bar (grey bar: CO, TOF x 10°
(min~Y); white bar: % alkane selectivity; black bar: % H, selectivity).
Adapted from reference [8].

2.2. Factors controlling selectivity for aqueous-phase
reforming

2.2.1. Nature of the catalyst

2.2.1.1. Catalytic metal components. It is possible to
produce hydrogen by steam reforming of methanol over
copper-based catalysts at temperatures near 550 K [2,19].
However, copper-based catalysts are not effective for steam
reforming of heavier oxygenated hydrocarbons, since these
catalysts show low activity for cleavage of C—C bonds [16].
Therefore, it is more likely that effective catalysts for
reforming of oxygenated hydrocarbons would be based on
Group VIII metals, since these metals generally show higher
activities for breaking C—C bonds [16,20]. Aqueous-phase
reforming of ethylene glycol over silica-supported Group
VIII metal catalysts was conducted in a fixed bed reactor
[8,21]. Fig. 4 summarizes the results of these studies at
483 K, and results at 498 K show similar trends. The rate of
ethylene glycol reforming (as measured by the rate of CO,
production) decreases in the following order:

Pt~Ni>Ru>Rh~Pd>Ir

The catalysts are also compared based on their selectivity for
hydrogen production, which is defined [22] as the number of
moles of H, in the effluent gas normalized by the number of
moles of H, that would be present if each mole of carbon in
the effluent gas had participated in the ethylene glycol
reforming reaction to give 5/2 mol of H,. In addition, the
alkane selectivity is defined as the moles of carbon in the
gaseous alkane products normalized by the total moles of
carbon in the gaseous effluent stream. Silica supported Rh,
Ru and Ni show low selectivity for production of H,
and high selectivity for alkane production. Unfortunately,
Ni/SiO, deactivated under reaction conditions at 498 K.
While Pt, Ni and Ru exhibit relatively high activities for
the reforming reaction, only Pt and Pd also show relatively
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high selectivity for the production of H,. These trends
suggest that active catalysts for APR reactions should
possess high catalytic activity for the water-gas shift reaction
and sufficiently high catalytic activity for cleavage of C-C
bonds. Moreover, Pt and Pd catalysts exhibit low activity
for the C-O scission reactions and the series methanation
and Fischer-Tropsch reactions between the reforming
products, CO/CO, and H,. On this basis, Pt-based catalysts
were identified as promising systems for further study. Due
to their low cost and good catalytic activity, Ni-based
catalysts are also attractive despite their tendency to produce
alkanes.

2.2.1.2. Catalyst supports. Various supported platinum
catalysts were prepared to test the effect of the support
on the activity and selectivity for production of hydrogen by
aqueous reforming of ethylene glycol [10]. As shown in Fig.
5A, turnover frequencies for production of hydrogen are the
highest over Pt-black and Pt supported on TiO,, carbon, and
ALO; (ie., 8-15min~! at 498 K for 10 wt.% ethylene
glycol), while moderate catalytic activity for production of
hydrogen is demonstrated by Pt supported on SiO,—Al,03
and ZrO, (near 5 min~'). Lower turnover frequencies are
exhibited by Pt supported on CeO,, ZnO, and SiO; (less than
about 2 min~"), which may be due to deactivation caused by
hydrothermal degradation of these support materials. As
shown in Fig. 5B, catalysts consisting of Pt supported on
carbon, TiO,, SiO,-Al,O3 and Pt-black also lead to the
production (about 1-3 min~') of gaseous alkanes and
liquid-phase compounds that would lead to alkanes at
higher conversions (e.g., ethanol, acetic acid, acetaldehyde).
Thus, we conclude that Pt/Al,O3;, and to a lesser extent
Pt/ZrO, and Pt/TiO,, are active as well as selective catalysts
for the production of H, from liquid-phase reforming
of ethylene glycol. By testing a sintered version of our
highly dispersed Pt/Al,O5 catalyst (with a dispersion of only
31%), we conclude that effect of support on reforming
activity and selectivity is greater than the effect of metal
dispersion.

2.2.1.3. Modified nickel catalysts. A Sn-promoted
Raney-Ni catalyst can be used to achieve good activity,
selectivity, and stability for production of hydrogen by
APR of biomass-derived oxygenated hydrocarbons [11,23].
This inexpensive material has catalytic properties that
are comparable to those of Pt/Al,O; for production of
hydrogen from small oxygenate hydrocarbons, such as
ethylene glycol, glycerol, and sorbitol. Rates of hydrogen
production by APR of ethylene glycol over Raney-Ni—Sn
catalysts with Ni—Sn atomic ratios of up to 14:1 are
comparable to 3 wt.% Pt/Al,Os, based on reactor volume.
The addition of Sn to Raney-Ni catalysts significantly
decreases the rate of methane formation from series
recombination of CO or CO, with H,, while maintaining
high rates of C—C cleavage necessary for production of H,.
However, it is necessary to operate the reactor near the

bubble-point pressure of the feed and at moderate space—
times to achieve high selectivities for production of H, over
Raney-Ni—Sn catalysts, whereas it is impossible to achieve
these high selectivities under any conditions over unpro-
moted Ni catalysts. These Ni-Sn catalysts illustrate the
potential of bimetallic compounds and alloys as new
catalysts for the APR process.

2.2.2. Reaction conditions

Reaction kinetic measurements were conducted to
determine the effects of reaction conditions on the APR
of methanol and ethylene glycol over Pt/Al,O; catalysts [9].
The apparent activation energy barriers for APR of ethylene
glycol and methanol (measured under kinetically controlled
reaction conditions) at temperatures between 483 and 498 K
are equal to 100 and 140 kJ/mol, respectively. At 498 K,
these oxygenates have similar reactivity for APR over Pt/
Al,03, indicating that C—C bond cleavage is not rate limiting
for ethylene glycol reforming. Also, both methanol and
ethylene glycol reforming are fractional order in feed
concentration. The rate of hydrogen production is higher
order in methanol (0.8) than ethylene glycol (0.3-0.5),
indicating that the surface coverage by species derived from
ethylene glycol is higher than from methanol under APR
reaction conditions.

Another experimental observation is that the APR
reaction is strongly inhibited by system pressure. By
assuming that the bubbles inside the reactor consist of
water vapor at its vapor pressure, increasing the system
pressure at constant temperature increases the partial
pressures of the products (i.e., H, and CO,) according to
the following relations:

Psystem%Pbubb]e:ZPi‘f' Z P;

feed products
P;j 4il
j,diluted
Pj = S P Phubble — ZPl-
Zproducts j,diluted foed

Accordingly, the partial pressure of hydrogen in the reactor
can be calculated, and a weak inhibition by hydrogen can
thereby be deduced for both feed-stocks (—0.5 order). The
inhibiting effect of hydrogen on the rate of reforming could
be caused by the blocking of surface sites by adsorbed
hydrogen atoms. The increased H, and CO, partial pressures
may also drive the water-gas shift reaction in the reverse
direction to increase the CO concentration in the reactor,
hence leading to lower rates due to higher coverage of CO on
the metal surface. In addition, hydrogen could inhibit the
rate by decreasing the surface concentrations of reactive
intermediates formed from dehydrogenation of the oxyge-
nated hydrocarbon reactants, as suggested from results of
DFT calculations.

The liquid-phase environment of aqueous-phase reform-
ing favors the water-gas shift reaction. Accordingly, low
levels of CO (<300 ppm) are detected in the gaseous
effluents from APR of methanol and ethylene glycol over
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Fig. 5. Production rates for reforming of 10 wt.% aqueous ethylene glycol at 483 (left columns) and 498 K (right columns) over supported Pt catalysts. A) H,
production rate (gray) and the amount of hydrogen that could be generated by total reforming of the methanol byproduct (black). B) Alkane production rate
(methane and ethane) (gray) and production of alkane precursors (acetaldehyde, ethanol, and acetic acid) (black). Al,O5-sint indicates a Pt/Al,0O5 catalyst that
has been subjected to treatment at elevated temperature in H,. Adapted from reference [10].

alumina-supported Pt catalysts at low conversion, and APR
of both oxygenated hydrocarbons over Pt/Al,O; leads to
nearly 100% selectivity for the formation of H, (compared
to the formation of alkanes). Since the selectivity for
hydrogen production from methanol and ethylene glycol is
essentially independent of conversion, it appears that the
series hydrogenation of CO/CO, to alkanes is not significant
over Pt/Al,O5.

2.2.3. Reaction pathways

Fig. 6 shows a schematic representation of reaction
pathways that we suggest are involved in the formation of H,
and alkanes from an oxygenated hydrocarbon (e.g., ethylene
glycol) over a metal catalyst. Ethylene glycol first undergoes
reversible dehydrogenation steps to give adsorbed inter-
mediates, prior to cleavage of C—C or C-O bonds. The
adsorbed species can be formed on the metal surface either
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Fig. 6. Reaction pathways and selectivity challenges for production of H, from reactions of ethylene glycol with water (* represents a surface metal site).

Adapted from reference [8].

by formation of metal-carbon bonds and/or metal-oxygen
bonds. On a metal catalyst such as platinum, the adsorbed
species bonded to the surface by the formation of Pt—C
bonds is more stable than the species involving Pt—O bonds
[18]. However, Pt—O bonds may also be formed, since
activation energy barriers for cleavage of O-H and C-H
bonds are similar on Pt. Subsequent to formation of adsorbed
species on the metal surface, three reaction pathways can
occur, indicated as (I), (I) and (III) in Fig. 6. Pathway I
involves cleavage of the C—C bond leading to the formation
of CO and H,, followed by reaction of CO with water to form
CO,; and H, by the water-gas shift (WGS) reaction [17,24].
Further reaction of CO and/or CO, with H, (e.g., on metals
such as Ni, Rh and Ru) leads to alkanes and water by
methanation and Fischer—Tropsch reactions [12-15], and
this degradation in the production of H, represents a series-
selectivity challenge. Pathway II leads to the formation of an
alcohol on the metal catalyst by cleavage of the C—O bond,
followed by hydrogenation. The alcohol can undergo further
reaction on the metal surface (adsorption, C—C cleavage,
C-O cleavage) to form alkanes (CHy4, C,Hg), CO,, H, and
H,0. This degradation in the production of H, (by alkane
formation) represents a parallel-selectivity challenge. Path-
way III involves desorption of species from the metal surface
followed by rearrangement (which may occur on the catalyst
support and/or in the aqueous phase) to form an acid,
which can then undergo surface reactions (adsorption, C—C
cleavage, C—O cleavage) to form alkanes (CH,4, C,Hg), CO,,
H, and H,O. This pathway represents an additional parallel-
selectivity challenge.

The catalyst support can affect the selectivity for H,
production by catalyzing parallel dehydration pathways
[25,26] that lead to the formation of alkanes. For example,
the selectivity observed for the production of H, by APR of

ethylene glycol over silica-supported Pt is significantly
lower than we have observed for APR over alumina-
supported Pt [8,22]. Thus, it appears that the higher acidity
of silica compared to alumina, as reflected by the lower
isoelectric point of silica [27], can facilitate acid-catalyzed
dehydration reactions of ethylene glycol, represented by
pathway IV in Fig. 6, followed by hydrogenation on the
metal surface to form an alcohol. The alcohol can
subsequently undergo surface reactions, as in pathway II,
to form alkanes (CH,, C,Hg), CO,, H, and H,O. This bi-
functional dehydration/hydrogenation pathway consumes
H,, leading to decreased hydrogen selectivity and increased
alkane selectivity.

2.2.4. Nature of the feed

Experimental results for the APR of reforming of
glucose, sorbitol, glycerol, ethylene glycol and methanol
are illustrated in Fig. 7 [22]. Reactions were carried out over
a Pt/Al,O5 catalyst at 498 and 538 K. Fig. 7 indicates that the
selectivity for H, production improves in the order glucose
< sorbitol < glycerol < ethylene glycol < methanol. The
figure also shows that lower operating temperatures result in
higher H, selectivities, although this trend is in part due to
the lower conversions achieved at lower temperatures. The
selectivity for alkane production follows the opposite trend
to that exhibited by the H, selectivity. The highest hydrogen
yields are obtained when using sorbitol, glycerol and
ethylene glycol as feed molecules for APR. Although these
molecules can be derived from renewable feedstocks [28—
31], the reforming of less reduced and more immediately
available compounds such as glucose would be highly
desirable. Unfortunately, as seen in Fig. 7, the hydrogen
yield from APR of glucose is lower than for these other more
reduced compounds. Furthermore, while the high hydrogen
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Fig. 7. Selectivities vs. oxygenated hydrocarbon. H, selectivity (circles)
and alkane selectivity (squares) from aqueous-phase reforming of 1 wt.%
oxygenated hydrocarbons over 3 wt.% Pt/Al,O3 at 498 K (open symbols
and dashed curves) and 538 K (filled symbols and solid curves). Adapted
from reference [22].

yields for reforming of the polyols are insensitive to
the concentration of the aqueous feed (e.g., from 1 to
10 wt.%), the hydrogen yield for reforming of glucose
decreases further as the feed concentration increases to
about 10 wt.%. The lower H, selectivities for the APR of
glucose, compared to that achieved using the other
oxygenated hydrocarbon reactants, are at least partially
due to homogeneous reactions of glucose in the aqueous-
phase at the temperatures employed in aqueous-phase
reforming [32-35].

Reforming reactions are fractional order in the feed
concentration [9], whereas glucose decomposition studies
have shown first-order dependence on the feed concentration
[34]. Thus, the rate of homogeneous glucose decomposition
relative to the reforming rate increases with an increase in
the glucose concentration from 1 to 10 wt.%. Accordingly,
to collect the data presented in Fig. 7 [22], low concen-
trations (i.e., 1 wt.%) of all feed molecules were employed
to minimize effects from homogeneous decomposition
reactions and thereby compare the selectivities under
conditions where the conversion of reactant is controlled
by the Pt/Al,O; catalyst. This low feed concentration
corresponds to a molar ratio H,O/C of 165. Processing such
dilute solutions is economically not practical, even though
reasonably high hydrogen yields are achieved. However, the
undesirable homogeneous reactions observed with glucose
pose less of a problem when using sorbitol, glycerol,
ethylene glycol and methanol, which makes it possible to
generate high yields of hydrogen by the APR of more
concentrated solutions containing these compounds (e.g.,
aqueous solutions containing 10 wt.% of these oxygenated
hydrocarbon reactants, corresponding to molar ratios H;O/C
equal to 5).

2.3. Factors favoring production of heavier alkanes

Aqueous-phase reforming of sorbitol can be tailored to
selectively produce a clean stream of heavier alkanes
consisting primarily of butane, pentane and hexane. The
conversion of sorbitol to alkanes plus CO, and water is an
exothermic process that retains approximately 95% of the
heating value and only 30% of the mass of the biomass-
derived reactant. This reaction takes place by a bi-functional
pathway involving first the formation of hydrogen and CO,
on the appropriate metal catalyst (such as Pt) and the
dehydration of sorbitol on a solid acid catalyst (such as
silica—alumina) or a mineral acid. These initial steps are
followed by hydrogenation of the dehydrated reaction
intermediates on the metal catalyst. When these steps are
balanced properly, the hydrogen produced in the first step is
fully consumed by hydrogenation of dehydrated reaction
intermediates, leading to the overall conversion of sorbitol to
alkanes plus CO, and water. The selectivities for production
of alkanes can be varied by changing the -catalyst
composition, the pH of the feed, the reaction conditions,
and modifying the reactor design [36].

Fig. 8 shows the effect of increasing the solid or mineral
acidity on the alkane selectivity. As solid acid (SiO,—Al,O3,
containing 25 wt.% Al,O; from Grace Davison) is added to
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Fig. 8. Alkanes carbon selectivities for aqueous-phase reforming of 5 wt.%
sorbitol at 538 K and 57.6 bar vs. A) addition of solid acid (SiO,-Al,05) to
3 wt.% Pt/Al,05 [Pt/Al,05 (white), mixture 2: Pt/Al,0O5 (3.30 g) and SiO,-
Al,O3 (0.83 g) (grey), and mixture 1: Pt/Al,O3 (1.45 g) and SiO,-Al,O3
(1.11 g) (black)] and B) addition of mineral acid (HCI) in feed over 3 wt.%
Pt/Al,O3 [pHfeeq = 7 (White), pHeeq = 3 (grey), and pHeeeq = 2 (black)].
Adapted from reference [36].
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Pt/Al,03;, the selectivity to heavier alkanes increases, as
shown in Fig. 8A. The alkanes formed are straight-chain
compounds with only minor amounts of branched isomers
(less than 5%). The H, selectivity decreases from 43 to 11%
for the Pt/Al,0; catalyst upon adding the solid acid SiO,—
Al,O3, indicating that the majority of the H, produced by the
reforming reaction is consumed by the production of alkanes
when the catalyst contains a sufficient number of acid sites.
Similarly, the selectivity to heavier alkanes increases as a
mineral acid (HCI) is added to the feed, as shown in Fig. §B.
The H, selectivity decreases from 43 to 6% as the pH of the
feed decreases from 7 to 2.

A catalyst was prepared by depositing 4 wt.% Pt on the
solid acid SiO,—Al,O5; support [36], and this catalyst
exhibited similar selectivity as the physical mixture of Pt/
Al,O3 with Si0,—Al,03, for a similar ratio of Pt to solid acid
sites [22]. The H, selectivity was usually less than 5% for the
Pt/Si0,—Al,03, indicating that most of the H, produced was
consumed in the production of the alkanes. Changing the
temperature of the reactor from 538 to 498 K had little effect
on the product selectivity. In contrast, the hexane selectivity
increases from 21 to 40% for the Pt/SiO,—Al,0; catalyst at
498 K as the pressure increases from 25.8 to 39.6 bar,
indicating that the reaction conditions can be used to
manipulate the alkane selectivity.

As another option to produce heavier alkanes by aqueous-
phase reforming, H, can be co-fed to the reactor with the
aqueous feed. When H, is co-fed with an aqueous solution
containing 5 wt.% sorbitol over the Pt/SiO,—Al,O; catalyst
at 498 K and 34.8 bar, the selectivity to pentane plus hexane
increases from 55 to 78% [36]. Under these conditions,
approximately 90% of the effluent gas phase carbon is
present as alkanes. Accordingly, increasing the hydrogen
partial pressure in the reactor increases the rate of
hydrogenation compared to C—C bond cleavage on the
metal catalyst surface. The co-feeding of H, with the
aqueous feed allows bi-functional catalysts to be formulated
using metals (such as Pd) that by themselves show low
activities for hydrogen production by APR reactions. In this
case the hydrogen required for the formation of alkanes by
the bi-functional catalyst is supplied externally instead of
being formed in the reactor by aqueous-phase reforming,
and the sole role of the metal component is to catalyze
hydrogenation reactions.

2.4. Producing hydrogen containing low levels of CO:
ultra-shift

Production of hydrogen containing low levels of CO is
critical for energy generation using hydrogen PEM fuel
cells. Aqueous-phase reforming of oxygenates takes place
over metal catalysts to produce CO and H,. Adsorbed CO
undergoes water-gas shift, which increases the amount of H,
produced and removes CO from the catalyst surface [37].
The lowest partial pressure of CO that can be achieved
depends on the thermodynamics of the water-gas shift

reaction and the operating conditions as given by:

P — Pco, Py,
CO=—-—F—
KwasPu,0

where Kywgs is the equilibrium constant for the vapor-phase
water-gas shift and P; the partial pressures. Since H,, CO,,
and small amounts of alkanes (primarily CH,) are produced
by APR, gas bubbles are formed within the liquid-phase flow
reactor. As noted above with respect to the effects of system
pressure on reaction kinetics, the pressure in these bubbles
can be approximated to be equal to the system pressure.
Accordingly, the partial pressures of water vapor and the
reaction products are dictated by the feed concentrations,
system pressure and temperature, as outlined below [38].

For dilute product concentrations and system pressures
above the saturation pressure of water, gaseous bubbles
contain water vapor at a pressure equal to its saturation
pressure at the reactor temperature, and the remaining
pressure is the sum of the partial pressures of the product
gases. The extent of vaporization, y, is defined as the percent
of water in the vapor phase relative to the total amount of
water flowing in the reactor. In contrast, for systems
operated at pressures that are near the saturation pressure of
water, all the liquid water may vaporize and the composition
of the bubble is dictated by the stoichiometry of the feed
stream. At this condition, the partial pressure of water is
below its saturation pressure because the water vapor is
diluted by the reforming product gases. Higher concentra-
tions of ethylene glycol lead to lower partial pressures of
water because of greater dilution from H, and CO, produced
by reforming reactions. As the system pressure is increased,
the partial pressure of water vapor increases until it reaches
the saturation pressure of water, at which point any further
increase in the system pressure leads to partial condensation
of liquid water.

The above arguments indicate that the conditions which
favor the lowest levels of CO from reforming of oxygenates
are those which lead to the lowest partial pressures of H, and
CO; in the reforming gas bubbles; and, these conditions are
achieved by operating at system pressures that are near the
saturation pressure of water and at low ethylene glycol feed
concentrations. As the system pressure increases and extent
of vaporization decreases below 100%, the partial pressures
of H, and CO, in the bubble increase, thereby leading to
higher equilibrium concentrations of CO. Similarly, as the
ethylene glycol concentration in the feed increases, higher
partial pressures of H, and CO, are developed, even for the
case of complete vaporization, again leading to higher
equilibrium CO concentrations.

Fig. 9 shows the results for APR of 2 wt.% ethylene
glycol over a Pt/Al,Oj catalyst contained in an upflow
reactor, which was divided into two separately heated
reaction zones [38]. Reforming reactions were carried out in
the lower section (denoted as the reforming-zone), main-
tained at 498 K. The temperature of the top section (denoted
as the shift-zone), system pressure, feed concentration, and
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Fig. 9. Effect of process variables on CO concentration for 2% EG. Circles:
CO concentration vs. system pressure at shift temperature 7y = 498 K,
squares: ultra-shift at higher shift temperatures. Open symbols represent
equilibrium CO and filled symbols represent observed CO. Adapted from
reference [38].

feed flow rate were variables of the system. The observed
CO concentration in the effluent gas and the corresponding
equilibrium concentration are reported in Fig. 9 for system
pressures of 25.8, 32.0 and 36.2 bar, with the shift-zone
of the reactor maintained at the same temperature as the
reforming temperature of 498 K. Since the saturation
pressure of water at 498 K is equal to 25.1 bar, liquid water
is completely vaporized at a system pressure of 25.8 bar
and the H, pressure in the bubble is calculated to be
0.77 bar, leading to a low equilibrium CO concentration of
66 ppm in the reactor effluent. At system pressures of 32
and 36.2 bar, the H, pressures are 4.60 and 7.53 bar,
respectively, with only 18 and 11% vaporization of water
occurring in each case. These conditions lead to higher
equilibrium CO concentrations of 380 and 617 ppm,
respectively.

Although the lowest levels of CO are obtained when the
reactor is operated near the saturation pressure of water, this
condition is not feasible for larger, non-volatile feeds such as
glucose, which undergo undesirable decomposition reac-
tions when vaporized [32-35]. It thus becomes imperative to
operate the reformer at system pressures above the saturation
pressure of water, to maintain liquid phase conditions. In
these cases, we propose a process, which we denote as ‘ultra-
shift’, to achieve very low levels of CO in the product gas
from APR of oxygenated hydrocarbons, conducted at
pressures above the saturation pressure of water. This
process involves vaporization of liquid water (in the shift-
zone) to dilute the H, and CO, in the bubbles, thereby
favoring increased conversion of the water-gas shift reaction
and leading to lower CO concentrations.

The feasibility of the ultra-shift process is depicted in
Fig. 9 [38]. It is seen that at a system pressure of 32 bar,
when the temperature of the shift-zone was increased from
498 to 508 K, 91% of the water in this zone vaporized,
thereby decreasing the H, pressure to 1.05 bar, and lowering

the measured CO concentration from 380 to 84 ppm. In the
case where the system pressure was 36.2 bar, increasing the
temperature of the shift-zone from 498 to 515 K decreased
the H, pressure from 7.53 to 1.14 bar and the measured CO
concentration from 564 to 89 ppm. At the higher tempera-
tures, the effect of diluting the H, and CO, pressures with
water vapor supersedes the less favorable thermodynamics,
leading to ultra-shift.

2.5. Hydrogen from concentrated glucose feeds

Aqueous-phase reforming of glucose (CsOgH;y) is of
particular interest for biomass utilization, because this
sugar comprises the major energy reserves in plants and
animals. As discussed earlier, the hydrogen selectivity from
reforming of glucose decreases as the liquid concentration
increases from 1 to 10 wt.% because of undesired hydrogen-
consuming side reactions that occur in the liquid phase [34].
This decrease in selectivity is an important limitation,
because processing dilute aqueous solutions involves the
processing of excessive amounts of water.

Fig. 10 depicts various reaction pathways that take place
during APR of glucose and sorbitol [39]. Production of H,
and CO, from glucose (G) and sorbitol (S) takes place on
metal catalysts such as Pt or Ni—Sn alloys (pathways G1 and
S1) via cleavage of C—C bonds followed by water-gas shift.
As discussed earlier, undesired alkanes can be formed by
cleavage of C-O bonds on the metal catalyst and
dehydration processes on acidic catalyst supports (pathways
G2, S2). In the case of glucose, undesired reactions can also
take place in the aqueous phase to form organic acids,
aldehydes and carbonaceous deposits (pathway G3). These
undesirable homogeneous decomposition reactions are first
order in the glucose concentration, whereas the desirable
reforming reactions on the catalyst surface are fractional
order; therefore, high concentrations of glucose lead to low
hydrogen selectivities. The hydrogenation of glucose to
sorbitol (pathway G-S) also takes place on metal catalysts
with high selectivity at low temperatures (e.g., 400 K) and
high H, pressures.
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and alkane other liquid- phase
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Fig. 10. Reaction pathways involved in glucose and sorbitol reforming.
Adapted from reference [39].
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The rates of pathways Gl, G2 and G3 increase more
rapidly with temperature than does the rate of pathway G-S.
Accordingly, a strategy for improving the hydrogen
selectivity from APR of glucose is to employ a dual-reactor
system involving a low-temperature hydrogenation step
followed by a higher-temperature reforming process. In this
respect, we have conducted studies in which the partial
pressures of the gas phase products in the reactor were varied
by co-feeding a gas stream (N, or H,) with the liquid feed
(10 wt.% glucose/sorbitol) at the inlet of the reactor. The
performance of the reactor in this mode can be then
compared to the case where only liquid was fed to the reactor
and N, sweep gas was combined with the effluent stream at
the exit of the reactor. It was found that the hydrogen
selectivities observed for APR of glucose (~10-13%) were
much lower compared to reforming of sorbitol (~60%)
under similar conditions. Also higher alkane selectivities of
47-50% were observed for reforming of glucose, indicating
that APR of glucose, even with hydrogen co-fed with the
liquid reactant stream at the inlet of the reactor, is not
selective for production of H,. These results indicate that co-
feeding hydrogen with liquid reactants into the reforming
reactor at 538 K (and 52.4 bar) does not lead to rapid
hydrogenation of glucose into sorbitol and its subsequent
reforming to give high H, selectivities. Similarly, sorbitol
does not undergo rapid dehydrogenation to glucose under
conditions of APR where H, is not co-fed with the liquid
reactant stream to the reforming reactor, a desirable result.

Experiments were conducted by co-feeding gaseous H,
with aqueous solutions containing 10 wt.% sorbitol or
glucose into a dual-reactor system consisting of a
hydrogenation reactor at 393 K followed by a reforming
reactor at 538 K [39]. The presence of the hydrogenation
reactor did not affect the APR of sorbitol. However, when
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10 wt.% glucose was co-fed with gaseous H, to the dual-
reactor system, then high hydrogen selectivity (62.4%) and
low alkane selectivity (21.3%) were obtained, these values
being similar to the selectivities obtained from the reforming
of sorbitol. These results indicate that glucose is first
completely hydrogenated to sorbitol before being sent to the
reformer in which the sorbitol is then converted with high
selectivity to H, and CO,.

3. Discussion and overview

Fig. 11 summarizes the thermodynamic and kinetic
aspects that form the foundation of the APR process. In
contrast to alkane reforming which is favorable only at high
temperatures, the reforming of oxygenated hydrocarbons
(C:O ratio of 1:1) to form CO and H, is thermodynamically
favorable at relatively lower temperatures of 400 K. Also,
the subsequent water-gas shift reaction, necessary to convert
the carbon monoxide generated by reforming to carbon
dioxide, becomes increasingly favorable at lower tempera-
tures. In addition, results from DFT calculations indicate
that the activation energy required to break the C—C bond in
oxygenated hydrocarbons is lower than that required for
alkanes, indicating that C—C cleavage is easier in oxygenates
than in alkanes. These results suggest that it is possible to
design a process in which oxygenated hydrocarbons can be
converted to H, and CO, in a single-step process, wherein
both the reforming and water-gas shift reactions are
conducted in the same low-temperature reactor. Although
the more volatile oxygenates such as methanol, ethylene
glycol and glycerol can be processed in the vapor as well as
liquid phases, processing less volatile oxygenates such as
glucose and sorbitol under vapor-phase conditions would

Thermodynamics

Oxygenate reforming (C:0=1:1)
and water-gas shift at low T

H,O Ho
H2 CO ;4. CO2

AGPyasTy

Alkane reforming only at high T,
followed by water-gas shift at low T

Favorable thermodynamics and

low T

Single-reactor process

water-gas shift

kinetics for oxygenate reforming at

for combined oxygenate reforming and

Why liquid phase?
Methanol, ethylene glycol and
glycerol —»= low boiling T—»
vapor or liquid phase

Sorbitol and glucose —s high
boiling T—s only liquid phase

Fig. 11. Summary of thermodynamic and kinetic considerations that form the basis of the aqueous-phase reforming process.
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Fig. 12. Factors controlling the selectivity of the aqueous-phase reforming
process.

require high-temperature reforming, followed by water-gas
shift at lower temperatures, thus obviating the advantages of
a single-reactor low-temperature process.

Fig. 12 summarizes the effects of various factors on the
selectivity of hydrogen production, and also suggests
process conditions that may lead to the selective production
of alkanes, if desired, from oxygenated hydrocarbons. It is
seen from Fig. 12a, that metals such as Pt, Pd and Ni-Sn
alloys show high selectivity for hydrogen production and
very low tendency for formation of alkanes. In comparison,
supported Ni catalysts tend to make more alkanes and also
show some deactivation with time, which may be due to
sintering of the metal particles, leading to lower dispersions.
Fig. 12a also shows that metals such as Ru and Rh are very
active for alkane formation and make very little hydrogen.

The support plays an important role in the selectivity of
the APR process, as summarized in Fig. 12b. The more
acidic supports (e.g., silica—alumina) lead to high selectiv-
ities for alkane formation, whereas the more basic/neutral
supports (e.g., alumina) favor hydrogen production. Sup-
ports with mild acidity fall within the spectrum of the two
extremes, as seen for titania-based catalysts. The acidity of
the solution also affects the performance of the aqueous-
phase reformer in a similar way. Depending on the nature of
the byproduct/intermediate compounds formed in the
reactor, the aqueous solution in contact with the catalyst
can be acidic, neutral or basic. Also gaseous carbon dioxide
dissolved in the solution at high pressures makes a slightly
acidic solution (pH = 4-5). Acidic solutions (pH = 2-4)
promote alkane formation, due to acid-catalyzed dehydra-
tion reactions that occur in solution (followed by hydro-
genation on the metal). In contrast, neutral and basic
solutions lead to high hydrogen selectivities and low alkane
selectivities, as shown in Fig. 12c.

The type of feed also has a strong influence on the
reaction selectivity. In general, polyols (e.g., sorbitol) have a
higher selectivity for H, production than sugars (e.g.,

glucose). Within the family of polyols, the hydrogen
selectivity decreases with increasing carbon number of the
feed, probably because the number of undesired hydrogen-
consuming side reactions increases accordingly. Also,
processing higher feed concentrations of glucose leads to
lower hydrogen selectivities. For example, as the glucose
feed concentration increases from 1 to 10 wt.%, the alkane
selectivity increases from 30 to 50%, and the hydrogen
selectivity decreases accordingly. This change with con-
centration is caused by undesired homogeneous decom-
position reactions associated with sugars. These different
feed effects have been summarized in Fig. 12d.

Fig. 13 outlines the various reaction pathways that can
take place in the APR reactor (for polyols as feed), resulting
in multiple selectivity challenges. The oxygenated hydro-
carbon feedstock can undergo reforming via C—C cleavage
on the metal surface to make the desired H, and CO,. The
CO, formed can undergo undesired series methanation/
Fischer—Tropsch synthesis reactions to form alkanes.
Alternately, some metals have a tendency to favor C-O
bond scission, followed by hydrogenation to make alcohol
intermediates, which can then further react on the metal
surface (C-C/C-O cleavage) to form alkanes. These
reactions constitute parallel-selectivity challenges on the
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Fig. 13. Summary of reaction pathways involved in the aqueous-phase
reforming of oxygenated hydrocarbons leading to multiple selectivity
challenges.
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metal surface. In addition to metal catalyzed reactions,
undesired bi-functional catalysis can occur by combinations
of metal, support and solution, as shown in Fig. 13. Reaction
pathways such as dehydration—hydrogenation leading to
alcohols, and dehydrogenation-rearrangement to form acids
can occur in solution or on the support aided by metal
catalysis. These intermediates can then react further in
solution or on the catalyst to make more alkanes. To obtain
high selectivities for hydrogen production, the metal catalyst
should show high rates of C-C cleavage, low rates of C-O
cleavage and low rates of series methanation/Fischer—
Tropsch synthesis reactions. Metals such as Pt and Ni—Sn
alloy systems show these favorable characteristics. Also the
support should not favor dehydration/C-O cleavage reac-
tions or promote the formation of acids in aqueous solution.
Acidic supports such as silica—alumina have shown a
tendency to promote these undesirable reactions. Hence,
non-acidic supports such as alumina are required to obtain
high selectivities for hydrogen production via APR
reactions. Finally, acidic solutions also lead to dehydration
of the feed polyol, which ultimately leads to alkane
formation.

Low CO levels in the product gas can be obtained by
operating at suitable reaction conditions. Fig. 14 outlines the
concept of the ultra-shift process used to drive the CO levels
to as low as possible. Based on the water-gas shift
equilibrium, the partial pressure of CO (Pco) in the reactor
is proportional to the partial pressure of hydrogen (Py,),
which in turn decreases as the partial pressure of water
(Pwater) in the system approaches the total system pressure
(Pyota1)- Thus, to reduce the equilibrium concentration of CO
in the reactor, the hydrogen pressure should be lowered by
increasing the water pressure in the system. This effect can
be achieved using the ultra-shift process, wherein the water

K
CO(g)+HpO(gle—=== COp(g)+Ha(g)
Pco  PHy

5 = equilibrium

COp Keq Pwater
PHy = YHy (Ptotal —Pwater) ~ Pressure
balance

Equilibrium CO:COp ratio decreases as
Pwater approaches Pygtg)

Ultra-shift Process:
increasing Pyater

by increasing T at
constant Pygta)

Bubble expansion
leading to low PH2

and low CO:CO»

Fig. 14. Concept of the ultra-shift process for obtaining low CO levels in the
product gas.

pressure is increased either by reducing the system pressure
in an isothermal reactor, or increasing the temperature of the
upper ultra-shift-zone of the isobaric reactor. For example,
when the shift temperature is maintained at the reforming
temperature of 498 K, the effluent concentration of CO
increases as the system pressure is increased. However,
when the shift temperature is increased such that a majority
of the liquid water vaporizes, then the product CO
concentration, even at the higher pressures, decreases to
below 100 ppm for 2% ethylene glycol. Thus, the addition of
the ultra-shift-zone to the reforming reactor leads to low CO
levels while allowing for processing of non-volatile feed-
stocks such as glucose in the lower aqueous-phase reformer.
Importantly, when the effluent from the reactor is subse-
quently cooled to condense liquid water, then the pressure of
the non-condensable gases increases and approaches the
system pressure. This process of ultra-shift, involving initial
vaporization followed by condensation of liquid water, thus
leads to the desirable production of fuel-cell-grade H, at
high pressures and containing very low levels of CO.

The basis for the dual-reactor process for handling
concentrated glucose feeds is summarized in Fig. 15. One of
the important limitations of the APR of glucose solutions is
that the hydrogen selectivity decreases when higher
concentration feeds are used. This limitation is specific to
glucose feedstocks, and a sugar—alcohol such as sorbitol
does not suffer this restriction. Starting with glucose, the
main desirable reaction that can occur is the catalytic
reforming at high temperatures to form H, and CO,. In
addition, undesired homogeneous decomposition reactions
can occur at the same reaction conditions as reforming, to
produce alkanes and coke. The rate of reforming increases

Ho and COo
+
Reformlng athigh T
(fractional orden
H /
O
H HCH
Sugar 0 | Sugar Alcohol
8, H A\ " 680000
NG B PR R
low T
¢ ;
1
I
' i

Rapid homogeneous
decomposition at high T
(first order)

Slow homogeneous
decomposition at high T

-
’

COo, alkanes, coke *

High selectivities for Ho
from sugar alcohols at all concentrations
from sugars at low concentrations

from sugars at high concentrations by
combining hydrogenation with reforming

Fig. 15. Basis for the dual-reactor system employed in the processing of
concentrated glucose feedstocks.
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more slowly with increasing feed concentration, as
compared to the decomposition rates, leading to lower
hydrogen selectivities at higher feed concentrations. Also,
glucose can undergo hydrogenation (using H, produced by
reforming or supplied externally) to form sorbitol, which can
then undergo reforming on the catalyst surface to produce
the desired H, and CO,. Since sorbitol decomposition rates
in aqueous solution are much slower relative to the sorbitol
reforming rates, high hydrogen selectivities can be obtained
at all concentrations of the feed. The activation energy
barrier for glucose hydrogenation is lower than the
activation energies for glucose reforming and glucose
decomposition. Therefore, glucose hydrogenation becomes
dominant at lower temperatures, and almost complete
conversion of glucose to sorbitol can be achieved, without
any conversion to H, and CO,. The relative rates of the
different reactions involved in glucose processing thus
indicate that for the efficient extraction of hydrogen from
glucose feedstocks, it is necessary to utilize an initial
hydrogenation reactor that converts the glucose to sorbitol,
followed by a reforming reactor to produce hydrogen with
high selectivities, as described in Fig. 15.

We now outline how the APR process can be manipulated
to obtain a product with the desired specifications. Sugar
alcohols such as sorbitol give higher hydrogen selectivities
than the corresponding sugar, i.e., glucose. Thus polyols
(including sugar—alcohols) can be processed directly in the
aqueous-phase reformer to obtain relatively high hydrogen
selectivities, without any upstream processing. However, as
shown in Fig. 16, co-feeding hydrogen with the aqueous feed

1 Hp, CO5, Alkanes

Separator

(T~300K) ™ Hp0

I
::

Ultra-shift zone | Used if low levels
(T~510K) T™ = of CO are needed

Reforming metal/non-acidic support
Reactor —.,. 4— for producing Ho
(T ~ 500 K)
- metal/acidic support
for producing alkanes
}
Hydrogenation Used if processing
Reactor |~ | _ sugars at high
(T ~370K) concentrations

Liquid Feed |‘ Ho co-feed

™ Used if producing
alkanes with external
source of Ho

Fig. 16. Summary of the process conditions employed to obtain a product of
the desired specifications using the aqueous-phase reforming process.

and employing a low-temperature hydrogenation reactor
upstream from the reformer are used for processing sugars at
high concentrations to obtain hydrogen in high selectivities.
To obtain alkanes from concentrated sugars, a similar
hydrogenation to sorbitol is first carried out, followed by
reaction over an acidic catalyst in the presence of a hydrogen
co-feed. For applications such as PEM fuel cells wherein
very low levels of CO in the hydrogen fuel are necessary for
efficient operation, an ultra-shift-zone, downstream of the
reformer may be used to lower the outlet CO levels in the
gas.

A novel aspect of the APR process is that a beneficial
synergy is formed by operating the hydrogenation reactor,
the reforming reactor, the ultra-shift-zone of the reactor, and
the gas—liquid separator (situated downstream of the
reactors) at different temperatures while maintaining the
total pressure of the system at a constant value, as depicted
schematically in Fig. 16. An aqueous solution of glucose can
be co-fed with gaseous H, to the hydrogenation reactor,
which is operated at a relatively low temperature (T ~
370 K) to minimize glucose decomposition reactions in the
liquid phase. At the low vapor pressure of water
corresponding to this hydrogenation temperature, the partial
pressure of hydrogen in this reactor is high, and hence
favorable for the conversion of glucose to sorbitol. The
aqueous solution of sorbitol and gaseous H, are then fed to
the reforming (or alkane formation) reactor, which is
operated at the higher temperature (7'~ 500 K), necessary to
convert sorbitol to H, and CO, (or alkanes). If low levels of
CO are required in the product gas, an ultra-shift-zone (T ~
510 K) downstream of the reforming reactor can be
employed. Finally, the liquid and gaseous effluents from
the reactor are cooled and sent to a separator, which is
maintained at a low temperature (7 ~ 300 K), and the sum of
the H, and CO, (or alkanes) pressures is essentially equal to
the total pressure of the system. In the case of a hydrogen-
rich reformate, this high pressure facilitates further removal
of CO, from H, by pressure-swing adsorption or membrane
separation. A fraction of the purified H, at high pressure can
then be recycled to the hydrogenation reactor, and the
remaining hydrogen may be directed to a fuel cell for
generation of electrical power.

An important advantage of the APR process is that it can
be tailored to make renewable fuels such as H, or alkanes in
high selectivity. Another advantageous consequence of
making H, and alkanes via the APR process is that the
energy required for the endothermic reforming of oxyge-
nates may be produced internally, by allowing a fraction of
the oxygenated compound to form alkanes through
exothermic reaction pathways. In this respect, the formation
of a mixture of hydrogen and alkanes from APR of
oxygenates may be essentially neutral energetically, and
little additional energy is required to drive the reaction. The
gas effluent from the reformer could then be utilized as a
feed to an internal combustion engine or suitable fuel cell
(such as a solid oxide fuel cell).



186 R.R. Davda et al./Applied Catalysis B: Environmental 56 (2005) 171-186

4. Conclusions

Aqueous-phase reforming of biomass-derived oxyge-
nated hydrocarbons is a new process to produce renewable
fuels consisting of hydrogen and alkanes. Catalysts based on
Pt and Ni-Sn alloys are promising materials for hydrogen
production. Various competing reaction pathways are
involved in the reforming process, leading to parallel and
series-selectivity challenges for production of hydrogen.
The selectivity of the reforming process depends on various
factors such as nature of the catalytically active metal,
support, solution pH, feed and process conditions. By
manipulating these factors, the APR process can be tailored
to produce either H, or alkanes. Moreover, the molecular
weight distribution of the alkane product stream can also be
controlled, for example, to favor the formation of heavier
alkanes using bi-functional catalysts containing metal and
acidic components. Also, it is possible to operate the APR
process to achieve very low CO levels in the product by
using an ultra-shift-zone downstream of the reactor.
Aqueous-phase reforming is best conducted using polyol
feed molecules (e.g., sorbitol), because the product
distribution obtained is relatively insensitive to the aqueous
feed concentration (e.g., from 1 to 10 wt.%, and probably
higher). In contrast, processing high concentrations of
sugars (e.g., glucose) is accompanied by undesirable
decomposition reactions. However, in these cases, a dual-
reactor approach can be wused for processing high
concentrations of glucose, in which glucose is hydrogenated
to sorbitol in the first reactor, and sorbitol is passed to the
APR reactor for selective production of hydrogen or alkanes.

We note, in closing, that aqueous-phase reforming is a
remarkably flexible process that can be tailored to selective
produce hydrogen or to produce an alkane stream with a
desired molecular weight distribution. Accordingly, this
process offers exciting research opportunities for developing
new generation of heterogeneous catalysts using metals,
metal alloys, supports, and promoters that are stable under
aqueous-phase reaction conditions.
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