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1. Introduction

ABSTRACT

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 k]/mol determined by Vaidya and Rodrigues.

© 2011 Elsevier B.V. All rights reserved.

Vaidya and Rodrigues studied catalytic steam reforming of
ethanol over a Ru/y-Al,03 catalyst in the temperature range

Ethanol steam reforming, a potential technology of hydrogen
production for fuel cell application, has attracted great research
attention recently [1-15]. 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 tech-
nology to produce hydrogen for fuel cells [16]. Although various
catalyst systems were used for ethanol steam reforming, reaction
rate and yield equations were not investigated explicitly [9,16-19].
The desired overall reaction of steam reforming is
CoHs0H + 3H,0 — 2CO, + 6H, (1)

However, if other side reactions are also considered, the reaction
network becomes very complicated and thus makes kinetic data
analysis very difficult.
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873-973K 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 (Qg). Although the equa-
tion was used to fit the ethanol conversion versus W/Qq 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
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step of reactants, reaction step of the adsorbed species, and desorp-
tion 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.
Because of complicated reaction steps involved in heterogeneous
catalysis, empirical power-law rate equation is usually used. For
example, Soyal-Baltacioglu et al.[9] used a power-law rate equation
to analyze the kinetic data of ethanol steam reforming over Pt-Ni
catalysts. In this study, the general rate equations for cyclic reaction
networks with multiple pathways [20] and pyramidal topology [21]
were applied to derive the reaction rate and yield ratio equations
for ethanol steam reforming. The derived rate and yield ratio equa-
tions were used to analyze the kinetic data of Vaidya and Rodrigues
to elucidate how to apply the general rate equations for heteroge-
neous reaction network analysis.

2. Proposed reaction network

Consider the following main reactions involved in ethanol steam
reforming:

C3H50H + H,0 — CHy +CO5 +2H, (2)
CH4 +H,0 < CO + 3H, (3)
CO + H,0 < CO, +H, (4)

Reaction (2) is the steam reforming reaction of ethanol that
is predominant at these temperatures. Reactions (2)-(4) together
denote the overall steam reforming reaction of ethanol. Ethanol
dehydrogenation to acetaldehyde and ethanol dehydration to ethy-
lene also occur in the presence of Ru/Al,05 [16]:

C;H50H — CH3CHO + H, (5)
C,H50H — CyH4 +H,0 (6)

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

CyHy +Hy - GyHg (7)

The intermediates such as C;Hg, C;Hg, and CH3CHO also possibly
undergo steam reforming to produce CO, and H;:

CHy4+H;0 — CH4+CO + Hy (8)
CHg+H;0 — CH4+CO + 2H, (9)
CH3CHO + H,0 — CH,+CO, +H, (10)

The produced CH4 and CO can be converted to CO, and H; by
Reactions (3) and (4).

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

K
S+C2H50H<"ﬂ>sc2H50H (11)
10
SC,H50H + Hy0X2 SCH, + 2H, + CO, (12)
SCH4 <25 + CH, (13)
7(02
SCH4 + Hy0+%.5C0 + 3H, (14)
k
SC0<2%S 1+ CO (15)
ko3
k
SCO + Hy0-24S + H, + CO, (16)

K
SC,HsOH—'2 SCH3CHO + H, (17)

k!
scmcno@s + CH3CHO (18)
K02
k!
SCH3CHO + H,0-2SCH, + H; + CO, (19)
k//
SC,H50H—3SCyHy + Hy0 (20)
k;o
SCoH4<=S + CoHy (21)
"
02
K
SCyHy + Hy—2 SCoHg (22)
y
SCyH4 + H,0-2SCH, + Hy + CO (23)
k’3’0
SCy;Hg<«—S + CyHg (24)
"
03
K3y
SCyHg + H, 024 SCHy4 + 2H, + 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 CHy-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 C;H,4 can desorb from the catalyst, reacts with hydro-
gen in the gas phase to form the C;Hg-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),
o
sMsMsc, HsoH ™9 scHy S (26)
2H,+CO, CHy

For Reaction (3),
CHy

s scH, 229500« s (27)
3H, co

For Reaction (4),
0
s%sco ™0 (28)
Hy+C0;
For Reaction (5),

595, HyOH—> SCH3CHO «— S (29)
Hy CH3CHO

S
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Fig. 1. The reaction network of ethanol steam reforming.

H,+CO, s
H,0
CH,CHO
co
SCO
CH, H
SCH,CHO
H,0
3H,
H,0

For Reaction (6),

s HsOH—>SCyHy «—S (30)
H,0 CyH,

For Reaction (7),

5250, H, 22 SC,Hg S (31)
CoHg

For Reaction (8),

s2Msc,H, 129 scHy< s (32)
Hy+CO CHy
For Reaction (9),
CH (0]
s2Msc,Hs 229 SCHu<S (33)
2H,+C0 CH,4
For Reaction (10),
(0]
sBHM0gch.cHo ™29 scH, < (34)
COy+H, CH,

3. Reaction rate analysis

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

After neglecting the ethanol dehydration reaction and assum-
ing irreversible desorption of CO, CH4 and CH3CHO, the reaction
network can be reduced as shown in Fig. 2. The cycle rate and path-
way rates shown in Fig. 2 have the following relations: r=rq +1y,
r1=I3+Ty4, Iy +T4=T5+T1g, I'g =17 +1g. The species reaction rate can
be expressed in terms of the overall cycle rate and pathway rates:

TGHsO0H = =T TH,0 = —T2 —T4 —Tg —Tg Tco, =T2+T4+13
Ty, =T1+2r+14+ 316 +13

(35)

I'co =17 IcH, =715

H,+CO,

'3 / SC,H.OH

SCH3CH04<_—%/

2H, +CO,

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

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,

CH,

3H,

H,0 SCH,

2H, +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.

2H, +CO,

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

the two pathways between the CO-adsorbed site, SCO, and the free
catalyst site, S, are grouped as a single step with the loop rate coef-
ficient L34 =k34Cw +k3g [21]. After this grouping, the equivalent
reaction network is modified and shown in Fig. 3. Moreover the
pathway SCH4 — SCO — S can be reduced to a single step SCHy — S
by the network reduction technique [22] with the reduced step
rate coefficient, A4 =ky3Cw. After eliminating the SCO intermedi-
ate, the reaction network can be further modified as one shown
in Fig. 4. Apply the Y-to-delta transformation technique [21], the
reaction network shown in Fig. 4 can be reduced to that shown
in Fig. 5 with the A coefficients A, =k}, k,,/(k,, + k,3Cw) and
A1z = K,k Cw /(K + K3 Cw ). Finally, the two pathways between
S, SCoH50H, and SCH4 can be combined respectively to con-
vert the reaction network to a single cycle network as shown in
Fig. 6. The loop coefficients shown in Fig. 6 are Lyg=kyg+ A2g,
Ly =k12CW+A]2, L'lO = k]o + A/10' and LO] =k01 CE where CE is the
ethanol concentration.

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

Lo1L12L20Cst
Doo + D11 + D2 + (K}, /(Kyg + k53Cw))D11 + (k23Cw/L34)D22

(36)

I's +T =

where Csr is the total catalyst concentration. In Eq. (36), the last two
terms of the denominator are included to account for the missed
SCH3CHO and SCO intermediates due to network reduction [20].

N SCH, «——— ="

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

From Eq. (36), the intermediate SCH4 concentration can be
obtained and the pathway rates for r5 and rg can thus be calculated
by the following equations:

s = Lo1L12k20Cst

Doo + D11 + D2z + (ky, /(Kyg + ko3 Cw))D11 + (k23Cw/L3a)Da22
e = Lo1L12ka3 CwCst

Doo + D11 + D2z + (ky, /(Kyg + Ky3 Cw))D11 + (k23Cw/L3a)D22

(37)

Using Eq. (37) and the relations of r;/rg=Kk3o/(k34Cw) and
r7 +rg =T1¢, the pathway rates for r7 and rg can be calculated by the
following equations:

= k3o Lo1L12ka3 CwGst
k3o + kssCw Doo + D11 + Daz + (ki /(Ky + ki3 Cw))D11 + (k23Cw/L34)D22 (38)
_ k3aCw Lo1L12k23CwCst
ko +ksaGw Doo + D11 + D2z + (K, /(Kyg + Ky, Gw))D11 + (ka3Cw /L34 D22

Ty

From Eq. (36), the intermediate SC;H50H concentration can be
obtained and the pathway rates for r; and r, can thus be calculated
by the following equations:

o Lo1K;,L20Cst

Doo + D11 + D2z + (K, /(Ky + K3 Cw))D11 + (k23Cw/L34)Da2
Iy — Lo1k12L20CwCst

Doo + D11 + D2z + (K}, /(Ko + k3Cw))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 SC;Hs0H concentration, so that the path-
way rates for r3 and r4 can thus be calculated by the following
equations:

B ki, Lot kaoki, Cst
N Ky + K3 Cw Doo + D11 + D22 + (k’]z/(k’20 + K3 Cw))D11 + (k23Cw /L34)D22
_ ko Lo1Lookr24 Cw Cst

K, + Ky Cw Doo + D11 + Daa + (ki /(K + Ky Gw))Di1 + (k23Cw /L3a)D22

3
(40)

T4

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

Doo = LizLao + Liglao  for S%SCZHSOHﬁscmﬂs (41)
10
D11 = Lg1Lyo for SC2H50H£SCH42>S{£>SC2H5OH (42)
10
Dyy = LyjLy5 for scmi"s{ﬂdczHSOHEscm (43)
10

Substituting all the D;; terms into all the pathway rate equations
and replacing the A coefficients and loop coefficients by the rate
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constants leads to
. ko1k}(kao + ka3 Cw (K5 + K5 Cw )(k34Cw + k30)CsTCE
=

D (44)
ko1k12(k20 + k23GCw )(Kyg + kb3 Cw)(k3aCw + k30)CstCwCe
I = 5 (45)
r3 = k01k/12k/20k/20(k3gcw + k30)CstCE (46)
k01 kllzk,24(k20 + k23CW )(k34cw + k30 )CWCSTCE
T4 = 5 (47)
ko1kao(k12ky + k12kh s Cw+K] 5 kb3 )(ksaCw+k30)CstCw Ce
= b (48)
e ko1 k23(K12Kk)g+K12Ky5 Gk, 5 k)3 )(k34Cw+k30)CstCa, Ce (49)
D
_ ko1 k23k30(k12k/20 + ](12](’23CW + k/12k/23 )CSTC\%VCE
= 5 (50)
_ korkasksa(ki2khg + ki2khs Cw + ki, k)3 )CstCy, Ce
s = B (51)
where
D= (khokiz + Ky3ki2Cw + K, kb (k2o + ka3 Cw )(k34Cw + k30)Cw
+(k1okyg + k10ky3 Cw + K5 K50 (K20 + ka3 Cw )(k3aCw + k30)
+ko1(kao + I<23Cw)(k/20 + k’23 Cw)(k3aCw + k30)Cg (52)

+ko1(kyokia + ky3k12Cw + ki, Ky )(k3aCw + k3o )CwCe
4K}y ko1(k20 + k23Cw )(k3aCw + k30)Ce
+kazkor (kyokiz + ks ki2Cw + K, k5 )C3, Ce

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

3.2. Yield ratio

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

TH, T +2rp + 144316+ 13 (53)

Yu, =
—61c,H50H 6r

2

Substituting the pathway rates into Eq. (53) leads to
_ ki, ki2Cw
2 6(Ky, +kiaCw) - 3(K;, + k12Cw)
+ k553 Cw
6(k2 + k12Cw)(Ky + Koy Cw)

YH

ka3 Gy (k12khg + ki, k) + Ky K5 Cw)
2(k, + k12Cw)(kao + ka3 Cw)(K, + K}, Cw)

’(23’(34C\3v(k12k/20 + k/lzk/23 + k12k/23 Cw)

+
6(k}, + k12Cw)(kao + ka3 Cw)(Kyg + Ky Cw)(k3aCw + k30)

(54)

4. Comparison with experimental data

0.0
Q
-0.5 4 ¥
v
o
-1.0 1 s v
X
— -1.5 a
£
v
2.0 1 k_ R?
e 873Kdata 0.150 0.981
o 923Kdata 0.229 0.939
25 v 943Kdata 0.446 0.873
& 973Kdata 0595 0.913
Linear regression “
-3.0

00 05 10 15 20 25 30 35 40
(W/Q,) x10° (g h cm™®)

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, 873K, 923K, 943K, and 973 K.

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

In(1-X)= —k% (55)

The In(1 — X) versus W/Qq 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
Rodriguesis 10-1, the water vapor concentration can be reasonably
assumed to be constant during reaction. Thus, the ethanol reaction
rate, ry +r, becomes

ko1 (K', + ki2Gwo)(Kao + k23 Cwo)(kyg + K3 Cwo)(k3aCwo + k3o)CsrCe

—TIE A (56)
with the denominator
A= (kygki2 + Kz ki2Cwo + K, k)3 )(kao + ka3 Cwo )(ksaCwo + k30)Cwo

+(k1okyg + k1o0ky5 Cwo + K,k (k2o + ka3 Cwo )(ksaCwo + k30)

+ko1 (k20 + k23 Cwo)(Kyy + K3 Cwo)(k3aCwo + k3o)Ce (57)

+ko1(Ky k12 + ki3 k12Cwo + K, k53 )(k3aCwo + k30)Cwo Ce

+ki 5 ko1 (kao + k23 Cwo)(k34Cwo + k30)Ce
+k23k01(k’20k12 + k’Bk]zCWo + k’12k/23 )C&IOCE

where Cyyg 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 Egs. (56) and (57) cannot be determined sepa-
rately. Only some lumped parameters can be obtained. Eq. (56) can
be rewritten as

ka CE

) ) ) —TE= 7~ (58)
Vaidya and Rodrigues packed commercial Ru/y-Al,03 catalyst 1+ kyCe
in a fixed-bed down-flow reactor placed inside a temperature- with the lumped parameters defined as:
controlled heating furnace to carry out ethanol steam reforming. ) )
K — ko1 (K, + k12Cwo)(Kyq + k53 Cwo)Cst (59)
‘ ko (k1o + K5) + (kaakhg + K5 kb5 + kiokhs )Cwo + ki2ky3 G2y
(k/]z + k/20 + k/23 Cwo)(kao + k23Cwo)(k34Cwo + k30) + (k34C\3V0 + k3gCwo + ka3 C\2NO )(k/20k12 + k/23 k12Gwo + k/12k/23) (60)

kp = ko1

(k1okyg + k5 K50 + K10k Cwo + Khgk12Cwo + K5 k)5 Cwo + K3 k12Ca0) (k20 + k23Cwo)(k3aCwo + k3o)
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During each test at given temperature and feed water concentra-
tion, k, and kj, are constant. The rate equation for packed bed reactor
operated at steady state is

dFE kaCE

7:rE:_1+kbCE

aw (61)

where Fg is the molar flow rate of ethanol, W is the packed catalyst
weight. The ethanol molar flow rate is related to the ethanol con-
version: Fg = Fgg(1 — X). The ethanol concentration can be expressed
in terms of the volumetric flow rate that was kept constant in the
experiments of Vaidya and Rodrigues:

Fe _ Feo(1-X)
Q Qo

where Qg is the volumetric feed flow rate and Cgq is the ethanol
feed concentration.

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

dX  kaCwoCro(1 —X)

Feo Gy = 1+ kyCro(1 — X) (63)

CGe= = Cgo(1-X) (62)

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

kyCro 1

_ _ W W
kaCwo

In(1 - X) Fro % (64)
In Eq. (64), the feed water concentration, Gy, is equal to the feed
water mole fraction multiplying the total feed concentration that
can be calculated by P/RT. Although Eq. (64) can be used to analyze
the steady-state ethanol conversion as a function of W/Qyg, it cannot
be used to compare the data of different test runs with different
feed water concentrations unless the lumped parameters kq and kj,
at different feed water concentrations are assumed to be constant
or can be simplified. Consider parameter k, first:

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

ka CWO

_ ko] k/l 2 Cst

lim =
a k1o + k/12

k’12>>k12CW0

(65)

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

lim
k,12<<k12CW0

ko1k12CwoCst
_ 66
“7 k1o + ki2Cwo (66)

In these two cases, the lumped parameter k, can be simplified.
Before considering the lumped parameter kj, the hydrogen yield
ratio is considered first:

1 k3 Cwo

B o P2 = 6 T Bk + Ky Cwo)

K5 >k12Cwo

ka3 Ciyo(k12kog + Kiok)s)
2k}, (k20 + k23 Cwo )(K5g + k55 Cwo)

k23k34C3v0(k12k/20 + k/lzk/23)

67
* 6Kk, (kao + ka3 Cwo )(Kyy + K5 Cwo (k34 Cwo + k3o) (67)
Kokl G
lim YH2 — 1 + 12 ,23 WO/
K, <k12Cwo 3 6ki2Cwolks + k53 Cwo)
k23c\%v0 I<231<34C3VO (68)

+ +
2Cwo(kao + ka3Cwo) ~ 6(kao + k23Cwo)(k34Cwo + k30)
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
indicates that the ethanol dehydration rate cannot be much slower

Table 1
The experimental results of Vaidya and Rodrigues.

Yro ywo Qo (cm®min') W/Fg (ghmol!) T(K) X X2 Xb

0.043 043 246.1 2.04 873 043 042 043
0.058 0.58 362.9 1.02 873 030 030 0.30
0.066 0.66 479.7 0.68 873 022 024 023
0.058 0.58 362.9 0.54 873 0.16 0.17 0.16
0.043 043 246.1 2.04 923 059 0.56 0.59
0.058 058 362.9 1.02 923 041 043 040
0.066 0.66 479.7 0.68 923 028 034 031
0.058 0.58 362.9 0.54 923 024 025 021
0.043 043 246.1 2.04 943 084 0.80 0.84
0.058 0.58 362.9 1.02 943 063 066 0.61
0.066 0.66 479.7 0.68 943 049 056 048
0.071 0.71 595.7 0.54 943 037 050 041
0.043 043 246.1 2.04 973 094 092 0.94
0.058 0.58 362.9 1.02 973 078 0.81 0.78
0.066 0.66 479.7 0.68 973 063 0.72 0.63
0.066 0.66 479.7 0.36 973 035 049 035

2 Ethanol conversion calculated by the first-order kinetics model.
b Ethanol conversion calculated by Eq. (71).

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

K5 >k12Cwo ka CST(k/zo + k/23 Cwo)
L1 . Cwo(kyokip +Kipkys)
Cstk)y — Cstk,(Ky + K3 Cwo)(kao + ka3 Cwo)

Cwokso(kyoki2 + ki, k)4)

+ 1 7 69
Cstk) 5 (Kb + K53 Cwo)(kao + k23Cwio )(k3aCwo + Kk3o) (89)

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, > k’,» Cwo, and k3o < k34Cwo.

ky  Kip ko

lim 2= = (70)
k,12 > k]2CW0 kq CSTk/le/ZO
ko > K33Cwo
k3o > k34Cwo
Substituting Eqgs. (65) and (70) into Eq. (64) leads to
w ki, + k5 B k1o + k)5 In(1 - X) 71)
Qo a k/12k/20C5T k01 k,12C5T Cwo

where ygq is the ethanol to water feed ratio. Eq. (71) with two inde-
pendent parameters k}, + Kk, /k}, K, Cst and k1o + k7, /ko1 K}, Cst is
then used to correlate the experimental conversion data shown in
Table 1. Assuming ki, > K, Cwo, and k3g < k34Cwo also leads to
/ 2
m Y=gt % (72)
kllZ > k]ZCWO 20720

ko > K33Cwo
k3o >> k34Cwo

It is important to note that the hydrogen yield ratio will be
greater than 1/3 if k; « kj;Cwo or k3p < k34Cwo. Eq. (72) can be
rewritten as:

1 AxzhAl, _ Eaz +Ey5 —Ejy —Eao

Y2 =5 2Ap Ay RT

Cao (73)

In Eq. (73), the feed water concentration, Cyy, 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



Fig. 8. Experimental and predicted hydrogen yields at varying temperatures.
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Values of the lumped parameters at various temperatures.

T (K) K,y + K /K, Ky, Cot (ghcm™3) k1o + Kk}, /Ko1K, Cst (g hmol cm~6)
873 7.86 x 10~> 6.25x 10712
923 5.90 x 10-5 1.87 x 1012
943 3.60 x 107> 5.23 x 10712
973 243 x 107> 8.14x 10712

Ap3Al5/ALAx and Epz + Ej; — Ey ) — Epo is used to correlate the
experimental hydrogen yield ratio data at different temperatures.

Fig. 8 shows the experimental hydrogen yield ratios at different
temperatures and those calculated by Eq. (73) using the parameters
determined from a linear plot of Yy, — 1/6 versus 1/T. The lumped
parameters obtained from the linear plot are: Az3A), /AL A2 =
4.05 x 10" cm®/mol® and Ep3 + Ej; — Eb) — Ezo = 62.65 k]/mol. As
isshowninFig. 8, the proposed kinetic model predicts the hydrogen
yield ratios satisfactorily.

The two lumped parameters in Eq. (71) at different tempera-
tures, determined from nonlinear regression of the experimental
ethanol conversion data are listed in Table 2. Using the two lumped
parameters and Eq. (71), the ethanol conversion at different feed
water concentrations and temperatures can be calculated and
shown in Table 1. As is shown in Table 1, the average absolute
errors calculated by AAE = (1/N)§:§\’=1 [Xexp,i — Xcard,i/Xexp,il for the
first-order model and Eq. (71) are 10.78% and 2.89%, respectively.
Obviously, the kinetic model equation derived from our proposed
reaction mechanism gives better fit to the experimental ethanol
conversions at different feed water concentrations and tempera-
tures.

Only the lumped parameters in Eq. (71) at different tem-
peratures can be obtained from nonlinear regression of the
experimental data. However, some individual rate constants can
be determined from the Arrhenius plots of the lumped param-
eters as shown in Fig. 9b and c, respectively. The significant
change of the slope at T=923K in Fig. 9c suggests that ki <«
ki, for T<923K. In this case, ko + K,/ko1k},Cst ~ 1/ko1CsT =
ebo1/RT /Ay, Csr, the activation energy of ethanol adsorption and
the pre-exponential constant determined from the Arrhenius plot
are: Eg; =162.0 kJ/mol and Ag; Csy=7.84 x 1020 cm® g=1 h~1 mol-1!,
respectively. We can also reasonably assume kig > k), for
T>923K that leads to kqg+ k/lz/kmk/]zCST ~ kio/ko1 k/QCST =
Ame(E'lerEm ~E10)/RT /A01A|,Cst. The lumped activation energy
and the pre-exponential constant determined from the Arrhe-

In (Kyo'+Ky Ko 'Ky Cor

1.10 1.15 1.20

1000/T (K™)

1.05
Fig. 9. Arrhenius plot for the rate constants.

nius plot are: E'1 +Eg1 — Ejo =—212.5kJ/mol and Aqo/Ag1A},Cst =
2.348 gh cm3, respectively.

For T<923 K, we can also reasonably assume k,, « k}, and get
Ky + Ko /Ko Koo Cst A 1/K Cs = eF20/RT /AL Csr. The  activation
energy of acetaldehyde desorption and the pre-exponential con-
stant determined from the Arrhenius plot are: E’5g = 38.5 kJ/mol and
A'59Cs7=2.57 x 106 cm3 g1 h~1, respectively. Similarly, assuming
Ko >> k), for T>923 Kleads to ki, + Ky / K}k, Cst ~ 1/k},CsT =
eE/lz/RT/AQZCST. The activation energy of ethanol dehydrogenation
and the pre-exponential constant determined from the Arrhenius
plot are: F'1;=130.0k]/mol and A’1,Csr=4.08 x 1011 cm3 g1 h~1,
respectively.

5. Summary of kinetic models

Itis 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-
genyield and ethanol conversion data, the following important rate
controlling steps can be identified:

k
ki, > ki2Cwo indicates that SC;HsOH + H,0-3SCHy4 + 2H, +
CO, step is important.
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k
ko > kb3 Cwo indicates that SCH3CHO + H,0-2 SCHy + Hy + CO;,
step is important.

o k .
k30 < k34Cwo indicates that SCO=%S + CO step is important.
For T<923K,

o X
kio < K}, and kj, < k|, indicate that SC;HsOH—%S + C,HsOH

k
step and SCH;CHO—23 S + CH5CHO step are important.
For T>923K,

K
k1o > ki, and ki, >> k!, indicate that SC;Hs OH—'3 SCH3CHO + H,
step is important.

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

Yy, = % +2.02 x 102 exp [

75357
- T} 2 (74)
with the unit Tin K and Cwg in mol/cm3.
The ethanol conversion is related to the space time, feed ethanol
mole fraction, feed water concentration and reaction temperature
by the following equation:

4635/T 19479/T _
W e ex— & X gy3
Q 257x10 7.84 x 10 Cwo (75)
15642/T —25564/T _
w__e YeoX — & In(1-X) 1. g3k
Qo 4.08 x 10! 2.348  Cwo

with the unit W/Qq in gh/cm3.
The activation energies of three reaction steps can be deter-
mined:

e Adsorption of ethanol: Eyq = 162 kJ/mol;
¢ Dehydrogenation of the adsorbed-ethanol: E'{5 = 130 kJ/mol;
e Desorption of acetaldehyde: E'5p =38.5 k]/mol.

The averaged activation energy of these 3 steps, 110 kJ/mol, is
close to the overall activation energy 96 + 17 k]/mol determined by
Vaidya and Rodrigues.

6. Conclusion

The ethanol steam reforming kinetic data of Vaidya and
Rodrigues were analyzed by the rate and yield ratio equations
derived from proposed reaction mechanism. A methodology to
obtain the general rate equations for cyclic reaction networks was
applied to elucidate the kinetics and reaction network analysis of
ethanol steam reforming. The derived ethanol rate equation with
two lumped kinetic parameters k, and k;, gave a better fit of ethanol
conversion data than that used by Vaidya and Rodrigues who

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/Al,03 catalyst
to be 162 KkJ/mol. The activation energies of dehydration of the
adsorbed ethanol and desorption of acetaldehyde were found to be
130KkJ/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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