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Hydrogen from catalytic reforming of
biomass-derived hydrocarbons in
liquid water
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Concerns about the depletion of fossil fuel reserves and the
pollution caused by continuously increasing energy demands
make hydrogen an attractive alternative energy source. Hydrogen
is currently derived from nonrenewable natural gas and pet-
roleum?, but could in principle be generated from renewable
resources such as biomass or water. However, efficient hydrogen
production from water remains difficult and technologies for
generating hydrogen from biomass, such as enzymatic decompo-
sition of sugars®®, steam-reforming of bio-0ils®® and gasifica-
tion?, suffer from low hydrogen production rates and/or complex
processing requirements. Here we demonstrate that hydrogen
can be produced from sugars and alcohols at temperatures near
500 K in a single-reactor aqueous-phase reforming process using
a platinum-based catalyst. We are able to convert glucose—which
makes up the major energy reserves in plants and animals—to
hydrogen and gaseous alkanes, with hydrogen constituting 50%
of the products. We find that the selectivity for hydrogen
production increases when we use molecules that are more
reduced than sugars, with ethylene glycol and methanol being
almost completely converted into hydrogen and carbon dioxide.
These findings suggest that catalytic aqueous-phase reforming
might prove useful for the generation of hydrogen-rich fuel gas
from carbohydrates extracted from renewable biomass and
biomass waste streams.

We consider production of hydrogen by low-temperature
reforming (at 500K) of oxygenated hydrocarbons having a C:O
stoichiometry of 1:1. For example, reforming of the sugar—alcohol
sorbitol to H, and CO, occurs according to the following stoichio-
metric reaction:

Ce06H14(1) + 6H20(1) = 13H2(9) + 6CO2(9) @

The equilibrium constant for reaction (1) per mole of CO, is of the
order of 108 at 500K, indicating that the conversion of sorbitol in

the presence of water to H, and CO; is highly favourable. However,
the selective generation of hydrogen by this route is difficult because
the products H, and CO, readily react at low temperatures to form
alkanes and water. For example, the equilibrium constant at 500 K
for the conversion of CO, and H, to methane (reaction 2) is of the
order of 10%° per mole of CO,.

CO2(9) + 4H2(g) = CH4(9) + 2H,0(9) )

Figure 1 shows a schematic representation of the reaction path-
ways we believe to be involved in the formation of H, and alkanes
from oxygenated hydrocarbons over a metal catalyst. The reactant
undergoes dehydrogenation steps on the metal surface to give
adsorbed intermediates before the cleavage of C-C or C-O bonds.
With platinum, the catalyst we use, the activation energy barriers for
cleavage of O—H and C—H bonds are similar; however, Pt-C bonds
are more stable than Pt-O bonds, so adsorbed species are probably
bonded preferentially to the catalyst surface through Pt—C bonds.
Subsequent cleavage of C—C bonds leads to the formation of CO and
H,, and CO reacts with water to form CO, and H, by the water—gas
shift reaction (that is, CO + H,O = CO, + H,)**2,

The further reaction of CO and/or CO, with H, leads to alkanes
and water by methanation and Fischer—Tropsch reactions®*°; this
H, consuming reaction thus represents a series-selectivity challenge.
In addition, undesirable alkanes can form on the catalyst surface by
cleavage of C-O bonds, followed by hydrogenation of the resulting
adsorbed species. This process constitutes a parallel-selectivity
challenge. Another pathway that contributes to this parallel-selec-
tivity challenge is cleavage of C-O bonds through dehydration
reactions catalysed by acidic sites associated with the catalyst
support*®!” or catalysed by protons in the aqueous solution®*,
followed by hydrogenation reactions on the catalyst. In addition,
organic acids can be formed by dehydrogenation reactions catalysed
by the metal, followed by rearrangement reactions® that take place
in solution or on the catalyst. These organic acids lead to the
formation of alkanes from carbon atoms that are not bonded to
oxygen atoms.

Table 1 summarizes our experimental results for aqueous-phase
reforming of glucose, the compound most relevant to hydrogen
production from biomass, as well as for the reforming of sorbitol,
glycerol, ethylene glycol and methanol. Reactions were carried out
over a Pt/Al,O; catalyst at 498 and 538K (see Methods for
experimental details). The fractions of the feed carbon detected in
the effluent gas and liquid streams yield a complete carbon balance
for all feed molecules, indicating that negligible amounts of carbon
have been deposited on the catalyst. Catalyst performance was stable
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for long periods of time on stream (for example, 1 week). Results
from replicate runs agree to within +=3%.

The hydrogen selectivities shown in Table 1 are defined as the
number of H, molecules detected in the effluent gas, normalized by
the number of H, molecules that would be present if the carbon
atoms detected in the effluent gas molecules had all participated in
the reforming reaction. (That is, we infer the amount of converted
glucose, sorbitol, glycerol, ethylene glycol and methanol from the
carbon-containing gas-phase products and assume that each of the
feed molecules would yield 2, 13/6, 7/3, 5/2 or 3 molecules of H,,
respectively.) Alkane selectivity is defined as the number of carbon
atoms in the gaseous alkane products normalized by the total
number of carbon atoms in the gaseous effluent stream.

Figure 2 illustrates that the selectivity for H, production
improves in  the order glucose < sorbitol < glycerol <
ethylene glycol < methanol. Figure 2 also implies that lower oper-
ating 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 a trend
with respect to reactant that is opposite to that exhibited by the H,
selectivity.

The gas streams from aqueous-phase reforming of the oxygenated
hydrocarbons were found to contain low levels of CO (that is, less
than 300 p.p.m.). For aqueous-phase reforming of glycerol, where
analysis of liquid-phase products is more tractable compared to
sorbitol and glucose, the major reaction intermediates detected
include (in approximate order of decreasing concentration) ethanol,
1,2-propanediol, methanol, 1-propanol, acetic acid, ethylene glycol,
acetol, 2-propanol, propionic acid, acetone, propionaldehyde, and
lactic acid. Analysis of the gas phase effluent indicates the presence of
trace amounts of methanol and ethanol (about 300 p.p.m.).

High hydrogen yields are only obtained when using sorbitol,
glycerol and ethylene glycol as feed molecules for aqueous-phase
reforming. Although these molecules can be derived from renew-
able feedstocks?*-?*, the reforming of less reduced and more
immediately available compounds such as glucose is likely to be
more practical; but hydrogen yields for glucose reforming are
relatively low (Table 1 and Fig. 2). However, we expect that
improvements in catalyst performance, reactor design, and reaction
conditions may increase the hydrogen selectivity for the direct
aqueous-phase reforming of sugars. For example, the lower H,
selectivities for the aqueous-phase reforming of glucose, compared
to that achieved using the other oxygenated hydrocarbon reactants,
are caused at least partially by homogeneous reactions of glucose in
the aqueous phase at the temperatures used in this study. Thus,
higher selectivities for H, from aqueous-phase reforming of glucose
might be achieved by reactor designs that maximize the number of
catalytically active sites (leading to desirable surface reactions) and
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minimize the void volume (leading to undesirable liquid-phase
reactions) in the reactor.

Here, using Pt/Al,O3 as catalyst, we found that lower glucose
concentrations correlated with higher selectivities for hydrogen
production, and reforming experiments were therefore conducted
at low feed concentrations of 1 wt%, which corresponds to a molar
ratio H,O/C, of 165. Processing such dilute solutions is economi-
cally not practical, even though reasonably high hydrogen yields are
achieved (Table 1). However, undesirable homogeneous reactions,
as 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 aqueous-phase reforming of
more concentrated solutions containing these compounds. For
example, we have found that upon increasing the feed concen-
trations of ethylene glycol or glycerol to 10 wt% (molar ratio H,O/
C, = 15), it is still possible to achieve high conversions and high
selectivities for H, production. (A hydrogen selectivity of 97% was
achieved with 62% conversion of 10wt% ethylene glycol; and a
hydrogen selectivity of 70% was achieved with 77% conversion of
10 wt% glycerol.) A molar H,O/C; ratio of 15 is still higher than that
typically utilized in conventional vapour-phase reforming of hydro-
carbons (molar H,O/C; = 3 to 5); but our aqueous-phase reform-
ing system has the advantage of not requiring energy-intensive
vaporization of water to generate steam.

Operating at higher reactant concentrations and lower conver-
sion levels leads to higher rates of hydrogen production. Rates of
hydrogen production are measured as turnover frequencies (that is,
rates normalized by the number of surface metal atoms as deter-
mined from the irreversible uptake of CO at 300 K). For example,
the turnover frequency for production of hydrogen at 498 K from a
1 wt% ethylene glycol solution is 0.08 min—1 for the 90% conversion
run listed in Table 1 (weight-hourly space velocity,
WHSV = 0.008 g of ethylene glycol per g of catalyst per h), but
increases to 0.7 min~* for a feed containing 10 wt% ethylene glycol
(run at 498 K and at a higher WHSV of 0.12 g of ethylene glycol per g
of catalyst per h). The hydrogen selectivity for this latter run is equal
to 97% at a conversion of 62%. The turnover frequency for
hydrogen production from 10wt% ethylene glycol at 498 K
increased further to 7min~* when higher space-velocities were
used (WHSV = 18 g of ethylene glycol per g of catalyst per h) with a
highly dispersed 3wt% Pt/Al,O5 catalyst consisting of smaller
alumina particles (63-125 um) to minimize transport limitations.
The hydrogen selectivity for this kinetically controlled run was 99%
at a conversion of 3.5%.

The rates of formation of H, from aqueous-phase reforming of
10 wt% glucose, sorbitol, glycerol, ethylene glycol and methanol at
498 K over a 3wt% Pt/Al,O3 catalyst under conditions to minimize
transport limitations and at low conversions of the reactant have

Table 1 Experimental data for reforming of oxygenated hydrocarbons

Glucose Sorbitol Glycerol Ethylene glycol Methanol

Temperature (K) 498 538 498 538 498 538 498 538 498 538
Pressure (bar) 29 56 29 56 29 56 29 56 29 56
% Carbon in liquid-phase effluent 51 15 39 12 17 2.8 11 2.9 6.5 6.4
% Carbon in gas-phase effluent 50 84 61 90 83 99 90 99 94 94
Gas-phase composition

Hz (mol. %) 51 46 61 54 64.8 57 70 68.7 74.6 74.8
CO, (mol. %) 43 42 35 36 29.7 32 29.1 29 25 24.6
CH4 (mol. %) 4.0 7.0 2.5 6.0 4.2 8.3 0.8 2.0 0.4 0.6
CoHe (mol. %) 2.0 2.7 0.7 2.3 0.9 2.0 0.1 0.3 0.0 0.0
CgzHg (mol. %) 0.0 1.0 0.8 1.0 0.4 0.7 0.0 0.0 0.0 0.0
Cy, Cs, Cp alkanes (mol. %) 0.0 1.2 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0
% Ho selectivity* 50 36 66 46 75 51 96 88 99 99
% Alkane selectivityt 14 33 15 32 19 31 4 8 1.7 2.7

The catalyst was loaded in a tubular reactor, housed in a furnace, and reduced prior to reaction kinetics studies. The reactor system was pressurized with No, and the reforming reaction was carried out at
the listed reaction conditions. Each reaction condition was run for 24 h, during which the experimental data were collected. Further experimental details are provided in the Methods.

*% H, selectivity = (molecules H, produced/C atoms in gas phase)(1/RR) x 100, where RR is the Ho/COs reforming ratio, which depends on the reactant compound. RR values for the compounds are:
glucose, 2; sorbitol, 13/6; glycerol, 7/3; ethylene glycol, 5/2; methanol, 3. We note that H, and alkane selectivities do not add up to 100%, because they are based independently on H-balances and C-
balances, respectively. % Carbon in gas and liquid phase effluents add to 100% for a complete carbon balance. Slight + deviations from 100% are caused by experimental error.

1% Alkane selectivity = (C atoms in gaseous alkanes/total C atoms in gas phase product) x 100.
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been measured to be 0.5, 1.0, 3.5, 7.0 and 7.0 min "%, respectively.
These turnover frequencies correspond to hydrogen production
rates of 50, 100, 350, 700, and 7001 of H, (at standard temperature
and pressure, 273K and 1.01 bar) per | of reactor volume per h for
each feed molecule, respectively. These rates compare favourably to
the maximum rate of hydrogen production from glucose of about
5x 1031 of H, per | of reactor volume per hour by enzymatic
routes®. Normalization of the rates by the mass of catalyst used
yields rates of about 3 x 10%, 6 x 10%, 2 x 10%, 4 x 10%, and 4 X
10* pmolg~th~! for hydrogen production at 498 K, from 10 wt%
glucose, sorbitol, glycerol, ethylene glycol and methanol, respect-
ively. These rates can be compared to the maximum value of 7 X
10? pmolg~th~? reported for hydrogen production from glucose
by enzymatic routes. (For this comparison, we have assumed a
typical value of 100 units per mg of protein, where a unit of enzyme
activity corresponds to the amount of enzyme which under stan-
dard assay conditions converts 1 umol of substrate per min).

If the hydrogen produced were fed to a fuel cell operating at 50%
efficiency, the rate of hydrogen production in our reformer would
generate approximately 1kW of power per | of reactor volume.
Electrical power might thus be generated cost-effectively by an
integrated fuel-cell/liquid-phase reformer system fed with a low-
cost carbohydrate stream derived from waste biomass (for example,
corn stover, wheat straw, wood waste). The practical use of aqueous-
phase reforming reactions in this manner would depend on efficient
feed recycling strategies and on efficient separation of hydrogen
from the gaseous effluent stream. The gaseous effluents separated
from the main product hydrogen could be combusted to generate
the energy necessary for the liquid-phase-reforming reactor. How-
ever, some fuel cell applications might not require extensive puri-
fication because the main components in the reformer gas effluent
other than hydrogen are CO, and methane, which can act as
diluents®. Alcohols and organic acids are also present in the gas
effluent, but only at trace levels (300 p.p.m. and about 5p.p.m.,
respectively) which may not lead to irreversible poisoning?.

Reforming reactions between hydrocarbons and water to gen-
erate hydrogen are endothermic, and conventional steam-reforming
of petroleum thus depends on the combustion of additional
hydrocarbons to provide the heat needed to drive the reforming
reaction. In contrast, the energy required for the aqueous-phase
reforming of oxygenated hydrocarbons may be produced intern-
ally, by allowing a fraction of the oxygenated compound to form
alkanes through exothermic reaction pathways. In this respect, the
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H, and alkane selectivities

Figure 2 Selectivities (%) versus oxygenated hydrecatectiviy (circles) and *
alkane selectivity (squares) from aqueous-phase reforming of 1 wt% oxygepated

formation of a mixture of hydrogen and alkanes from aqueous-
phase reforming of glucose, as accomplished in the present study,
is essentially neutral energetically, and little additional energy is
required to drive the reaction. In fact, the energy contained in
these alkanes could be used as a feed to an internal combustion
engine or suitable fuel cell; this would allow the use of biomass-
derived energy to drive the aqueous-phase reforming of glucose
(and biomass more generally) with high yields to renewable
energy.

While the present findings establish that Pt-based catalysts show
high activities and good selectivity for the production of hydrogen
from sugars and alcohols by aqueous-phase reforming reactions,
improvements are necessary to render the process useful. Highly
active catalytic materials that can satisfy the series and parallel
selectivity challenges outlined in Fig. 1, but at a lower materials cost
than for Pt, are particularly desirable. Moreover, new combinations
of catalysts and reactor configurations are needed to obtain higher
hydrogen yields from more concentrated solutions of glucose, given
that glucose is the only compound we have tested that is directly
relevant to biomass utilization. We believe that such improvements
are possible, for example, by searching for catalysts that exhibit
higher activity at lower temperatures, to minimize the deleterious
effects of homogeneous decomposition reactions. O

Methods

Experiments for the aqueous-phase reforming of glucose, sorbitol, glycerol, ethylene
glycol and methanol were performed over a 3wt% Pt catalyst supported on nanofibres of
~-alumina (500m? g%, Argonide Corp.). The catalyst was prepared by incipient wetness
impregnation of alumina with tetraamine platinum nitrate solution, followed by drying at
380K, calcination at 533 K in flowing oxygen and reduction at 533 K in flowing hydrogen.
Chemisorption experiments using carbon monoxide at 300 K showed a CO uptake of
105 wmol per g of catalyst. A stainless steel tubular reactor (having an inner diameter of
5mm and length of 45 cm) was loaded with 4.5 g of the pelletized Pt/Al,O3 catalyst, which
was then reduced under flowing hydrogen at 533 K. The total pressure of the system was
then increased by addition of nitrogen to a value slightly higher than the vapour pressure
of water at the reaction temperature. The system pressure was controlled by a backpressure
regulator. An aqueous solution containing 1 wt% of the oxygenated compound was fed
continuously, using a high-performance liquid chromatography (HPLC) pump, at
3.6mlh ™t into the reactor heated to the desired reaction temperature. Under these
conditions, the WHSV was 0.008 g of oxygenated compound per g of catalyst per h
through the reactor. The effluent from the reactor was water-cooled in a double-pipe heat
exchanger to liquefy the condensable vapours. The fluid from this cooler was combined
with the nitrogen make-up gas at the top of the cooler, and the gas and liquid were
separated in a stainless-steel vessel (about 130 cm®) maintained at the system pressure. The
effluent liquid was drained periodically (every 12 h) for total organic carbon (TOC)
analysis and for detection of the primary carbonaceous species using gas chromatography
and HPLC. The effluent gas stream passed through the back-pressure regulator and was
analysed with several online gas chromatographs. The kinetic data for each reaction
condition were typically collected over a 24-h period, after which the reaction conditions
were changed. The catalyst performance was stable for times on stream of at least 1 week.
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Pfiesteria piscicida and P. shumwayae reportedly secrete potent
exotoxins thought to cause fish lesion events, acute fish kills and
human disease in mid-Atlantic USA estuaries'~’. However, Pfies-
teria toxins have never been isolated or characterized®. We
investigated mechanisms by which P. shumwayae Kills fish
using three different approaches. Here we show that larval fish
bioassays conducted in tissue culture plates fitted with polycar-
bonate membrane inserts exhibited mortality (100%) only in
treatments where fish and dinospores were in physical contact.
No mortalities occurred in treatments where the membrane
prevented contact between dinospores and fish. Using differen-
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tial centrifugation and filtration of water from a fish-killing
culture, we produced ‘dinoflagellate’, ‘bacteria’ and ‘cell-free’
fractions. Larval fish bioassays of these fractions resulted in
mortalities (60-100% in less than 24 h) only in fractions contain-
ing live dinospores (‘whole water’, ‘dinoflagellate’), with no
mortalities in ‘cell-free’ or ‘bacteria’-enriched fractions. Video-
micrography and electron microscopy show dinospores swarm-
ing toward and attaching to skin, actively feeding, and rapidly
denuding fish of epidermis. We show here that our cultures of
actively fish-killing P. shumwayae do not secrete potent exotox-
ins; rather, fish mortality results from micropredatory feeding.

Massive fish kills in mid-Atlantic USA estuaries involving several
million Atlantic menhaden, Brevoortia tyrannus, have been attrib-
uted to dinoflagellates of the toxic Pfiesteria complex (TPC)°. Potent
ichthyotoxins secreted during Pfiesteria blooms are thought to be
responsible for mortality as well as for deeply penetrating, so-called
‘Pfiesteria-specific’ skin ulcers in these fish**°. However, earlier
investigations attributed the menhaden ulcers to fungal infec-
tions'®**, and Aphanomyces invadans, a highly pathogenic oomy-
cete’?, is now considered the aetiologic agent****. We recently
demonstrated that A. invadans is a primary pathogen, able to elicit
menhaden ulcer disease in the absence of Pfiesteria species or other
environmental stressors'®. Thus, the role of Pfiesteria species in
menhaden lesion events is now questioned®¢,

In contrast to the oomycete-induced ulcers of wild menhaden,
laboratory exposure of fishes to an unidentified Pfiesteria species
elicited rapid, widespread epidermal erosion, osmoregulatory dys-
function and death, with potent exotoxins assumed responsible®.
However, direct attachment of P. shumwayae dinospores to skin,
gills, olfactory organs, the oral mucosa and the lateral line canal,
associated with extensive tissue damage, has been observed®. A
direct physical association with these fish tissues had not to our
knowledge been previously reported, and this suggested an alterna-
tive mechanism of pathogenesis for P. shumwayae. To better under-
stand this association and to clarify the consequences of dinospore
attachment, we conducted laboratory challenges using a sensitive
larval fish bioassay.

We exposed larval sheepshead minnows, Cyprinodon variegatus,
to Pfiesteria spp. in six-well tissue culture plates containing poly-
carbonate membrane inserts (Millicell). This created two compart-
ments within each well (‘in, inside insert; ‘out’, outside insert),
allowing separation of fish from dinospores across a permeable
membrane (Fig. 1). Mortalities occurred only in treatments where
fish and P. shumwayae dinospores were in direct physical contact
(Fig. 2a: B in, D in, F). Fish physically separated from dinospores (A
in, B out versus in) did not die, even if they resided within the same
well as dying fish in contact with dinospores (B in versus out). Fish
in negative controls (C) and fish exposed to a non-pathogenic strain
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Figure 1 Experimental design for the membrane insert study Gginigdémval
variegatus exposed ®fiesteria shumwayae (Ps) anfl. piscicida (Pp).
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