
A

a
s
r
u
s
a
o
o
©

K

1

d
f
t
f
e
n
a
s
h
f
m
p
o
t
a
p

1
d

Chemical Engineering Journal 125 (2007) 139–147

Kinetic modeling of steam reforming of ethanol for the
production of hydrogen over Co/Al2O3 catalyst

D.R. Sahoo, Shilpi Vajpai, Sanjay Patel, K.K. Pant ∗
Department of Chemical Engineering, Indian Institute of Technology-Delhi, Hauz Khas, New Delhi-110016, India

Received 5 May 2006; received in revised form 2 August 2006; accepted 7 August 2006

bstract

The kinetics study of steam reforming of ethanol was done using Co/Al2O3 catalysts to investigate the effect of reaction temperature, contact-time
nd steam to ethanol molar ratio on hydrogen production. Co/Al2O3 catalysts, prepared by wet impregnation method, were characterized for their
urface area, pore volume, pore size and X-ray diffraction pattern. All the experiments were carried out in a fixed-bed tubular reactor. Surface
eaction mechanism has been proposed based on the literature and product distribution obtained in the present study. The mechanistic kinetic model
sing Langmuir–Hinshelwood (L–H) approach was developed considering surface reaction mechanisms of steam reforming of ethanol, water gas
hift and ethanol decomposition reactions. The kinetic parameters of the multi-response non-linear mechanistic kinetic model were estimated using

non-linear least-square regression by fitting the expression to the experimental data. A reasonably good fit of the data indicates that the formation
f acetaldehyde from ethoxy is the rate-determining step (RDS) for reforming reaction. The kinetic model is able to describe the steam reforming
f ethanol process adequately for a wide range of experimental data.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Presently, nearly all the energy requirements are derived
irectly or indirectly from the non-renewable sources such as
ossil fuels, which is also associated with release of large quan-
ities of green house gases. The gradual depletion of these fossil
uel reserves and efforts to control pollution, and green house gas
missions has generated a considerable interest in using alter-
ative sources of energy. Fuel cells, using hydrogen as fuel,
re considered to have the potential to provide a clean energy
ource as an alternative to gasoline or diesel engines [1,2]. The
ydrogen required for the polymer electrolyte membrane (PEM)
uel cell can be generated from liquid hydrocarbons such as
ethanol [3], ethanol, dimethyl ether, etc. Among the several

ossibilities, the production of hydrogen via steam reforming
f ethanol (SRE) could favor the use of hydrogen as an alterna-

ive fuel. Ethanol presents several advantages related to natural
vailability, storage, handling and safety [4]. Ethanol can be
roduced renewably from several bio mass sources, including

∗ Corresponding author. Tel.: +91 11 26596172; fax: +91 11 26581120.
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nergy plants, waste material from agro-industries or forestry
esidue materials, organic fraction of municipal solid waste, etc.
he problem with the ethanol reforming process is that, besides

he formation of H2, CO2 and CH4, the gaseous fuel produced
sually contains high levels of CO, which is poisonous to the
t anode of PEM fuel cell. Even with the more advanced anode
atalysts, the system cannot accept more than 20 ppm for effi-
ient operation [4–6]. Methane and carbon monoxide formation
ecreased substantially at higher water-to-ethanol ratio in the
eed [7,8].

It has been reported that hydrogen, carbon dioxide and carbon
onoxide selectivity increases with increase in reaction tem-

erature [9]. Haga et al. [10] studied the catalytic properties of
ifferent metal supported on Al2O3 for ethanol steam reform-
ng at 673 K and concluded that Co/Al2O3 catalysts are more
ffective for the overall SRE reaction.

2H5OH + 3H2O ↔ 6H2+ 2CO2 �H◦ = 173.5 kJ/mol

(1)
Batista et al. [11] studied the steam reforming of ethanol
ver Co/Al2O3, Co/MgO and Co/SiO2 catalysts. Among them,
ydrogen selectivity was highest over Co/Al2O3 catalyst. They

mailto:kkpant@chemical.iitd.ac.in
dx.doi.org/10.1016/j.cej.2006.08.011


140 D.R. Sahoo et al. / Chemical Engineer

Nomenclature

CT
S1 total surface concentration of site 1 (mol/m2)

D reactor inner diameter (mm)
Dp catalyst particle size (mm)
Ei activation energy for rate constant of reaction i

(kJ/mol)
�Hi heat of adsorption for surface species i or heat

of reaction for formation of surface species i
(kJ/mol)

ki rate constant for reaction i; units will be specific
to the form of the rate expression

k∞i pre-exponential rate constant for reaction i
(m2/(mol s))

Ki equilibrium constant of reaction i or adsorption
coefficient for surface species i

L catalyst bed height (mm)
pi partial pressure of component i (atm)
ri rate of reaction of component i (mol/s m2)
�Si entropy of adsorption for species i (J/(mol K))
T temperature (K)
X ethanol conversion (%)

Acronyms
ED ethanol decomposition
PEM polymer electrolyte membrane
PID proportional integral derivative
RDS rate-determining step
S/E steam to ethanol molar ratio
SRE steam reforming of ethanol
W/F weight of catalyst/molar flowrate of ethanol
WGS water gas shift
XRD X-ray diffraction

Subscripts
D decomposition reaction
r ethanol steam reforming reaction
S1 active site in reaction mechanism
w water gas shift reaction

Superscripts
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(1) species adsorbed on active site S1
T indicating total concentration of active sites

bserved negligible amount of oxygenate formation. Limited
iterature available on steam reforming of ethanol suggests that
o/Al2O3 catalysts are effective for hydrogen production. How-
ver, details of catalyst preparation and kinetic models are not
vailable. The present work aims at preparation of Co/Al2O3
atalyst with varying amount of Co and study the performance
f steam reforming of ethanol for high H2 selectivity. The
erformance of the catalyst was studied in the temperature

ange 673–973 K, contact-time 3–17 kg cat./(mol/s), steam to
thanol (S/E) molar ratio 1–8 at atmospheric pressure. The
resent study also describes the product distribution, product
electivity and yield in order to propose a reaction scheme fol-

p
g
a
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ing Journal 125 (2007) 139–147

owed by development of kinetic model for steam reforming of
thanol.

. Experimental

.1. Catalyst preparation

A series of Co/Al2O3 catalysts, with varying Co load-
ng (10–20 wt.%) on alumina support, were prepared using
et impregnation method. The solution of cobalt nitrate

Co(NO3)2·6H2O) precursors was made by dissolving cobalt
itrate (Merck, Germany) in distilled water. The alumina pellets
IPCL India) were crushed and sieved to a particle size of 20–25
esh size, dipped in solution for 2 h and stirred vigorously. The

xcess water was removed in a rotary vacuum evaporator, fol-
owed by drying overnight at 483 K and calcination at 873 K for
h.

.2. Catalyst characterization

Surface area, pore volume and pore size of the catalysts
ere measured by ASAP 2010 micromeritics USA using nitro-
en adsorption–desorption method. Different crystalline phases
resent in calcined and used catalysts were identified by X-ray
owder diffraction (XRD) using Philips X’PERT PW 1827/21
iffractometer. The operation was done with monochromatic
u K� 1.5418 Å radiation at a current of 30 mA with diffraction
ngle ranging from 10◦ to 60◦.

.3. Activity test for steam reforming of ethanol

Catalysts performance was evaluated in a fixed-bed stain-
ess steel reactor (19 mm i.d.). SRE reaction was carried out
t an atmospheric pressure by placing the reactor in an elec-
ric furnace consisting of two heating zones equipped with two
ID temperature controllers. A thermocouple was placed at

he center of catalyst bed to monitor the reactor temperature.
atalysts were tested in an integral mode at different reaction

emperatures, contact-times and steam to ethanol molar ratio.
rior to reforming reaction catalysts were exposed to a reduc-

ion environment. The reduction was carried out in situ using
stream of 10% hydrogen in nitrogen at a temperature ramp

f 10 K/min and dwelling at 773 K for 2 h. The reactor used in
his study was operated in a steady state continuous plug-flow

ode under isothermal condition. The controlled flow of liquid
thanol and water were passed separately to a vaporizer main-
ained at 493 K where reactants got vaporized and mixed with
he stream of nitrogen. Nitrogen was used as carrier gas and
nternal standard for the subsequent chromatographic analysis.
he reactant mixture fed to the reactor maintained at desired

emperature where the steam reforming of ethanol reaction took
lace. The stream of products and unconverted species passed
hrough a condenser and liquid–gas separator followed by sam-

ling ports. Reaction products were analyzed by Nucon-5700
as chromatograph, equipped with thermal conductivity detector
nd carbosphere column for the gaseous product concentration
easurement and flame ionization detector with porapak-Q col-
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probably due to some transient transformation to a stable form
occurred under the reaction conditions in the catalyst. The 10
and 20% Co/Al2O3 catalysts deactivated rapidly compared to
the 15% Co/Al2O3 catalyst. Carbon deposited on Co/Al2O3
D.R. Sahoo et al. / Chemical Eng

mn for unconverted ethanol and any other liquid hydrocarbon
ormed during reaction. Preliminary runs were carried out with
ifferent catalyst particle size ranging from 0.2 to 1.5 mm to
tudy the effect of particle size on ethanol conversion. Results
evealed that the ethanol conversion was almost constant for
he particle size 1.0± 0.2 mm, indicating that diffusional resis-
ance does not affect the rate. Therefore, average particle size
.6 corresponds to 20/25 mesh was selected for all the kinetic
xperiments. Runs were also carried out to achieve the negligi-
le film diffusion effect on kinetic data as suggested by Idem and
akhshi [12]. Since the SRE process is highly endothermic, cata-

yst was diluted in the Pyrex quartz beads of same size to achieve
he isothermal conditions. The plug flow condition was achieved
y eliminating back mixing and channeling by providing cata-
yst bed height to catalyst particle size, L/Dp≥ 50 and that of
nternal diameter of reactor to catalyst particle size, D/Dp≥ 30,
espectively, based on literature [13,14]. The kinetic data were
ollected by varying contact-time (W/F) 3–17 kg cat./(mol/s),
emperature 673–973 K and steam to ethanol (S/E) ratio 3–8

olar at atmospheric pressure. All the kinetic data were col-
ected (run time of 3–7 h) during which deactivation of catalyst
id not observe.

. Results and discussion

.1. Catalyst characterization

The surface area, pore volume and pore size of all the prepared
o/Al2O3 catalysts are listed in Table 1. The surface area and
ore volume of Co/Al2O3 catalysts decreased with increasing
obalt loading compared to �-Al2O3 support due to the cov-
rage of pore space. The XRD patterns for calcined fresh and
sed catalysts are shown in Fig. 1. The Co was present mainly
n Co3O4 form in fresh calcined catalyst. The spectra of spent
atalyst, reduced before reforming, revealed that part of the Co
onverted to Co3O4, CoO and CoAl2O4 spinal.

.2. Effect of metal loading on catalytic activity

Co metal has high selectivity towards overall reforming reac-
ion. The variation of ethanol conversion with temperature at
onstant W/F (17 kg cat./(mol/s)) is shown in Fig. 2 for the three
atalysts prepared. The ethanol conversion increased with tem-
erature for all the three catalysts. The 15% Co/Al2O3 catalyst

ave higher ethanol conversion than 10 and 20% Co/Al2O3 cat-
lysts in the range of temperature studied. The Co sites promote
he reforming and water gas shift reactions, therefore, as the

etal loading increased from 10 to 15% more number of active

able 1
hysical properties of catalysts

ypes of catalyst SBET (m2/g) Pore volume
(cm3/g)

Average pore
diameter (Å)

0% Co/Al2O3 159 0.36 94.3
5% Co/Al2O3 158 0.34 97.5
0% Co/Al2O3 138 0.30 82.5 F

C

Fig. 1. XRD patterns of 15% Co/Al2O3 catalyst.

ites were available for these reactions that resulted in higher
onversion. Beyond 15% Co metal loading, the ethanol conver-
ion decreased significantly due to partial blockage of the pores
f the support by metal. The activities of three catalysts evalu-
ted as a function of contact-time is depicted in Fig. 3 at 773 K.
he result indicated that, 15% Co catalyst had higher activity as
ompared to other catalysts.

.3. Time on stream stability

To study the decline in activity for various cobalt-loaded
atalysts, 20 h time-on-stream (TOS) tests were made at 773 K
s shown in Fig. 4. The activity declined sharply initially up to
run time of 3 h and thereafter the decrease was gradual most
ig. 2. Comparison of catalytic activity as a function of temperature for different
o/Al2O3 catalysts (W/F = 17 kg cat./(mol/s), S/E = 3 molar ratio).
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ity of CO and CH4 increased progressively with temperature
ig. 3. Comparison of catalytic activity as a function of contact-time for different
o/Al2O3 catalysts (T = 773 K, S/E = 3 molar ratio).

atalysts could be due to the acid sites of alumina promoting
he decomposition of ethanol molecules.

.4. Effect of temperature

Based on the performance of catalysts for higher hydrogen
electivity and low deactivation rate, 15% Co/Al2O3 catalyst
as chosen for further studies. Fig. 5 shows the effect of contact-

ime on conversion at different temperatures. Ethanol conversion
ncreased as temperature was increased at all contact-times. The
roduct composition (moles of product i/total moles of products)
btained with 15% Co/Al2O3 catalyst at different temperatures
ith contact-time 17 kg cat./(mol/s) is shown in Fig. 6. More

han 70% of hydrogen could be achieved at temperature 773 K,
hich is well in agreement with the published literature [11].
owever, the results were in contrast with the literature in the

ase of formation of ethylene. No ethylene was detected on
o/Al2O3 catalyst at a temperature more than 673 K.

Llorca et al. [15] reported that at low ethanol conversions

ormation of acetaldehyde takes place by dehydrogenation of
thanol over Co/ZnO catalyst it was due to basic properties
f ZnO [15,16]; subsequently, the specific redox characteris-

ig. 4. Time-on-stream test for different Co/Al2O3 catalysts (T = 773 K,
/F = 17 kg cat./(mol/s), S/E = 3 molar ratio).

w
m

F
(

ig. 5. Effect of contact-time on ethanol conversion for 15% Co/Al2O3 catalyst
t different temperatures and S/E = 3 molar ratio.

ics of ZnO contributed the steam reforming reaction at high
thanol conversion at which there was no acetaldehyde in
he product stream. Homs et al. [17] observed no acetalde-
yde at higher ethanol conversion over Ni/ZnO catalyst. The
tudies have shown that the concentration of acetaldehyde in
nal product stream depends upon the type of catalyst and
upport [10,11,15–19]. In present study over Co/Al2O3 cata-
yst, acetaldehyde was formed in trace form and ranged from
.05 to 0.1% (mol) in product stream when ethanol conver-
ion ranging from 10 to 40%. At ethanol conversion more than
0%, no acetaldehyde was observed with Co/Al2O3 catalysts.
herefore, in the results of kinetic studies, we neglected the

ormation of acetaldehyde. The effect of temperature on prod-
ct selectivity and yield were studied at constant contact-time
17 kg cat./(mol/s)) and S/E ratio at 3. The variation in prod-
ct selectivity (moles of product i/moles of ethanol converted)
t different temperatures is presented in Fig. 7. The selectiv-
hereas selectivity of H2 and CO2 passed through maxima. A
aximum selectivity was obtained at temperature 773 K. These

ig. 6. Temperature evolution of reaction products over 15% Co/Al2O3 catalyst
W/F = 17 kg cat./(mol/s), S/E = 3 molar ratio).
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ig. 7. Effect of temperature on product selectivity over 15% Co/Al2O3 catalyst
W/F = 17 kg cat./(mol/s), S/E = 3 molar ratio).

esults indicate that temperature up to 773 K water gas shift reac-
ion was favorable.

O + H2O ↔ CO2+H2 (2)

Due to this, H2 selectivity increased significantly up to 773 K.
he methane selectivity was low as compared to CO, which
uggests the presence of methane reforming reaction

H4+H2O ↔ CO + 3H2 (3)

At temperature higher than 773 K, the rate of ethanol decom-
osition increase, which can be depicted from the marginal
ecrease in selectivity of H2 and CO2 while increase in selec-
ivity of CO and CH4.

.5. Effect of contact-time
The ethanol conversion increased with contact-time, from
4 to 70% as the contact-time was varied from 3 to
7 kg cat./(mol/s) as shown in Fig. 5. The effect of contact-time
n product selectivity as shown in Fig. 8 was studied at constant

ig. 8. Effect of contact-time on product selectivity over 15% Co/Al2O3 catalyst
T = 773 K, S/E = 3 molar ratio).
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ig. 9. Effect of steam to ethanol ratio on ethanol conversion and reaction prod-
cts for 15% Co/Al2O3 catalyst (T = 773 K, W/F = 17 kg cat./(mol/s)).

emperature (773 K) and S/E ratio 3. The H2 and CO2 selectivity
ere found to be increased with increase in contact-time. This

ndicates that at higher contact-time, the water gas shift reac-
ion and methanation reactions are instrumental. Thus, higher
ontact-time favors overall reforming reaction, where as the CH4
nd CO selectivity was nearly same with increase of contact-time
uggesting that ethanol decomposition reaction may be respon-
ible for the formation of both CO and CH4, as it provides the
ame stoichiometric amounts of these products:

2H5OH ↔ CH4+CO + H2 (4)

.6. Effect of steam to ethanol molar ratio

The variation of ethanol conversion and product composition
t different steam to ethanol (S/E) molar ratio is shown in Fig. 9.
here was an increase in ethanol conversion with (S/E) molar

atio. SRE reaction (Eq. (1)) is dominating however the reactions
Eqs. (5) and (6)) are accelerated under this condition.

2H5OH + H2O ↔ 4H2+ 2CO (5)

2H5OH ↔ CH4+CO + H2 (6)

While at high steam to ethanol ratio (≥2), the reactions (Eqs.
5) and (6)) suppressed highly due to excess availability of water.
he following reactions accelerate along with SRE reaction (Eq.

1)).

O + H2O ↔ CO2+H2 (7)

H4+H2O ↔ CO + 3H2 (8)
Therefore, results showed the higher S/E molar ratio (≥2) is
avorable for higher ethanol conversion and hydrogen formation,
nd for suppressing the CO concentration in product stream.
he optimum (S/E) ratio can be recommended as 3 because

urther increase of (S/E) molar ratio neither increases ethanol
onversion nor reduces CO formation significantly; instead, it
ncreases reactor load and dilutes the product stream.
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.7. Kinetics study

Catalytic steam reforming of ethanol over Co/Al2O3 catalyst
roduces hydrogen and carbon dioxide primarily, with small
mount of carbon monoxide and methane. The main reactions
hat occur with this catalyst are steam reforming, water gas shift
nd ethanol decomposition reactions:

2H5OH + 3H2O ↔ 6H2+ 2CO2 (SRE) (9)

2H5OH ↔ CO + CH4+H2 (ED) (10)

O + H2O ↔ CO2+H2 (WGS) (11)

It is important to consider all the above three reactions viz.,
thanol reforming, decomposition and water gas shift reactions
imultaneously while developing the comprehensive model for
team reforming of ethanol process. In the absence of water,
ignificant amount of methane was formed with the negligible
O2. As soon as water vapor was supplied to the system, there
as an inversion of the CH4/CO2 relative distribution. Further-
ore, CO formation was also observed during the reforming of

thanol in the presence of water. These results confirmed that
ethane was mainly produced by the ethanol decomposition.
herefore, in order to model the variation in partial pressure of
O and CH4, we consider the decomposition reaction and WGS

eactions in the kinetic model of SRE process.

.7.1. Reaction mechanism and kinetic model
There are different pathways suggested for the ethanol steam

eforming [11,15,18,20–26]. The main reaction mechanism
nvolves dehydrogenation or dehydration reactions. Dehydra-
ion reactions produce intermediate products such as ethylene,
hich is easily transformed into carbon that is deposited on

he active phase producing the catalyst poisoning. In the dehy-
rogenation step ethanol converted to the acetaldehyde which
urther transformed in to the reforming products. In the present
tudy, hydrogen, carbon dioxide, carbon monoxide and methane
ere present in the product distribution. The traces of acetalde-
yde also observed at low ethanol conversion. This fact indicates
hat cobalt favors dehydrogenation reaction. Cavallaro and Freni
9] reported that at temperature higher than 648 K, no traces
f intermediate products such as acetic acid, acetaldehyde and
thyl acetate were observed. These compounds were produced
t temperature below 648 K when the hydrogen and carbon
ioxide selectivity is very low. Diagne et al. [26] proposed the
ehydrogenation of ethanol to ethoxy, which subsequently trans-
ormed in to acetaldehyde. The formation of intermediates in the
roposed reaction mechanism has been confirmed with the liter-
ture. In the DRIFT-mass spectroscopy study of Llorca et al. [27]
eported the formation of surface ethoxy species over Co/ZnO
atalyst. The physisorbed acetaldehyde also observed over the
atalyst. There were two bands of acetate species and one band
f acetyl species was confirmed. In the microcalometric and

nfrared studies, Guil et al. [16] reported that steam reforming
f ethanol proceeds via formation of intermediate acetaldehyde.
hen, acetaldehyde subsequently transformed in to adsorbed
ethane and carbon monoxide. They also confirmed through

K

ing Journal 125 (2007) 139–147

alorimetric curves that ethanol and acetaldehyde adsorbed on
ame sites over Co/ZnO catalyst under SRE reaction conditions.
n the development of the kinetic model, the rate-determining
teps for SRE, WGS and ED are taken as dehydrogenation
f adsorbed ethoxy, decomposition of an intermediate formate
pecies and decomposition of acetaldehyde, respectively. Based
n available literature and product analysis, following reaction
teps were considered during SRE process.

S1 + CH3CH2OH (g)
k1,−1←→CH3CH2O(1) + H(1) (12)

1 + CH3CH2O(1) k2,−2←→CH3CHO(1) + H(1) (RDS : SRE)

(13)

S1 + H2O (g)
k3,−3←→OH(1) + H(1) (14)

H3CHO(1) + H(1) k4,−4←→CH3
(1) + HCHO(1) (15)

H3
(1) + OH(1) k5,−5←→CH3OH(1) + S1 (16)

H3OH(1) k6,−6←→CH3O(1) + OH(1) (17)

H3O(1) + S1
k7,−7←→HCHO(1) + H(1) (18)

CHO(1) + OH(1) k8,−8←→HCOOH(1) + H(1) (19)

S1 + HCOOH(1) k9,−9←→CO2
(1) + H(1) (20)

O2
(1)k10,−10←→CO2 (g)+ S1 (21)

H(1)k11,−11←→H2 (g)+ 2S1 (22)

Additional steps in WGS

S1 + HCOOH(1)k12,−12←→HCOO(1) + H(1) (23)

1 + HCOO(1)k13,−13←→CO(1) + OH(1) (RDS : WGS) (24)

O(1)k14,−14←→CO (g)+ S1 (25)

1 + HCOO(1)k15,−15←→CO2
(1) + H(1) (26)

Additional steps in ED

1 + CH3CHO(1)k16,−16←→CH4
(1) + CO(1) (RDS : ED) (27)

H4
(1)k17,−17←→ CH4 (g)+ S1 (28)

Except for the rate-determining steps, rate of other reactions
an be assumed to be at equilibrium, and so the site concen-
ration of various intermediate species formed in the equation
ere written using Langmuir–Hinshelwood approach. The equi-

ibrium constants are written as following:

1 = [CH3CH2O(1)][H(1)]
(29)
pC2H5OHC2
S1

3 = [OH(1)][H(1)]

pH2OC2
S1

(30)
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for all cases was above 0.95, indicating that the error between
experimental and simulated results is within statistically permis-
sible limits. The product selectivity of H2, CO, CH4 and CO2
are found to be non-zero at zero conversion values indicating
D.R. Sahoo et al. / Chemical Eng

4 = [CH3
(1)][HCHO(1)]

[CH3CHO(1)][H(1)]
(31)

5 = [CH3OH(1)]CS1

[CH3
(1)][OH(1)]

(32)

6 = [CH3O(1)][OH(1)]

[CH3OH(1)]CS1
(33)

7 = [HCHO(1)][H(1)]

[CH3O(1)]CS1
(34)

8 = [HCOOH(1)][H(1)]

[HCHO(1)][OH(1)]
(35)

9 = [CO2
(1)][H(1)]

[HCOOH(1)]C2
S1

(36)

10 = PCO2CS1

[CO2
(1)]

(37)

11 = PH2C
2
S1

[H(1)]
2 (38)

12 = [HCOO(1)][H(1)]

[HCOOH(1)]C2
S1

(39)

14 = PCOCS1

[CO(1)]
(40)

15 = [CO2
(1)][H(1)]

[HCOO(1)]CS1
(41)

Using above relations, the concentrations of all the interme-
iate products were derived in the form of measurable partial
ressure quantities. The rate equations have been developed by
aking the rate-determining steps (Eqs. (13), (24) and (27)) of
RE, WGS and ED reactions, respectively, into consideration.

SRE = kr[CH3CH2O(1)]CS1 − k−r[CH3CHO(1)][H(1)] (42)

WGS = kw[HCOO(1)]CS1 − k−w[OH(1)][CO(1)] (43)

ED = kD[CH3CHO(1)]CS1 − k−D[CH4
(1)][CO(1)] (44)

The final rate expressions are given in Table 2. During the
inetic experiments, the amounts of H2, CO and CO2 formed
ere determined at various conditions. In order to model the

xperimental data, the rate expressions for each individual reac-
ion were combined to get an overall rate expression for different
pecies. Since the rates of different species are interrelated by
toichiometry, the rate of each individual species was calculated.
he pressure drop inside the bed was assumed to be negligible.
he partial pressures of individual species comprising in rate
xpressions iteratively were calculated from mol fractions.

.7.2. Estimation of kinetic model parameters

There are eight equilibrium constants and three rate constants

n rate expressions (Table 2). The temperature dependences of
ach of these were estimated from Arrhenius and Vant Hoff
xpressions. For the estimation of the equilibrium constants, heat

F
C

ig. 10. Simulated and experimental ethanol conversion vs. contact-time for
5% Co/Al2O3 catalyst at different temperatures and S/E = 3 molar ratio.

f adsorptions were taken from the literature and their entropies
ere determined using non-linear regression. The kinetic param-

ters were determined by minimizing the squared sum of the
rror between experimental and simulated data. The values of
he parameters for optimal fit were determined using non-linear
egression and are listed in Table 3. The kinetic model devel-
ped by Akande et al. [18] using Eley Rideal considering only
tream reforming reaction. They have reported activation energy
f reforming reaction very low 4.03–7.56 kJ/mol for different
odels. The comparison between model predicted methanol

onversion and experimental conversion at various temperatures
s shown in Fig. 10. In the range of experiments, the model pre-
icted conversion was well in match with the experimental data
t all temperatures. The model predicted and experimentally
bserved variation of product mol fractions with the contact-
ime depicted in Fig. 11. The correlation coefficient (R2) value
ig. 11. Experimental and simulated results of product mol fractions for 15%
o/Al2O3 catalyst (T = 773 K, S/E = 3 molar ratio).
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Table 2
Kinetic model rate expressions of ethanol steam reforming process.

Reaction Rate expressions

SRE rSRE =

krKCH3CH2O(1)

⎛
⎜⎝pC2H5OH

PH2

1

2

⎞
⎟⎠

[
1−

P2
CO2

P4
H2

K∗r pC2H5OHP2
H2O

]

1+KCO2
(1) PCO2 +KCO(1) PCO +KCH4

(1) PCH4 +KHCOO(1) PCO2 PH2

1

2 +KH2
(1) PH2

1

2 +
KCH3CHO(1) P2

CO2
P5

H2

P3
H2O

+
KCH3CH2O(1) pC2H5OH

P
1/2
H2

+ KOH(1) PH2O

P
1/2
H2

CT2

S1

where, K∗r =
KCH3CH2O(1)

(
kr

k−r

)
KCH3CHO(1) KH(1)

2

WGS rWGS =
kwKHCOO(1) PCO2

[
1−

(
pH2OpCO

K∗wPH2
PCO2

)]

1+KCO2
(1) PCO2 +KCO(1) PCO +KCH4

(1) PCH4 +KHCOO(1) PCO2 PH2

1

2 +KH2
(1) PH2

1

2 +
KCH3CHO(1) P2

CO2
P5

H2

P3
H2O

+
KCH3CH2O(1) pC2H5OH

P
1/2
H2

+ KOH(1) PH2O

P
1/2
H2

CT2

S1

where, K∗w =
KHCOO(1)

(
kw

k−w

)
KOH(1) KCO(1)

ED rED =
kDKCH3CHO(1)

(
P2

CO2
P3

H2

P2
H2O

)[
1−

P2
H2OPCH4 PCO

K∗DP2
CO2

P3
H2

]

1+KCO2
(1) PCO2 +KCO(1) PCO +KCH4

(1) PCH4 +KHCOO(1) PCO2 P
1/2
H2
+KH2

(1) P
1/2
H2
+

KCH3CHO(1) P2
CO2

P5
H2

P3
H2O

+
KCH3CH2O(1) pC2H5OH

P
1/2
H2

+ KOH(1) PH2O

P
1/2
H2

CT2

S1

where, K∗D =
KCH3CHO(1)

(
kD

k−D

)
KCH4

(1) KCO(1)
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Table 3
Final values of parameters estimated after regression

Parameters k∞i (m2/(mol s)) Ei (kJ/mol) �Si (J/(mol K))

kr 1.16E + 20 82.7
kw 4.64E + 16 43.6
kD 4.46E + 19 71.3
�SCH3CH2O(1) −34.6
�SCO2

(1) −47.5
�SCO(1) −49.2
�SCH4

(1) −58.3
�SHCOO(1) 112.3
�SH2

(1) −101.5
�S (1) −38.7
�

C

t
H
d
r
i
H
r
i

4

t
b
w
m
W
o
w
o
c
d
s
e
e
fi
c

R

[

[

[
[

[

[

[

[

[

[

[
[

[

[

[

[25] M. Benito, J.L. Sanz, R. Isabel, R. Padilla, R. Arjona, L. Daza, J. Power
CH3CHO
SOH(1) −44.6
T
S1 (mol/m2) 1.04E− 21

hat all these products are the primary products of the reactions.
ence, it can be concluded that the steam reforming reaction and
ecomposition reaction are taking place simultaneously in the
eactor. Also, the CO selectivity is decreasing with conversion;
t shows that WGS reaction is also taking place in the reactor.
ence, the kinetic model consisting of the SRE, WGS and ED

eactions as the main reactions, developed in present study sat-
sfies the experimental data.

. Conclusion

The 15% Co/Al2O3 catalyst prepared by wet impregnation
echnique was found effective for the production of hydrogen
y steam reforming of ethanol. Ethanol conversion increases
ith increase in temperature, contact-time and steam to ethanol
olar ratio. The H2 concentration was maximum at 773 K and
/F = 17 kg cat./(mol/s) and S/E molar ratio 3. The optimum

perating conditions in order to achieve H2 rich product stream
ith minimum CO and CH4 suggested for steam reforming
f ethanol are, temperature 773 K, S/E molar ratio = 3–5 and
ontact-time (W/F) 15–17 kg cat./(mol/s). Above 773 K, ethanol
ecomposition reaction favors which decreases the hydrogen
electivity. The mechanistic kinetic model incorporating the

ffect of process variables developed was able to describe the
xperimental kinetics data. The results indicated that the model
ts reasonably well to the experimental result at all temperature,
ontact-time and conversion level.

[

[
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