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a  b  s  t  r  a  c  t

Ethanol  steam  reforming,  a  potential  technology  of  hydrogen  production  for  fuel  cell  application,  has
attracted  great  research  attention  recently.  Because  ethanol  can  be produced  from  biomass  cheaply,
using  bioethanol  with  large  excess  of water  as  the  direct  feed  of  steam  reforming  is  believed  to  be  a
promising  technology  to  produce  hydrogen  for fuel cells.  Although  various  catalyst  systems  were used
for ethanol  steam  reforming,  detailed  reaction  kinetics  was  not  investigated  thoroughly.  In the  analysis
of heterogeneous  catalytic  kinetics,  reaction  mechanism  including  adsorption  step  of  reactants,  reaction
step of  the  adsorbed  species,  and  desorption  step  of  the  products  were  usually  proposed.  Then  a suitable
rate  determining  step  was assumed  to  allow  the  derivation  of  the  rate  equation  as  a  function  of  reactant
and/or  product  concentrations.  In  this  study,  the  general  rate  equations  for  cyclic  reaction  networks  with
multiple  pathways  were  applied  to derive  the  rate  equation  and  hydrogen  yield  equation  for  ethanol
steam  reforming.  The  derived  rate  and  yield  equations  were  used  to analyze  the  kinetic  data  of  Vaidya
and  Rodrigues.  The  results  showed  that the  experimental  ethanol  conversions  and  hydrogen  yield  ratios  at
varying  space  times  and  reaction  temperatures  could  be  satisfactorily  predicted  by  the model  equations.

The rate  controlling  steps  are  water  reaction  with  the adsorbed  ethanol,  water  reaction  with  the adsorbed
acetaldehyde,  and  CO  desorption.  Furthermore,  for  temperature  lower  than  923  K,  the  overall  reaction
is also  controlled  by  desorption  of  ethanol  and  desorption  of  acetaldehyde;  for  temperature  higher  than
923 K,  the  overall  reaction  is also  controlled  by the  dehydrogenation  of  the  adsorbed  ethanol.  The averaged
activation  energy  of  three  sequential  reaction  steps  was  found  to be 110  kJ/mol,  compared  with  the  overall
activation energy  96  ±  17  kJ/mol  determined  by  Vaidya  and  Rodrigues.
. Introduction

Ethanol steam reforming, a potential technology of hydrogen
roduction for fuel cell application, has attracted great research
ttention recently [1–15]. Because ethanol can be produced from
iomass cheaply, using bioethanol with large excess of water as the
irect feed of steam reforming is believed to be a promising tech-
ology to produce hydrogen for fuel cells [16]. Although various
atalyst systems were used for ethanol steam reforming, reaction
ate and yield equations were not investigated explicitly [9,16–19].
he desired overall reaction of steam reforming is

2H5OH + 3H2O → 2CO2+ 6H2 (1)
However, if other side reactions are also considered, the reaction
etwork becomes very complicated and thus makes kinetic data
nalysis very difficult.

∗ Corresponding author. Tel.: +886 2 21822928x6277; fax: +886 2 25861939.
E-mail address: jmchern@ttu.edu.tw (J.-M. Chern).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.04.033
© 2011 Elsevier B.V. All rights reserved.

Vaidya and Rodrigues studied catalytic steam reforming of
ethanol over a Ru/�-Al2O3 catalyst in the temperature range
873–973 K and found the ethanol reaction rate was  first order
with respect to ethanol and independent of water [16]. They pro-
posed a possible reaction mechanism for ethanol steam reforming
and derived a rate expression assuming that the decomposition
of an activated complex formed during reaction into intermedi-
ate products was  the rate determining step. Using the derived rate
expression and packed-bed reactor model, they obtained an equa-
tion to calculate the ethanol conversion as a function of catalyst
weight (W) and volumetric feed flow rate (Q0). Although the equa-
tion was  used to fit the ethanol conversion versus W/Q0 data with
satisfactory agreement, it cannot be used to interpret other kinetic
data such as hydrogen yield.

With the advancement of spectroscopy and other surface anal-
ysis techniques, most researches about heterogeneous catalysis
focus on catalyst preparation, characterization, and performance

tests. Nevertheless, for a given catalyst system an adequate rate
equation reflecting the elementary reaction step is very useful for
reactor scale-up and process design. In the analysis of heteroge-
neous catalytic kinetics, reaction mechanism including adsorption

dx.doi.org/10.1016/j.cattod.2011.04.033
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jmchern@ttu.edu.tw
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tep of reactants, reaction step of the adsorbed species, and desorp-
ion step of the products were usually proposed. Then a suitable rate
etermining step was assumed to allow the derivation of the rate
quation as a function of reactant and/or product concentrations.
ecause of complicated reaction steps involved in heterogeneous
atalysis, empirical power-law rate equation is usually used. For
xample, Soyal-Baltacioğlu et al. [9] used a power-law rate equation
o analyze the kinetic data of ethanol steam reforming over Pt–Ni
atalysts. In this study, the general rate equations for cyclic reaction
etworks with multiple pathways [20] and pyramidal topology [21]
ere applied to derive the reaction rate and yield ratio equations

or ethanol steam reforming. The derived rate and yield ratio equa-
ions were used to analyze the kinetic data of Vaidya and Rodrigues
o elucidate how to apply the general rate equations for heteroge-
eous reaction network analysis.

. Proposed reaction network

Consider the following main reactions involved in ethanol steam
eforming:

2H5OH + H2O → CH4+ CO2+ 2H2 (2)

H4+ H2O ↔ CO + 3H2 (3)

O + H2O ↔ CO2+ H2 (4)

Reaction (2) is the steam reforming reaction of ethanol that
s predominant at these temperatures. Reactions (2)–(4) together
enote the overall steam reforming reaction of ethanol. Ethanol
ehydrogenation to acetaldehyde and ethanol dehydration to ethy-

ene also occur in the presence of Ru/Al2O3 [16]:

2H5OH → CH3CHO + H2 (5)

2H5OH → C2H4+ H2O (6)

The formation of ethane observed during ethanol steam reform-
ng may  result from ethylene hydrogenation:

2H4+ H2→ C2H6 (7)

The intermediates such as C2H4, C2H6, and CH3CHO also possibly
ndergo steam reforming to produce CO2 and H2:

2H4+ H2O → CH4+ CO + H2 (8)

2H6+ H2O → CH4+ CO + 2H2 (9)

H3CHO + H2O → CH4+ CO2+ H2 (10)

The produced CH4 and CO can be converted to CO2 and H2 by
eactions (3) and (4).

The following reaction mechanism is proposed for the above
verall reactions:

 + C2H5OH
k01←→
k10

SC2H5OH (11)

C2H5OH + H2O
k12−→SCH4 + 2H2 + CO2 (12)

CH4
k20←→
k02

S + CH4 (13)

CH4 + H2O
k23−→SCO + 3H2 (14)

CO
k30←→
k03

S + CO (15)
CO+ H2O
k34−→S  + H2 + CO2 (16)

C2H5OH
k′

12−→SCH3CHO + H2 (17)
ay 174 (2011) 17– 24

SCH3CHO
k′

20←→
k′

02

S + CH3CHO (18)

SCH3CHO + H2O
k′

23−→SCH4 + H2 + CO2 (19)

SC2H5OH
k′′

12−→SC2H4 + H2O (20)

SC2H4
k′′

20←→
k′′

02

S + C2H4 (21)

SC2H4 + H2
k′′

23−→SC2H6 (22)

SC2H4 + H2O
k′′

24−→SCH4 + H2 + CO (23)

SC2H6
k′′

30←→
k′′

03

S + C2H6 (24)

SC2H6 + H2O
k′′

34−→SCH4 + 2H2 + CO (25)

According to the proposed mechanism, ethanol steam reforming
starts with the adsorption of ethanol on the catalyst as shown by
Reaction (11). The adsorbed ethanol reacts with water in the gas
phase to form the methane-adsorbed species and releases carbon
dioxide and hydrogen as shown by Reaction (12). The adsorbed
methane can desorb from the catalyst as shown by Reaction (13) or
reacts with water in the gas phase to form the CO-adsorbed species
and release hydrogen as shown by Reaction (14). The adsorbed CO
can desorb from the catalyst as shown by Reaction (15) or reacts
with water in the gas phase to release carbon dioxide and hydrogen
as shown by Reaction (16).

The adsorbed ethanol can release hydrogen and form the
acetaldehyde-adsorbed species as shown by Reaction (17). The
adsorbed CH3CHO can desorb from the catalyst or react with water
in the gas phase to release carbon dioxide and hydrogen and form
the CH4-adsorbed species as shown by Reactions (18) and (19),
respectively. The adsorbed ethanol can also release water and form
the ethylene-adsorbed species as shown by Reaction (20). The
adsorbed C2H4 can desorb from the catalyst, reacts with hydro-
gen in the gas phase to form the C2H6-adsorbed species or reacts
with water in the gas phase to release CO and hydrogen and form
the CH4-adsorbed species as shown by Reactions (21)–(23), respec-
tively. The adsorbed ethane can desorb from the catalyst or react
with water in the gas phase to release CO and hydrogen and form
the CH4-adsorbed species as shown by Reactions (24) and (25),
respectively.

A reaction network, shown in Fig. 1, can be drawn to show the
reaction pathways of the mechanism schematically. As shown in
Fig. 1, the overall reactions involved in ethanol steam reforming
can be obtained from the following reaction routes with the co-
reactants and co-products shown above and below the arrows,
respectively:

For Reaction (2),

S
C2H5OH←→ SC2H5OH

H2O−→
2H2+CO2

SCH4←→
CH4

S (26)

For Reaction (3),

S
CH4←→SCH4

H2O−→
3H2

SCO←→
CO

S (27)

For Reaction (4),

S
CO←→SCO

H2O−→
H2+CO2

S (28)
For Reaction (5),

S
C2H5OH←→ SC2H5OH−→

H2
SCH3CHO ←→

CH3CHO
S (29)
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The reaction network shown in Fig. 2 contains multiple path-
ways between some intermediates. With successive grouping the
multiple pathways, the overall cycle rate can be obtained. At first,

S
2 5C H OH

2 5SC H O H2H

SCH

SCO
4CH

23H

3CH CHO

3SCH CHO

2H O

2 2H CO

34L

2H O
Fig. 1. The reaction netwo

For Reaction (6),

C2H5OH←→ SC2H5OH−→
H2O

SC2H4←→
C2H4

S (30)

For Reaction (7),

C2H4←→SC2H4
H2−→SC2H6←→

C2H6
S (31)

For Reaction (8),

C2H4←→SC2H4
H2O−→

H2+CO
SCH4←→

CH4
S (32)

For Reaction (9),

C2H6←→SC2H6
H2O−→

2H2+CO
SCH4←→

CH4
S (33)

For Reaction (10),

CH3CHO←→ SCH3CHO
H2O−→

CO2+H2
SCH4←→

CH4
S (34)

. Reaction rate analysis

Although the proposed reaction mechanism consisting of 15
eaction steps and 21 rate constants is able to describe the possible
verall reactions, finding the reaction rates for all the reactants and
roducts is very tedious. Therefore, only the three main reactions
nd ethanol dehydrogenation shown in Reactions (2)–(5) are con-
idered in analyzing the experimental data of Vaidya and Rodrigues
16]. In the future, if more experimental data of the intermediate
roducts are obtained, the complete reaction network shown in
ig. 1 will be analyzed using the same methodology [20–22].

After neglecting the ethanol dehydration reaction and assum-
ng irreversible desorption of CO, CH4 and CH3CHO, the reaction
etwork can be reduced as shown in Fig. 2. The cycle rate and path-
ay rates shown in Fig. 2 have the following relations: r = r1 + r2,

1 = r3 + r4, r2 + r4 = r5 + r6, r6 = r7 + r8. The species reaction rate can

e expressed in terms of the overall cycle rate and pathway rates:

rC2H5OH =  −r  rH2O =  −r2 −  r4 −  r6 −  r8 rCO2 =  r2 +  r4 +  r8

rCO =  r7 rCH4 =  r5 rH2 =  r1 +  2r2 +  r4 +  3r6 +  r8
(35)
Fig. 2. Reduced reaction network of ethanol steam reforming without considering
ethanol dehydration and its related reactions.

3.1. Cycle rate and pathway reaction rates
4
2H O

2 22H CO

Fig. 3. Modified reaction network of ethanol steam reforming after grouping the
pathways between SCO site and S site.
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Fig. 4. Modified reaction network of ethanol steam reforming after eliminating the
SCO site.

S
2 5C H OH

2 5SC H O H

4SCH

4CH

24

12

10 '

2H O

2 22H CO

Fig. 5. Modified reaction network of ethanol steam reforming after Y-to-delta trans-
f

t
c
fi
r
p
b
r
a
i
r
i
�
S
v
F
L
e

c

r

w
t
S

S

2 5SC H O H

4SCH

20L 12 L

10L

01L

5 6r r

Fig. 6. Reduced single-cycle reaction network of ethanol steam reforming.

D22 = L01L12 for SCH4
20−→S 01←→

L10
SC2H5OH 12−→SCH4 (43)

Substituting all the Dii terms into all the pathway rate equations
ormation.

he two pathways between the CO-adsorbed site, SCO, and the free
atalyst site, S, are grouped as a single step with the loop rate coef-
cient L34 = k34CW + k30 [21]. After this grouping, the equivalent
eaction network is modified and shown in Fig. 3. Moreover the
athway SCH4→ SCO → S can be reduced to a single step SCH4→ S
y the network reduction technique [22] with the reduced step
ate coefficient, �24 = k23CW. After eliminating the SCO intermedi-
te, the reaction network can be further modified as one shown
n Fig. 4. Apply the Y-to-delta transformation technique [21], the
eaction network shown in Fig. 4 can be reduced to that shown
n Fig. 5 with the � coefficients �′10 = k′12k′20/(k′20 + k′23CW) and

12 = k′12k′23CW/(k′20 + k′23CW). Finally, the two pathways between
, SC2H5OH, and SCH4 can be combined respectively to con-
ert the reaction network to a single cycle network as shown in
ig. 6. The loop coefficients shown in Fig. 6 are L20 = k20 + �24,
12 = k12CW + �12, L10 = k10 + �′10, and L01 = k01CE where CE is the
thanol concentration.

The rate equation of the single cycle network, equal to r5 + r6,
an be expressed by the following equation [22]:

5 + r6 = L01L12L20CST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22
(36)

here CST is the total catalyst concentration. In Eq. (36), the last two
erms of the denominator are included to account for the missed

CH3CHO and SCO intermediates due to network reduction [20].
From Eq. (36), the intermediate SCH4 concentration can be
obtained and the pathway rates for r5 and r6 can thus be calculated
by the following equations:⎧⎨
⎩

r5 = L01L12k20CST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

r6 = L01L12k23CWCST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

(37)

Using Eq. (37) and the relations of r7/r8 = k30/(k34CW) and
r7 + r8 = r6, the pathway rates for r7 and r8 can be calculated by the
following equations:⎧⎨
⎩

r7 = k30

k30 + k34CW

L01L12k23CWCST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

r8 = k34CW

k30 + k34CW

L01L12k23CWCST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

(38)

From Eq. (36), the intermediate SC2H5OH concentration can be
obtained and the pathway rates for r1 and r2 can thus be calculated
by the following equations:⎧⎪⎨
⎪⎩

r1 =
L01k′12L20CST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

r2 = L01k12L20CWCST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

(39)

During the Y-to-delta transformation, the concentration of
the missed intermediate SCH3CHO can be expressed in terms
of the intermediate SC2H5OH concentration, so that the path-
way rates for r3 and r4 can thus be calculated by the following
equations:⎧⎨
⎩

r3 =
k′12

k′20 + k′23CW

L01k20k′20CST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

r4 =
k′12

k′20 + k′23CW

L01L20k′24CWCST

D00 + D11 + D22 + (k′12/(k′20 + k′23CW))D11 + (k23CW/L34)D22

(40)

The Dii terms in the denominator of Eqs. (36)–(40) can be evalu-
ated by using the Helfferich formula [20] to consider the following
linear pathways:

D00 = L12L20 + L10L20 for S
L01←→
L10

SC2H5OH
L12−→SCH4

L20−→S (41)

D11 = L01L20 for SC2H5OH
L12−→SCH4

L20−→S
L01←→
L10

SC2H5OH (42)

L L L
and replacing the � coefficients and loop coefficients by the rate
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onstants leads to

1 =
k01k′12(k20 + k23CW)(k′20 + k′23CW)(k34CW + k30)CSTCE

D
(44)

2 =
k01k12(k20 + k23CW)(k′20 + k′23CW)(k34CW + k30)CSTCWCE

D
(45)

3 =
k01k′12k′20k′20(k34CW + k30)CSTCE

D
(46)

4 =
k01k′12k′24(k20 + k23CW)(k34CW + k30)CWCSTCE

D
(47)

5 =
k01k20(k12k′20 + k12k′23CW+k′12k′23)(k34CW+k30)CSTCWCE

D
(48)

6 =
k01k23(k12k′20+k12k′23CW+k′12k′23)(k34CW+k30)CSTC2

WCE

D
(49)

7 =
k01k23k30(k12k′20 + k12k′23CW + k′12k′23)CSTC2

WCE

D
(50)

8 =
k01k23k34(k12k′20 + k12k′23CW + k′12k′23)CSTC3

WCE

D
(51)

here

D = (k′20k12 + k′23k12CW + k′12k′23)(k20 + k23CW)(k34CW + k30)CW

+(k10k′20 + k10k′23CW + k′12k′20)(k20 + k23CW)(k34CW + k30)

+k01(k20 + k23CW)(k′20 + k′23CW)(k34CW + k30)CE

+k01(k′20k12 + k′23k12CW + k′12k′23)(k34CW + k30)CWCE

+k′12k01(k20 + k23CW)(k34CW + k30)CE

+k23k01(k′20k12 + k′23k12CW + k′12k′23)C2
WCE

(52)

Substituting Eqs. (44) to (51) into Eq. (35), the rate equations of
he reactants and products can be calculated. Since the hydrogen
ield data were given by Vaidya and Rodrigues, the hydrogen yield
atio equation is investigated in more detail.

.2. Yield ratio

Because hydrogen generation is the desired product of primary
nterest, we can define the hydrogen yield ratio as:

H2 ≡
rH2

−6rC2H5OH
= r1 + 2r2 + r4 + 3r6 + r8

6r
(53)

ubstituting the pathway rates into Eq. (53) leads to

H2 =
k′12

6(k′12 + k12CW)
+ k12CW

3(k′12 + k12CW)

+ k′12k′23CW

6(k′12 + k12CW)(k′20 + k′23CW)

+ k23C2
W(k12k′20 + k′12k′23 + k′12k′23CW)

2(k′12 + k12CW)(k20 + k23CW)(k′12 + k′12CW)

+ k23k34C3
W(k12k′20 + k′12k′23 + k12k′23CW)

6(k′12 + k12CW)(k20 + k23CW)(k′20 + k′23CW)(k34CW + k30)
(54)

. Comparison with experimental data

Vaidya and Rodrigues packed commercial Ru/�-Al2O3 catalyst
n a fixed-bed down-flow reactor placed inside a temperature-

ontrolled heating furnace to carry out ethanol steam reforming.

kb = k01
(k′12 + k′20 + k′23CW0)(k20 + k23CW0)(k34CW0 + k30) + (k34C2

W

(k10k′20 + k′12k′20 + k10k′23CW0 + k′20k12CW0 + k′12k′23C
Fig. 7. Linearized plots for the first-order kinetic model.

The liquid feed consisting of an ethanol–water mixture was  evapo-
rated and mixed with nitrogen before entering the catalyst bed. All
experiments were conducted at atmospheric pressure and isother-
mally at 4 different temperatures, 873 K, 923 K, 943 K, and 973 K.

Vaidya and Rodrigues used the following first-order kinetics
model to analyze their data:

ln(1 − X) = −k
W

Q0
(55)

The ln(1 − X) versus W/Q0 plots at higher temperatures being not
good straight lines as shown in Fig. 7 suggest the first-order kinet-
ics model is not proper to describe the kinetics of ethanol steam
reforming at all temperatures.

Since the feed mole ratio of water to ethanol used by Vaidya and
Rodrigues is 10–1, the water vapor concentration can be reasonably
assumed to be constant during reaction. Thus, the ethanol reaction
rate, r1 + r2 becomes

−rE =
k01(k′12 + k12CW0)(k20 + k23CW0)(k′20 + k′23CW0)(k34CW0 + k30)CSTCE

�
(56)

with the denominator

� = (k′20k12 + k′23k12CW0 + k′12k′23)(k20 + k23CW0)(k34CW0 + k30)CW0

+(k10k′20 + k10k′23CW0 + k′12k′20)(k20 + k23CW0)(k34CW0 + k30)

+k01(k20 + k23CW0)(k′20 + k′23CW0)(k34CW0 + k30)CE

+k01(k′20k12 + k′23k12CW0 + k′12k′23)(k34CW0 + k30)CW0CE

+k′12k01(k20 + k23CW0)(k34CW0 + k30)CE

+k23k01(k′20k12 + k′23k12CW0 + k′12k′23)C2
W0CE

(57)

where CW0 is the feed water concentration.
Eq. (56), consisting of 10 rate constants and one total cata-

lyst concentration, is the rate equation for ethanol in the presence
of excess water without assuming any determining step. Because
there are only 4 data points at the same reaction temperature, the
11 parameters in Eqs. (56) and (57) cannot be determined sepa-
rately. Only some lumped parameters can be obtained. Eq. (56) can
be rewritten as

−rE =
kaCE

1 + kbCE
(58)

with the lumped parameters defined as:

k = k01(k′12 + k12CW0)(k′20 + k′23CW0)CST
(59)
a

k′20(k10 + k′12) + (k12k′20 + k′12k′23 + k10k′23)CW0 + k12k′23C2
W0

0 + k30CW0 + k23C2
W0)(k′20k12 + k′23k12CW0 + k′12k′23)

W0 + k′23k12C2
W0)(k20 + k23CW0)(k34CW0 + k30)

(60)



2 is Today 174 (2011) 17– 24

D
t
o

w
w
v
i
e

C

w
f

F

E
t

I
w
c
t
b
f
a
o

s

k

s

k

B
r

k

k

(
i

Table 1
The experimental results of Vaidya and Rodrigues.

YE0 yW0 Q0 (cm3 min−1) W/FE0 (g h mol−1) T (K) X Xa Xb

0.043 0.43 246.1 2.04 873 0.43 0.42 0.43
0.058  0.58 362.9 1.02 873 0.30 0.30 0.30
0.066  0.66 479.7 0.68 873 0.22 0.24 0.23
0.058  0.58 362.9 0.54 873 0.16 0.17 0.16
0.043  0.43 246.1 2.04 923 0.59 0.56 0.59
0.058  0.58 362.9 1.02 923 0.41 0.43 0.40
0.066  0.66 479.7 0.68 923 0.28 0.34 0.31
0.058  0.58 362.9 0.54 923 0.24 0.25 0.21
0.043  0.43 246.1 2.04 943 0.84 0.80 0.84
0.058  0.58 362.9 1.02 943 0.63 0.66 0.61
0.066  0.66 479.7 0.68 943 0.49 0.56 0.48
0.071  0.71 595.7 0.54 943 0.37 0.50 0.41
0.043  0.43 246.1 2.04 973 0.94 0.92 0.94
0.058  0.58 362.9 1.02 973 0.78 0.81 0.78
0.066  0.66 479.7 0.68 973 0.63 0.72 0.63
0.066  0.66 479.7 0.36 973 0.35 0.49 0.35
2 P.-J. Lu et al. / Catalys

uring each test at given temperature and feed water concentra-
ion, ka and kb are constant. The rate equation for packed bed reactor
perated at steady state is

dFE

dW
= rE = − kaCE

1 + kbCE
(61)

here FE is the molar flow rate of ethanol, W is the packed catalyst
eight. The ethanol molar flow rate is related to the ethanol con-

ersion: FE = FE0(1 − X). The ethanol concentration can be expressed
n terms of the volumetric flow rate that was kept constant in the
xperiments of Vaidya and Rodrigues:

E =
FE

Q
= FE0(1 − X)

Q0
= CE0(1 − X) (62)

here Q0 is the volumetric feed flow rate and CE0 is the ethanol
eed concentration.

Combining Eqs. (61) and (62) leads to

E0
dX

dW
= kaCW0CE0(1 − X)

1 + kbCE0(1 − X)
(63)

q. (63) can be integrated using boundary condition, at W = 0, X = 0,
o obtain

kbCE0

kaCW0
X − 1

kaCW0
ln(1 − X) = CE0W

FE0
= W

Q0
(64)

n Eq. (64), the feed water concentration, CW0, is equal to the feed
ater mole fraction multiplying the total feed concentration that

an be calculated by P/RT. Although Eq. (64) can be used to analyze
he steady-state ethanol conversion as a function of W/Q0, it cannot
e used to compare the data of different test runs with different
eed water concentrations unless the lumped parameters ka and kb
t different feed water concentrations are assumed to be constant
r can be simplified. Consider parameter ka first:

If the ethanol dehydration rate is much faster than the ethanol
team reforming rate,

lim′
12
�k12CW0

ka =
k01k′12CST

k10 + k′12
(65)

If the ethanol dehydration rate is much slower than the ethanol
team reforming rate,

lim′
12
	k12CW0

ka = k01k12CW0CST

k10 + k12CW0
(66)

In these two cases, the lumped parameter ka can be simplified.
efore considering the lumped parameter kb, the hydrogen yield
atio is considered first:

lim′
12
�k12CW0

YH2 =
1
6
+ k′23CW0

6(k′20 + k′23CW0)

+ k23C2
W0(k12k′20 + k′12k′23)

2k′12(k20 + k23CW0)(k′20 + k′23CW0)

+ k23k34C3
W0(k12k′20 + k′12k′23)

6k′12(k20 + k23CW0)(k′20 + k′23CW0)(k34CW0 + k30)
(67)

lim′
12
	k12CW0

YH2 =
1
3
+ k′12k′23CW0

6k12CW0(k′20 + k′23CW0)

+ k23C2
W0

2CW0(k20 + k23CW0)
+ k23k34C2

W0
6(k20 + k23CW0)(k34CW0 + k30)

(68)
The hydrogen yield ratio, being greater than 1/3 as shown in Eq.
68), does not agree with the data of Vaidya and Rodrigues. This
ndicates that the ethanol dehydration rate cannot be much slower
a Ethanol conversion calculated by the first-order kinetics model.
b Ethanol conversion calculated by Eq. (71).

than the ethanol steam reforming rate. Eqs. (65) and (67) will there-
fore be applied for data analysis. kb/ka is further considered:

lim
k′

12
�k12CW0

kb

ka
= 1

CST(k′20 + k′23CW0)

+ 1
CSTk′12

+ CW0(k′20k′12 + k′12k′23)
CSTk′12(k′20 + k′23CW0)(k20 + k23CW0)

+ CW0k30(k′20k12 + k′12k′23)
CSTk′12(k′20 + k′23CW0)(k20 + k23CW0)(k34CW0 + k30)

(69)

To simplify Eq. (69), let us reasonably assume that ethanol steam
reforming rate is much slower than the CH3CHO and CO desorption
rate, i.e., k′20 � k′23CW0, and k30	 k34CW0.

lim
k′12 � k12CW0

k′20 � k′23CW0

k30 � k34CW0

kb

ka
= k′12 + k′20

CSTk′12k′20
(70)

Substituting Eqs. (65) and (70) into Eq. (64) leads to

W

Q0
=

[
k′12 + k′20
k′12k′20CST

]
yE0X − k10 + k′12

k01k′12CST

ln(1 − X)
CW0

(71)

where yE0 is the ethanol to water feed ratio. Eq. (71) with two  inde-
pendent parameters k′12 + k′20/k′12k′20CST and k10 + k′12/k01k′12CST is
then used to correlate the experimental conversion data shown in
Table 1. Assuming k′20 � k′23CW0, and k30	 k34CW0 also leads to

lim
k′12 � k12CW0

k′20 � k′23CW0

k30 � k34CW0

YH2 =
1
6
+ k23k′23C2

W0
2k′20k20

(72)

It is important to note that the hydrogen yield ratio will be
greater than 1/3 if k′20 	 k′23CW0 or k30	 k34CW0. Eq. (72) can be
rewritten as:

YH2 =
1
6
+ A23A′23

2A′20A20
exp

[
−E23 + E′23 − E′20 − E20

RT

]
C2

W0 (73)
In Eq. (73), the feed water concentration, CW0, is equal to the
feed water mole fraction multiplying the total feed concentra-
tion that can be calculated by P/RT. Eq. (73) with 2 parameters
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Fig. 8. Experimental and predicted hydrogen yields at varying temperatures.

Table 2
Values of the lumped parameters at various temperatures.

T (K) k′12 + k′20/k′12k′20CST (g h cm−3) k10 + k′12/k01k′12CST (g h mol  cm−6)

873 7.86 × 10−5 6.25 × 10−12

923 5.90 × 10−5 1.87 × 10−12
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943 3.60 ×10−5 5.23 ×10−12

973 2.43 × 10−5 8.14 × 10−12

23A′23/A′20A20 and E23 + E′23 − E′20 − E20 is used to correlate the
xperimental hydrogen yield ratio data at different temperatures.

Fig. 8 shows the experimental hydrogen yield ratios at different
emperatures and those calculated by Eq. (73) using the parameters
etermined from a linear plot of YH2 − 1/6 versus 1/T. The lumped
arameters obtained from the linear plot are: A23A′23/A′20A20 =
.05 × 1012 cm6/mol2 and E23 + E′23 − E′20 − E20 = 62.65 kJ/mol. As

s shown in Fig. 8, the proposed kinetic model predicts the hydrogen
ield ratios satisfactorily.

The two lumped parameters in Eq. (71) at different tempera-
ures, determined from nonlinear regression of the experimental
thanol conversion data are listed in Table 2. Using the two lumped
arameters and Eq. (71), the ethanol conversion at different feed
ater concentrations and temperatures can be calculated and

hown in Table 1. As is shown in Table 1, the average absolute
rrors calculated by AAE = (1/N)

∑N
i=1|Xexp,i − Xcal′d,i/Xexp,i| for the

rst-order model and Eq. (71) are 10.78% and 2.89%, respectively.
bviously, the kinetic model equation derived from our proposed

eaction mechanism gives better fit to the experimental ethanol
onversions at different feed water concentrations and tempera-
ures.

Only the lumped parameters in Eq. (71) at different tem-
eratures can be obtained from nonlinear regression of the
xperimental data. However, some individual rate constants can
e determined from the Arrhenius plots of the lumped param-
ters as shown in Fig. 9b and c, respectively. The significant
hange of the slope at T = 923 K in Fig. 9c suggests that k10 	
′
12 for T ≤ 923 K. In this case, k10 + k′12/k01k′12CST ≈ 1/k01CST =
E01/RT /A01CST, the activation energy of ethanol adsorption and
he pre-exponential constant determined from the Arrhenius plot
re: E01 = 162.0 kJ/mol and A01CST = 7.84 × 1020 cm6 g−1 h−1 mol−1,
espectively. We  can also reasonably assume k10 � k′12 for
 ≥ 923 K that leads to k10 + k′12/k01k′12CST ≈ k10/k01k′12CST =
10e(E′

12
+E01−E10)/RT /A01A′12CST. The lumped activation energy

nd the pre-exponential constant determined from the Arrhe-
Fig. 9. Arrhenius plot for the rate constants.

nius plot are: E′12 + E01− E10 = −212.5 kJ/mol and A10/A01A′12CST =
2.348 g h cm−3, respectively.

For T ≤ 923 K, we  can also reasonably assume k′20 	 k′12 and get
k′12 + k′20/k′12k′20CST ≈ 1/k′20CST = eE20′/RT /A′20CST. The activation
energy of acetaldehyde desorption and the pre-exponential con-
stant determined from the Arrhenius plot are: E′20 = 38.5 kJ/mol and
A′20CST = 2.57 × 106 cm3 g−1 h−1, respectively. Similarly, assuming
k′20 >> k′12 for T ≥ 923 K leads to k′12 + k′20/k′12k′20CST ≈ 1/k′12CST =
eE′

12
/RT /A′12CST. The activation energy of ethanol dehydrogenation

and the pre-exponential constant determined from the Arrhenius
plot are: E′12 = 130.0 kJ/mol and A′12CST = 4.08 × 1011 cm3 g−1 h−1,
respectively.

5. Summary of kinetic models

It is not necessary to assume any rate determining step to derive
the rate equation of ethanol steam reforming. In fact, no single
rate determining step can be assumed to obtain the rate equation
that reasonably fit the experimental data. However, some reaction
steps with smaller rate constants should be the important steps
controlling the overall rate. According to the analysis of the hydro-
gen yield and ethanol conversion data, the following important rate
controlling steps can be identified:
k′12 � k12CW0 indicates that SC2H5OH + H2O
k12−→SCH4 + 2H2 +

CO2 step is important.
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k′20 � k′23CW0 indicates that SCH3CHO + H2O
k′

23−→SCH4 + H2 + CO2
step is important.

k30	 k34CW0 indicates that SCO
k30−→S  + CO step is important.

For T ≤ 923 K,

k10 	 k′12 and k′20 	 k′12 indicate that SC2H5OH
k10−→S  + C2H5OH

step and SCH3CHO
k′

20−→S  + CH3CHO step are important.
For T ≥ 923 K,

k10 � k′12 and k′20 � k′12 indicate that SC2H5OH
k′

12−→SCH3CHO + H2
step is important.

According to the above analysis, the hydrogen yield ratio is
elated to the feed water concentration and reaction temperature
y the following equation:

H2 =
1
6
+ 2.02 × 1012 exp

[
−7535

T

]
C2

W0 (74)

ith the unit T in K and CW0 in mol/cm3.
The ethanol conversion is related to the space time, feed ethanol

ole fraction, feed water concentration and reaction temperature
y the following equation:

W

Q0
= e4635/T

2.57 × 106
yE0X − e19479/T

7.84 × 1020

ln(1 − X)
CW0

T ≤ 923 K

W

Q0
= e15642/T

4.08 × 1011
yE0X − e−25564/T

2.348
ln(1 − X)

CW0
T ≥ 923 K

(75)

ith the unit W/Q0 in g h/cm3.
The activation energies of three reaction steps can be deter-

ined:

Adsorption of ethanol: E01 = 162 kJ/mol;
Dehydrogenation of the adsorbed-ethanol: E′12 = 130 kJ/mol;
Desorption of acetaldehyde: E′20 = 38.5 kJ/mol.

The averaged activation energy of these 3 steps, 110 kJ/mol, is
lose to the overall activation energy 96 ± 17 kJ/mol determined by
aidya and Rodrigues.

. Conclusion

The ethanol steam reforming kinetic data of Vaidya and
odrigues were analyzed by the rate and yield ratio equations
erived from proposed reaction mechanism. A methodology to
btain the general rate equations for cyclic reaction networks was

pplied to elucidate the kinetics and reaction network analysis of
thanol steam reforming. The derived ethanol rate equation with
wo lumped kinetic parameters ka and kb gave a better fit of ethanol
onversion data than that used by Vaidya and Rodrigues who

[
[
[

ay 174 (2011) 17– 24

assumed a single rate determining step. The hydrogen yield ratios at
different temperatures could be satisfactorily predicted by the yield
ratio equation developed in this study. A more detailed analysis of
the lumped kinetic parameters at varying reaction temperatures
yielded the ethanol adsorption energy on the Ru/Al2O3 catalyst
to be 162 kJ/mol. The activation energies of dehydration of the
adsorbed ethanol and desorption of acetaldehyde were found to be
130 kJ/mol and 38.5 kJ/mol, respectively. No single rate determin-
ing step can be assumed to obtain the rate equation that reasonably
fit the experimental data. However, some rate controlling steps are
water reaction with the adsorbed ethanol, water reaction with the
adsorbed acetaldehyde, and CO desorption. Furthermore, for tem-
perature lower than 923 K, the overall reaction is also controlled by
desorption of ethanol and desorption of acetaldehyde; for temper-
ature higher than 923 K, the overall reaction is also controlled by
the dehydrogenation of the adsorbed ethanol.
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