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Abstract

The rates of aqueous-phase reforming of methanol and ethylene glycol to foendHCQ were measured under kinetically controlled
reaction conditions at temperatures of 483 and 498 K over alumina-supported platinum catalysts. Results show that the rates of formatio
of Hy from aqueous solutions of methanol (from 1 to 10 wt%) are similar to the rates of conversion of ethylene glycol, suggesting that
C-C bond cleavage is not rate limiting for ethylene glycol reforming. Aqueous-phase reforming of both oxygenated hydrocarbons over
Pt/Al,03 leads to nearly 100% selectivity for the formation of ttompared to the formation of alkanes), suggesting that methanation or
Fischer-Tropsch reactions involving ZOO, and H do not appear to be important over platinum-based catalysts under the conditions of the
present study. The rate of production of hydrogen is higher order in methanol (0.8) compared to ethylene glycol (0.3-0.5), and the reaction i
weakly inhibited by hydrogen<0.5 order) for both feedstocks. The rates of aqueous-phase reforming of methanol and ethylene glycol show
apparent activation barriers of 140 and 100rkdl, respectively, from 483 K and 22.4 bar total pressure to 498 K and 29.3 bar total pressure.
Low levels of CO & 300 ppm) are detected in the gaseous effluents from aqueous-phase reforming of methanol and ethylene glycol over
alumina-supported Pt catalysts, suggesting that water—gas shift processes are operative under the aqueous-phase reforming conditions of |
study. The observed reaction kinetics for ethylene glycol of this study can be explained by a reaction scheme involving quasi-equilibrated
adsorption of ethylene glycol, waterpiHand CQ, combined with irreversible steps involving dehydrogenation of adsorbed ethylene glycol to
form adsorbed €0,H, * species, cleavage of the C—C bond to form adsorbed CGiecies, further dehydrogenation leading to adsorbed
CO*, and removal of adsorbed C®y water-gas shift. Aqueous-phase reforming of methanol may take place by a similar reaction scheme,
without the step involving cleavage of the C—C bond. The nearly first-order reaction kinetics with respect to methanol can be explained by
weaker adsorption of methanol compared to molecular adsorption of ethylene glycol.
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1. Introduction ticular, H, and CQ would be produced by reforming of
biomass resources, and the £faroduced as a by-product
Fuel cells have emerged as promising devices for cleanwould be fixed and stored by plant biomass grown sub-
and efficient generation of power for global energy needs. sequently for further hydrogen production. In this respect,
For example, fuel cells that generate power from hydrogenwe have recently reported that hydrogen can be produced
operate at relatively low temperatures (e.g., 350 K) and pro- at relatively low temperatures (e.g., 500 K) over supported
duce only water as a by-product. While hydrogen fuel cells pt catalysts by liquid-phase reforming of biomass-derived
have a low impact on the environment, current methods for oxygenated hydrocarbons (such as methanol, ethylene gly-
producing hydrogen require high-temperature steam reform-co|, glycerol, sorbitol, and glucose) [1]. In addition to utiliz-
ing of nonrenewable hydrocarbon feedstocks. Greater enVi-ing renewable feedstocks, this method of generating hydro-
ronmental benefits of generating power from hydrogen fuel gen by liquid-phase reforming of oxygenated hydrocarbons
cells would be realized if the hydrogen fuel could be pro- gliminates the need to vaporize water and the oxygenated hy-
duced from renewable resources, such as biomass. In pargrgcarbon (which reduces the energy requirements for pro-
ducing hydrogen), and the production of ldnd CQ by
~* Corresponding author. liquid-phase reforming leads to low levels of CO in a single-
E-mail address: dumesic@engr.wisc.edu (J.A. Dumesic). step catalytic process.
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Liquid-phase reforming of oxygenated hydrocarbons,  Prior to collection of reaction kinetics data, each catalyst
such as methanol and ethylene glycol, takes place accordingvas reduced on the kinetics apparatus ip (100 cn?
to the following stoichiometric reactions: (STPYmin). The reactor was heated to 523 K (0.3rKin)

and then held at this temperature for 2 h. Carbon monoxide

CHzOH + H20 — 3Hz + COy, (1) chemisorption at 300 K as described elsewhere [2] was

CoHgO2 4 2H20 — 5Hy + 2C0,. (2) performed on each catalyst after an identical pretreatment,

These reactions may take place via formation of CO as anf"md the number of catalytic sites was taken to be the

intermediate product, which is subsequently converted to irreversible CO uptake.

CO;, by the water—gas shift reaction 22 Reaction kinetics . ts

CO+ H20 <> Hy + COp. (3)
. . . ) Fig. 1 shows a schematic of the apparatus used to conduct
Alternatively, it is possible that Cfcould be produced di- aaction kinetics studies of the liquid-phase reforming of

rectly. Generation of liand CQ by liquid-phase reforming  ethanol and ethylene glycol. The reactor is a 6.3-mm
at low temper.atures, howe\(er, is accompanied by selectivity 4 (% inch) and 5-mm id stainless-steel tubular reactor
challenges, since the reaction of Bind CO or CQtoform  ¢qngisting of a packed bed 3-10 mm long of sieved powder
alkanes (G:H2, +2) (e.g., reaction (4) below) and water is  catalyst (0.1-0.3 g). A liquid solution of 10 wi% ethylene
also highly favorable at these low temperatures. For exam-g}vco| or methanol in deionized water is introduced in an up-
ple, the equilibrium constant at 500 K for the conversion of g4,y configuration at 0.30 nimin with an HPLC pump. The
CO, and K to give methane, by the following reaction, is of  qta] pressure of the system is regulated to 22.4 or 29.3 bar
the order of 16° per mole of CQ: with N2 carrier gas, which bubbles through the effluent and
CO, + 4Hp <> CHy + 2H,0. (4) sweeps gaseous products for analysi§ tp gas chromatographs
(GCs) equipped with thermal conductivity detectors (TCD).
In addition, an oxygenated hydrocarbon can form alkanes Hydrogen is separated via a Porapak Q column, carbon
via cleavage of C-O bonds, followed by hydrogenation, as monoxide by a molecular sieve (5A) column, and £O
represented for ethylene glycol by and alkanes by a Hayesep D column. Liquid products are
CoHeOs + 3Ha <> 2CH, + 2Hs0. 5) collected in the gas-liquid separator and analyzed after each

CoHeO2 + 2H, <> CoHg + 2H0. (6) Check

Valve
Back-pressure |
Regulator

N, sweep gas to dip tube

In the present paper, we report results of experimental
studies to determine the intrinsic rates of liquid-phase re- duttc
forming for methanol and ethylene glycol over alumina-
supported platinum catalysts. We conduct reaction kinetics
measurements at various temperatures, different concentra
tions of methanol and ethylene glycol, and different pres-
sures. We use the results from these measurements to sug
gest the nature of rate-limiting processes for liquid-phase re-
forming reactions.

Liquid-gas
Separator

Liquid
Effluent

2. EXperImentaI Drain

2.1. Catalyst preparation

Alumina-supported catalysts (CatapayBAl O3, Grace) {,,.?,2 -
were prepared by incipient wetness impregnation (1.8 cm Tubular Al
Furnace

solution per gram of support) with aqueous solutions of
tetraamine platinum nitrate (Pt(Nf4(NO3)2, Strem Chem-

icals), followed by treatment in an oven at 373 K for 12 h.

All catalysts were subsequently heated to 533 K (1/816)

in a mixture of 10% @/He (300 cni(STP)min) in a Pyrex

cell and held at 533 K for 2 h. The calcined catalysts were _
then sieved to a 120-230-mesh size (particle diameters be- el
tween 63 and 125 pm) and loaded into reactors. Catalyst

metal loadings were verified by atomic absorption spec- Fig. 1. Apparatus for reaction kinetics studies of liquid-phase oxygenate
troscopy of the calcined samples (AAEP). reforming.

H, for catalyst activation

HPLC Pump
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run with a GC equipped with a flame-ionization detector 4. Results
(FID) and an Innowax column and an HPLC with an
Aminex HPX 87H column and both refractive index (RI) Dimensionless transport criteria for an agqueous environ-
and ultraviolet (UV) detectors. Reaction kinetics data were mentwere evaluated for the reactor system using several cat-
collected for up to 8 h on stream for each set of reaction alyst particle sizes. The highest temperature of the present
conditions, to assure that the catalyst system reached steadgtudy (i.e., 498 K) was selected and a high value of the
state. Replicate runs with both methanol and ethylene glycol catalyst pore tortuosity [14] (i.e., 10) was assumed to im-
give a standard deviation in the hydrogen turnover frequency pose the most severe transport limitations encountered in the
of 0.5 min ! at 483 K and 0.2 min! at 498 K. reactor-catalyst system. Table 1 shows computed values of
The furnace was a close-fitting, well-insulated aluminum dimensionless groups used to assess the importance of vari-
block, heated externally with high-temperature heat tape. ous transport limitations. Three cases are shown to illustrate
This construction allows for effective heat transfer to the re- the onset of transport limitations as the catalyst loading and
actor wall and provides isothermal operation of the reaction particle size increase. Mass transfer becomes limiting before
zone. The gas and liquid holdups in the system were min- heat transfer, and interphase mass transfer becomes limiting
imized to reduce the time necessary for steady state to beonly after intraphase mass transfer resistance is significant.
reached and to decouple chemical phenomena in the reactofor the largest particles with the highest metal loading, the
from the physical lag time in product sampling. A pressure internal effectiveness factor decreases to a value of about 0.8.
gauge was fitted on the HPLC pump outlet to measure the ~ The presence of transport limitations for aqueous-phase
pressure drop through the catalyst bed. Under reaction conteforming of 10 wt% ethylene glycol solutions was tested
ditions, this pressure drop was less than 0.4 bar. The con-experimentally using the Madon—Boudart method. Accord-
versions of ethylene glycol and methanol were maintained ingly, three PtAl203 catalysts with different metal loadings

ylene glycol reforming was measured on these catalysts at

483 and 498 K. The properties and performance of each cat-
alystare shown in Table 2. A plot of the rate of hydrogen pro-
duction versus metal loading is shown in Fig. 2. The slope
. . . of this plot is approximately equal to unity for the 0.16 and
The influence of transport phenomena on chemical ki- o 59 wt9 Pt catalysts at 483 and 498 K, indicating that the
netics measurements has been thoroughly analyzed from aadon-Boudart test for the absence of transport limitations
theoretical point of view [3-11]. To supplement theoreti- s satisfied in this regime. The slope of the line deviates from
cal approaches, experimental tests have been developed t@ity hetween catalyst loadings of 0.59 and 3.4 wt%. Some
assess whether transport limitations are present. Koros angyf this deviation may be caused by the lower dispersion of
Nowak [12] proposed a method based on the fact that the the high loading catalyst. However, transport limitations ap-
reaction rate (umg(min geay) should be proportional t6, pear to be present for the high loading catalyst, since the
the number of active sites per unit volume of the reactor, in slope decreases further from unity as the temperature is in-
the absence of any transport limitations. In contrast, the re- creased from 483 to 498 K.
action rate is proportional t6%/2 when intraparticle mass Since transport limitations are absent for aqueous-phase
transport is limiting, and the rate is relateds®when inter- reforming over 0.59 wt% PAIl,03, this catalyst was se-
phase mass transport limitations occur. Thus, if S is varied |ected for further studies of the intrinsic kinetics of methanol
by diluting the active catalyst with an inert (maintaining par- and ethylene glycol reforming. Fig. 3 shows the rates of
ticle size and geometry constant) and the rate is proportionalhydrogen production at 498 K from ethylene glycol and
to S, then the catalyst is operating in the kinetically con- methanol reforming versus the liquid-phase concentrations
trolled regime. This test probes both intraparticle and inter- of these oxygenated hydrocarbons. The reaction order with
phase limitations simultaneously without changing the flow respect to ethylene glycol concentration decreases from
field in the reactor. about 0.5 between 1 and 4 wt% ethylene glycol in the feed
Madon and Boudart [13] showed that the Koros-Nowak to about 0.3 between 4 and 10 wt% ethylene glycol in the
criterion could be applied to supported metal catalysts by feed. In contrast, the reaction order with respect to the liquid-
varying the metal loading. Thus, in the kinetically controlled phase methanol concentration is about 0.8 over the entire
regime, the ratio of specific reaction rates is equal to the ratio concentration range from 1 to 10 wt%. Since the selectivity
of surface sites measured for two catalysts. The Madon—to hydrogen is essentially 100%, the rate of ggboduction
Boudart criterion is particularly useful because no inert can be determined by the reforming reaction stoichiometry.
diluent must be chosen, and pelletization no longer becomes  Fig. 4 shows the effect of the system total pressure on
an issue. Instead, catalyst preparation and pretreatment mughe rates of methanol and ethylene glycol reforming at
be controlled to maintain the same metal dispersions for 483 K. It can be seen that the total pressure has a strong
the catalysts, thus eliminating possible effects caused byinhibiting effect on the rate of hydrogen production. As
structure-sensitive reactions. the total pressure of the system is lowered closer to the

3. Transport limitations
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Table 1
Computed transport criteria for the catalyst-reactor system in three configurations using the most severe reaction conditions
Catalyst: 3.43% BAl,03 3.43% PtAl,03 0.59% P{Al,O3
Particle treatment: pelletized —120/+230 mesh—120/+230 mesh
Max particle diameter (m): 0.0030 0.00013 0.00013
Sites (umolg): 105 105 25
Formula Computed values Target Criterion Ref.
Internal effectiveness factor 0.78 0.99 1.00
AH|IF" 2
Interphase heat ‘h‘# 61x1077  46x1011  11x101 <e2x103 0158k [6]
, |AH|r"rf 9 1 12 RTw/E
Interparticle heat T‘Nz 7.5x 10 14x 10~ 3.0x 10~ <0.015 04[1+8<rp‘7/71e0)3i\,v] [6]
. AH|r"
Intraparticle heat ‘)\‘% 75x 1079 13x 10711 30x 10712 <0.031 0.75RTy 3]
Isothermal pellet lvBl 2.7x 1073 2.7 x 1073 2.7x 1073 <0.025 Q051 71
a
Isothermal pellet- film ‘yﬂ + 0‘3””;% 28x 1073 27x10°3 27 %1073 <0.025 Q05 [7]
"2
Intraparticle mass gsl’)r; 6.7 0.012 0 x 1073 <35 3.5forn=05 [10]
"2
Interphase mass ’Cb—;'; 0.41 14x 1074 33x10°5 <0.30 015/n [4]
Length for axial dispersion (m) ZrL 2.8x 1073 2.8x 1073 2.8x 1073 <16 % In1-X) [7]
m.2 A" 2E
Intraparticle heat mass e 3.4 60x 1073 10x 1073 <10 [27]
_ _ ) _ 140.33
Intraparticle+ interphase CiDe 13 0.023 49 x 103 <20 \nﬂ/;\(l% [71

heat+ mass

Calculated transport criteria should be less than the values in bold to avoid limitations.

1000 —r——r—rrr ———ry

Table 2
Madon—Boudart test results for three/Rk,O3 catalysts sieved between
120- and 230-mesh size (63- to 125-pum sieve openings)

L1

Slope = 0.84
Catalyst CQPt Carbon conversion HTOF

ratio to gas (%) (min1)
483 K 498 K 483 K 498 K
0.16% PfAI,03  0.63 0.2 04 43 9.4

0.59% P{AI,03 0.82 1.0 1.9 4.2 9.0
3.43% PYAI 03 0.60 1.6 3.4 35 7.0

Slope = 0.88

Slope = 0.97
100

rate (umol/min/gcat)

bubble point of the feed solution (i.e., approximately equal

to the vapor pressure of water plus the vapor pressure of
the oxygenated hydrocarbon times its mole fraction), the

rate becomes approximately minus third order in the total L —o—483K
pressure. The effect of total pressure effect is less significant
at pressures well above the bubble point.

A chemical explanation for the strong effect of the system
total pressure on the rate of liquid-phase catalytic reforming
can be formulated based on a pressure balance for the
system. As presented in greater detail under Discussion, weFig. 2. A plot of the specific rate of hydrogen production as a function
suggest that the gaseous bubbles formed during liquid-phasef the catalyst loading (10 wt% ethylene glycol feed solution at 483 and
reforming of methanol and ethylene glycol are composed 498 K), showing that the Madon—Boudart criterion is satisfied for catalysts

f th ti duct | th t d ¢ dcontaining at least up to 0.59 wt% Pt and less than 3.4 wt% Pt. The
0 € reaction products plus the water and oxygenate total system pressure was maintained at 22.4 and 29.3 bar, respectively,

hydrocarbon reactants at their reSPECti\_/e vapor pressure€sapproximately 3 bar above the vapor pressure of water at each temperature.
Since the total pressure of the bubbles is equal to the total

pressure of the system, we may then calculate the hydrogen

partial pressure in the catalyst bed. Fig. 5 shows a plot of the reaction rate in approximately negative one-half order
the rate of hydrogen production from methanol and ethylene with respect to the hydrogen pressure for both methanol and
glycol reforming at 483 K versus the calculated hydrogen ethylene glycol feedstocks.

partial pressure. It can be seen that the rate of hydrogen The effect of temperature on the rate of reforming for
production is inhibited by the hydrogen partial pressure, and methanol and ethylene glycol was studied while maintaining

Slope = 0.98 1

2

—o0—498K

10 L] . e
10 100

f (umol sites/gcat)
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Fig. 3. The effect of methanol and ethylene glycol inlet concentration on 2

the rate of hydrogen production over the range of 1-10 wt% in an aqueous

feed solution. Experiments were conducted at 498 K and a total pressure ofF19- 5. The effect of hydrogen partial pressure on the rate of hydrogen
production. Experiments were conducted with a 10 wt% aqueous methanol

29.3 bar.
or ethylene glycol feed solution at 483 K over a total pressure range of
22.4-36.2 bar.

—E— Methanol

—&— Ethylene Glycol pressures of 1.5 and 3.0 ba.r for experiments with methan_ol
and ethylene glycol, respectively). These measurements give

1 apparent activation energy barriers of approximately 140 and

Order = 2.5 100 kJ¥mol for methanol and ethylene glycol reforming,

respectively.

Analysis showed that the liquid reactor effluent contained
small amounts of by-products. Ethylene glycol effluents
showed several alcohols, aldehydes, and acids. The liquid
effluent from the highest conversion ethylene glycol run
contained unreacted ethylene glycol, 170 wppm methanol,
110 wppm ethanol, 20 wppm glycolaldehyde, and less
than 10 wppm each of glycolic acid, acetic acid, and
acetaldehyde. Reaction kinetics runs with methanol in the
feed showed only unreacted methanol. Traces of higher
1 . . molecular weight condensation products were found in

20 30 40 both methanol and ethylene glycol liquid reactor effluents.
Although high-temperature water is known to be fairly
Total Pressure (bar) corrosive, no dissolved Pt or Ak{1 wppm) was detected

Fig. 4. The effect of total system pressure on the rate of hydrogen in the reactor effluent by atomic absorption spectroscopy.
production. Experiments were conducted with a 10 wt% aqueous methanol
or ethylene glycol feed solution at 483 K over a total pressure range of

22.4-36.2 bar. 5. Discussion

(1/min)

Order =-0.6

Order =-3.6

H TOF

Order =-0.1

the total pressure of the system at a value 3 bar above The rate of the aqueous-phase ethylene glycol reforming
the vapor pressure of water at each temperature. In thisreaction is fractional order with respect to the concentration

way, the hydrogen partial pressure was maintained at aof ethylene glycol in the feed, approaching low-order kinet-

nearly constant value for each temperature. Accordingly, ics (i.e., 0.3) as the liquid-phase concentration approaches
measurements of the rate of hydrogen production were madel0 wt%. These results suggest that the fractional surface cov-
at 483 K and 22.4 bar total pressure, and at 498 K and erage by adsorbed species derived from ethylene glycol is
29.3 bar total pressure (corresponding to hydrogen partial significant under the experimental conditions of the present
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study. In contrast to ethylene glycol reforming, the methanol by the same surface processes, such as C—H and O-H bond
reforming reaction is nearly first order (i.e., 0.8) with respect cleavage steps leading to the formation of dehydrogenated
to methanol over the liquid-phase concentration range from surface intermediates, and steps involving the removal of
1 to 10 wt%. The higher reaction order for methanol reform- adsorbed CO from the Pt surface by water—gas shift.
ing may be due to the weaker adsorption of methanol on  Since agqueous-phase reforming of methanol and ethylene
Pt surfaces compared to bidentate adsorbed ethylene glyglycol generates 4 CO,, and CH;, (and smaller amounts
col [15]. Thus, at high feed concentrations, the rates of re- of ethane), gas bubbles are formed within the liquid-phase
forming of methanol and ethylene glycol are similar, but the flow reactor. These bubbles are not diluted by nitrogen car-
rate of methanol reforming is slower compared to ethylene rier gas from the separator, because nitrogen is not soluble
glycol at lower feed concentrations, as seen in Fig. 3, due toin the aqueous reactor effluent that stands between the cata-
weaker adsorption and thus lower surface coverages of adlyst bed and the separator. Accordingly, the total pressure in-
sorbed species derived from methanol. side the bubbles can be approximated as the total pressure of
An important aspect of the present study is that very the system. Assuming vapor-liquid equilibrium, the bubbles
low levels of CO & 300 ppm) are detected in the gaseous should contain water and feed partial pressures commensu-
effluents from aqueous-phase reforming of methanol andrate with their vapor pressures in the feed solution. The re-
ethylene glycol over the alumina-supported Pt catalysts of maining pressure must be the sum of the partial pressures of
this study. This observation suggests that the water—gasthe product gases:
shift reaction may be an important aspect of the liquid-
phase reforming process, as seen in steam reforming of’system™ Poubble=) _Pi+ D Pj. (7
methanol over supported Pt [16,17] and Ni [18] catalysts. feed products
In particular, it appears that reforming and water—gas shift Since the relative concentrations of the product gases (i.e.,
reactions take place in the same reactor at the temperatureghe reaction selectivity) is known from analysis of the
of the present study (e.g., at 500 K). The equilibrium nitrogen-diluted streamF; giiuted), the partial pressure of

constant,Kwgs, for the water gas shift reaction at 500 K each product gang-) in the bubbles can be found:
is equal to 3100 bar, when the reaction is written in terms of

quuid'-phase W?IGI‘ (i,eKwgs = PCOZPHZ/PcoaHZQ). qu o Pj= Pj,diluted (Pbubble— Z Pi>- (8)
the dilute solutions of the present study, the activity of liquid Y. Pjdiluted tood
products

water is essentially equal to unity. Thus, as the water—gas
shift reaction becomes quasi-equilibrated, the correspondingUsing this scheme to calculate the partial pressure of hy-
ratio of pressure®p (= Pco,PH,/Pco) approaches the drogen in the reactor, we have found that the reaction or-
value of Kywgs. Reaction kinetics experiments conducted at der with respect to the hydrogen pressure is approximately
higher conversions (e.g., 10-15%) where detectable amounts-0.5. This inhibiting effect of hydrogen on the rate of re-
of CO can be observed indicate that the value @# forming reactions could be caused by the blocking of sur-
at 500 K is equal to 1100 bar, indicating that the water face sites by adsorbed hydrogen atoms. In addition, hydro-
gas shift reaction is nearly equilibrated. Thus, it appears gen could inhibit the rate by decreasing the surface concen-
that the water—gas shift reaction may be responsible for trations of reactive intermediates formed from dehydrogena-
providing a pathway for removing adsorbed CO from the tion of the oxygenated hydrocarbon reactants.
Pt surface at the relatively low temperatures of this study, The effect of total pressure may also be caused in part by
thereby preventing adsorbed CO from inhibiting reforming partial vaporization of the oxygenated hydrocarbon reactant,
reactions by blocking surface sites. Without water present, especially for the case of methanol reforming. Alternately,
carbon monoxide poisoning of metal surfaces has beenif the chemistry is dominated by liquid-phase reforming,
well documented by TPD studies to occur at temperatureschanges in pressure may change the wetting efficiency of
at near 500 K [19]. Infrared spectroscopic studies of the the catalyst. Catalyst wetting is of importance in gas-liquid—
electrochemical oxidation of methanol [20] and ethylene solid reactors [23], and system pressure affects the density
glycol [21] show production of CO on Pt surfaces at low and bubble size distribution of gases bubbling through the
temperatures (e.g., 300 K), as confirmed by theoretical liquid [24,25].
density functional calculations [22]. It appears that alkane by-products formed during liquid-
The results of the present study show that the rate of phase reforming are produced from the reactants by reac-
aqueous-phase reforming of methanol is similar to the rate oftion pathways parallel to the production of hydrogen. For
ethylene glycol reforming over Palumina at temperatures example, the formation of ethanol during liquid-phase re-
near 500 K. This observation suggests that cleavage of theforming of ethylene glycol suggests that C—O bond cleav-
C-C bond in ethylene glycol is not a rate-limiting step in age in the ethylene glycol (i.e., dehydration) and subsequent
the reforming process, otherwise the rate of ethylene glycol hydrogenation have occurred. Similarly, methanol may be
reforming would have been slower than the rate of methanol converted to methane. Cleavage of the C—O bond may take
reforming. Thus, it appears that aqueous-phase reformingplace by an acid-catalyzed pathway on the support or over
reactions of methanol and ethylene glycol may be limited the metal, while hydrogenation to form the alkyl group most



350 J.W. Shabaker et al. / Journal of Catalysis 215 (2003) 344-352

likely takes place over the metal surface. The alkane selectiv-, — ernKEGPEG/ [1 + Kriy Pty <1 + M)
ity has also been shown to be relatively insensitive to conver- kwGsKH,0 PH,0

sion and to changes in hydrogen partial pressure caused by Kn.0PH.012
altering the total system pressures; therefore, it appears un- + KegPeg + #} . 9)
likely that alkanes are formed in significant amounts by se- v Kz P,
ries reactions involving bland CQ' CO; over the platinum-  The terms in the denominator of this rate expression corre-
based catalysts of the present study; i.e., alkanes are notpond (from left to right) to surface coverage by vacant sites,
formed by methanation or Fischer—Tropsch reactions from H* CO*, C,0gHg*, and OH-. This rate expression is consis-
CO/CO; and H. tent with the observed negative reaction order with respect to
We now speculate about the form of the rate expressionhydrogen, and this negative order is explained by the block-
for aqueous-phase reforming of an oxygenated hydrocarboning of surface sites by adsorbed Hr CO*. In addition, the
such as ethylene glycol. We suggest that the following rate expression is consistent with the observed fractional re-
reaction scheme may capture the essential surface chemistryaction order with respect to ethylene glycol, and this frac-
tional order is explained by the blocking of surface sites by

K
Co0,Hg +* = Co0Hs* (quasi-equilibrated), adsorbed @0,Hg" or CO".
Ko Aqueous-phase reforming of methanol may take place by
H,0+2° = OH +H* (quasi-equilibrated), a reaction scheme similar to.that dgscribed above for ethyl-
X ene glycol, without the step involving cleavage of the C-C
H, + 2* (jHZ 2H'  (quasi-equilibrated), bond. The nggative reaction grder with respect to hydrogen
< can be explained by the blocking of surface sites by adsorbed
Ccop . _ . . . . _
CO;+* = CO* (quasi-equilibrated), H* or CO". The nearly first order. reaction k|pet|cs with re
) spect to methanol can be explained by noting results from
Co0oHg™ + * =& CoOoH5* 4+ H*; DFT calculations which show that molecular adsorption of
) ) ] . methanol on Pt is weaker compared to molecular adsorption
irreversible steps leading tOzH, ™, of ethylene glycol [15]. We also note that the observed reac-
ko tion kinetics for aqueous-phase reforming of methanol may
Co02H, " +* =" 2COH,™; be complicated by the possible contribution of vapor-phase

methanol reforming, since methanol is more volatile com-

irreversible steps leading to CO pared to ethylene glycol

CO- + OH* "S5 COLY* + H*:

where * represents a surface Pt site. We assume in this6. Conclusions

scheme that adsorption steps involving ethylene glycol, wa-

ter, Hp, and CQ are quasi-equilibrated. We also assume that  Reaction kinetics measurements onf/AtbO3 catalysts
reforming takes place through a series of irreversible steps,with different metal loadings were carried out (employing
since the equilibrium constants for these steps are probablythe Madon—Boudart test) to determine kinetically controlled
rather large in view of the very favorable thermodynamics rates for agueous-phase reforming of methanol and ethylene
for the overall reforming reaction leading to; tnd CQ. glycol at 483 and 498 K. These results show that methanol
These reforming reactions involve dehydrogenation of ad- and ethylene glycol have similar reactivity for aqueous-
sorbed ethylene glycol to form adsorbegd;H, * species phase reforming over PAI>O3 at consistent ¢H,0 feed
(rate constankxn), cleavage of the C—C bond to form ad- ratios, indicating that C—C bond cleavage is not rate limiting
sorbed COH* species (rate constakt—c), further dehy- for ethylene glycol reforming. The rate of hydrogen produc-
drogenation leading to adsorbed €@nd removal of ad-  tion is higher order in methanol (0.8) than ethylene glycol
sorbed CO by the water—gas shift reaction (rate constant (0.3-0.5), while the reaction is weakly inhibited by hydro-
kwas). We have assumed that @@ formed from CO bythe  gen for both feedstocks0.5 order). Thus, it appears that
water—gas shift reaction; however, we note it is also possible the surface coverage by species derived from ethylene glycol
that reforming forms C@by reaction of water or hydroxyl is higher than from methanol under aqueous-phase reform-
groups with more hydrogenated surface intermediates (i.e.,ing reaction conditions. The inhibiting effect of hydrogen on
the reaction scheme does not pass through adsorbéjl CO the rate of reforming could be caused by the blocking of sur-
This development is similar to the vapor phase decomposi-face sites by adsorbed hydrogen atoms. In addition, hydro-
tion of methanol over PSiO, and other catalysts [26]. Ifwe  gen could inhibit the rate by decreasing the surface concen-
now assume that the most abundant surface species are adrations of reactive intermediates formed from dehydrogena-
sorbed GO2Hg™, H*, OH*, and CJ, then the following rate  tion of the oxygenated hydrocarbon reactants. The rate of
expression for aqueous-phase reforming of ethylene glycolaqueous-phase reforming is more temperature dependent for
is obtained: methanol than ethylene glycol, with apparent activation bar-
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riers of 140 and 100 kinol, respectively, from 483 K and  De
22.4 bar total pressure to 498 K and 29.3 bar total pressure. E
The liquid-phase environment of the present study fa- &

vors the water—gas shift reaction, thereby mitigating the po- AH

tential blocking of surface sites by adsorbed CO species. k¢
Accordingly, low levels of CO & 300 ppm) are detected
in the gaseous effluents from aqueous-phase reforming ofk
methanol and ethylene glycol over alumina-supported Pt cat- k¢
alysts, and aqueous-phase reforming of both oxygenated hy-
drocarbons over PAl2O3 leads to nearly 100% selectivity K
for the formation of H (compared to the formation of alka- L
nes). Since the selectivity for hydrogen production is essen-»
tially independent of conversion, it appears that the series p
hydrogenation of C@CO; to alkanes is not significant over 0
Pt/Al>O3 under the conditions of the present study. R
Inhibition of the reaction rate by increased system pres- R,
sure is caused by a corresponding increase in the partial presgy,
sure of hydrogenin the reactor. In addition, the effect of total "
pressure on the reaction rate may be caused by physical phe,—p
nomena such as gas-liquid holdup and catalyst wetting. Thes
observed reaction kinetics of this study for ethylene glycol 7,
reforming can be explained by a reaction scheme involving 75
quasi-equilibrated adsorption of ethylene glycol, water, H 7,
and CQ, combined with irreversible steps involving dehy- 3
drogenation of adsorbed ethylene glycol to form adsorbed x
C202H,* species, cleavage of the C-C bond to form ad- g
sorbed COH* species, further dehydrogenation leading to 4,
adsorbed C® and removal of adsorbed Cly water—gas ¢
shift. Aqueous-phase reforming of methanol may take place
by a reaction scheme, without the step involving cleavage of
the C—C bond. The nearly first-order reaction kinetics with
respect to methanol can be explained by weaker adsorption,,
of methanol compared to molecular adsorption of ethylene
glycol. The observed reaction kinetics for aqueous-phase re-,,
forming of methanol may also be complicated by the possi-
ble contribution of vapor-phase methanol reforming.
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Effective diffusivity

Activation energy of the reaction
Heat transfer coefficient

Heat of reaction

Mass—transfer coefficient between the catalyst and

bulk phases
Thermal conductivity of liquid

Effective thermal conductivity across the catalyst

bed

Equilibrium constant

Catalyst bed length

Reaction order

Pressure

Reaction quotient

Gas constant

Outer radius of reactor

radius of catalyst bed

Reaction rate per catalyst volume
Catalyst particle radius

Active sites per catalyst bed volume
Temperature of the bulk phase
Catalyst surface temperature
Reactor wall temperature
Superficial velocity

Dimensionless conversion
(—AH)DeCs/(ATs)

E/(RTs)

Pore volume fraction of the catalyst pellet
|=AH|rpr” [ (hTp)

Thermal conductivity of the catalyst particle
Static viscosity

Density

Tortuosity factor

rpr”’ /(Cpke)
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