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a b s t r a c t

Experiments were carried out to characterize the kinetics of dimethyl ether (DME) steam reforming (SR)
in a fixed bed reactor catalyzed by a bifunctional catalyst comprising a physical mixture of 50:50 wt.%
CuO–ZnO–Al2O3–ZrO2 + ZSM-5 at 200–300 ◦C and atmospheric pressure. The influences of the feed com-
ccepted 3 November 2008

eywords:
imethyl ether
team reforming
inetic model

position (steam/DME ratio), temperature and space velocity on DME conversion, hydrogen yield and CO2

selectivity were obtained. A kinetic model for combined DME SR based on the reaction mechanisms for
methanol to DME from Park and Froment and methanol SR from Peppley et al. was used. The kinetic
parameters were determined by regression using the DME conversion, hydrogen yield and CO2 selectivity
at a given steam/DME feed ratio (steam/DME molar ratio of 3.5).
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. Introduction

The polymer electrolyte fuel cell (PEFC) has come to be rec-
gnized as a highly efficient and clean power generator for both
tationary and mobile applications [1,2]. Hydrogen is the fuel for
his. The steam reforming (SR) of natural gas, methanol, gasoline,
nd dimethyl ether (DME) can be used to produce hydrogen. All
hese raw materials have their advantages and drawbacks. Among
hese, DME has the advantages of high energy density, non-toxicity,
asy availability, safe handling and storage, and that the infrastruc-
ure in place for liquefied petroleum gas (LPG) distribution can be
eadily adapted for DME. The feasibility of producing hydrogen from
DME SR process has already been discussed [3–8].

Hydrogen production from DME SR is a two-step process. The
rst step is the acid catalyzed hydrolysis of DME to methanol (Eq.
1)). This is followed by methanol steam reforming over Cu or
u/ZnO catalysts (Eq. (2)).

DME hydrolysis:

CH3OCH3 + H2O � 2CH3OH, �H0
r = +36.6 kJ/mol (1)
MeOH steam reforming:

CH3OH + H2O � CO2 + 3H2, �H0
r = +49.1 kJ/mol (2)

∗ Corresponding author. Fax: +86 10 62797490.
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DME SR, Eq. (3), is a linear combination of Eqs. (1) and (2):

CH3OCH3 + 3H2O � 2CO2 + 6H2, �H0
r = +135.0 kJ/mol (3)

he integrated system of DME SR also contains products that
ndergo the water gas shift (WGS) reaction:

O + H2O � CO2 + H2, �H0
r = −41.17 kJ/mol (4)

Thermodynamic considerations [9,10] suggested that a high
ME conversion cannot be attained when there is only DME hydrol-
sis to methanol. It is an equilibrium-limited reaction. However, its
onversion can be increased to exceed the equilibrium limit by cou-
ling it with methanol SR, that is, the equilibrium of reaction (1)
an be shifted in the forward direction, leading to high DME conver-
ion, if there is a simultaneous consecutive methanol conversion
y its steam reforming, reaction (2). In the coupled overall DME
R reaction system, DME hydrolysis is considered the rate-limiting
tep. Therefore, the enhancement of DME hydrolysis conversion is
n important factor in obtaining a higher DME SR conversion. The
ydrolysis reaction is known to take place over an acidic catalyst.
SM-5 is an active acidic catalyst [11,6]. In addition to ZSM-5, acidic
lumina (�-Al2O3) has also been used [3,12]. ZSM-5 and �-Al2O3 are
ctive for DME hydrolysis in different temperature ranges: >270 ◦C
or �-Al2O3 and 200–300 ◦C for ZSM-5 catalyst. It is well known

hat Cu–ZnO and CuO–ZnO–Al2O3 have high activity for the synthe-
is and steam reforming of methanol. Thus, the preferred catalyst
hould be a bifunctional one, e.g., comprising ZSM-5 as the DME
ydrolysis catalyst and copper as the methanol steam reforming
atalyst.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:wangjf@flotu.org
mailto:wangjfu@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.cej.2008.11.005
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Nomenclature

Ai preexponential factor of an elementary step of type
i (s−1 bar−1)

Ci concentration of surface species i
(mol g-cat−1)

CH+ concentrations of vacant acid sites
(mol g-cat−1)

CSi+ total surface concentration of site i (mol m−2)
DME dimethyl ether
DMO+ dimethyloxonium ion
Ei activation energy of reaction type i (kJ mol−1)
Fi molar flow rate of ith component (mol s−1)
F objective function of optimization for minimizing
�H heat of protonation (kJ mol−1)
H+ acidic site of ZSM-5 (mol g-cat−1)
ji number of data points
Ki equilibrium constant of an elementary step
k′

i rate coefficient of an elementary step i
ki rate coefficient of step i, incorporating CH+
ki rate constant for reaction i (mol g-cat−1 s−1)
Ki equilibrium constant of reaction i
L length of reactor (m)
MeOH methanol
MeOH+

2 methoxonium ion
pi partial pressure of gas-phase species i (bar)
r(i) reaction rate for species i (mol g-cat−1 s−1)
ri rate of reaction i (mol s−1 m−2)
Ri parameters to be estimated after re-

parameterization of rate and equilibrium constants
R gas constant (8.3145 J mol−1 K−1)
Ri rate of reaction i (mol s−1)
R+

1 surface methoxy
S(i) standard entropy of component i (J mol−1)
Si active site i in reaction mechanism (m2 g−1)
Si selectivity of ith component
T temperature (◦C)
Tm mean temperature (◦C)
W mass of catalyst (g)
x conversion of ith component
Yi yield of ith component

Subscripts
Hyd DME hydrolysis
R methanol steam reforming
W water–gas shift
D decomposition
1 active site 1 when on variable S
1a active site 1a when on variable S
2 active site 2 when on variable S
2a active site 2a when on variable S

Superscripts
C consumption
F formation, used in the rate coefficient
Pr protonation
(i) species adsorbed on active site i where i is 1, 1a, 2 or

2a
* composite parameter as defined in reaction equa-

tion
T indicating total concentration of active sites
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The majority of works devoted to DME SR research is the method
f catalyst preparation with attention given to the use of zeolite
r alumina in the catalyst studies [3,13,4,14]. The catalysts and
xperimental conditions used are summarized in Table 1. Some
esearchers [15–17] have studied the kinetics of methanol SR.

In this paper, we report experiments carried out to char-
cterize the activity of physically mixed catalysts containing
uO–ZnO–Al2O3–ZrO2 and ZSM-5 catalysts for DME SR in an

sothermal fixed bed reactor. The influences of steam/DME ratio,
pace velocity and temperature in the feed gas were studied and
detailed kinetic model of DME SR was parameterized for the

ifunctional catalyst.

. Experimental

.1. Catalyst preparation

The catalyst comprised a CuO–ZnO–Al2O3–ZrO2 catalyst, man-
factured by a novel co-precipitation procedure [18] as the catalyst
omponent for methanol steam reforming, and a solid zeolite
SM-5 catalyst (Si/Al = 25) purchased from the Catalyst Plant of
ankai University for DME hydrolysis. The copper-based cata-

yst was prepared using the corresponding nitrates as the metal
ources and sodium carbonate as the precipitant. The precipitate
as washed, dried, and then calcined at 350 ◦C for 4 h to yield

he CuO–ZnO–Al2O3–ZrO2 catalyst. In this catalyst, copper is the
ctive phase and ZnO was added to improve the dispersion of
opper and its reducibility while the addition of Al2O3 and ZrO2
ere used to improve the specific surface area and to reduce the

intering of the catalyst. All catalysts were ground and sieved to
particle diameter of 20–25 mesh to eliminate internal diffu-

ion resistance. The weight ratio of the two components in the
ifunctional catalyst was about 1 for CuO–ZnO–Al2O3–ZrO2 + ZSM-
catalyst.

.2. Catalyst characterization

The structures of the catalysts were characterized by N2 BET
dsorption and X-ray diffraction (XRD). The BET surface area was
btained using a high resolution BET equipment described in Li et
l. [19,20]. Powder XRD patterns of the catalysts were obtained with
Bruker D8 Advance type X-ray diffractometer using nickel-filtered
u K� radiation. The patterns were recorded for 10◦ < 2� < 90◦. To
tudy the stability of the bifunctional catalyst, the DME conver-
ion obtained during a continuous operation of 80 h under standard
onditions was plotted as a function of time.

.3. Equipment and reaction conditions

The experimental setup is shown in Fig. 1. In the feed sec-
ion, the reactant DME and reducing gas N2/H2 were controlled by

ass flow controllers. DME SR was carried out using an isothermal
xed bed reactor (20 mm i.d.) with the total gas space veloc-

ty of 1180–9000 ml g-cat−1 h−1, steam/DME molar ratio of 3.5,
nd at atmospheric pressure. The temperature range used was
00–300 ◦C. Before the reaction, the catalyst was reduced with a
% H2/96% N2 mixture at atmospheric pressure by raising the tem-
erature slowly to the reaction temperature over 10 h and holding
t 230 ◦C for 2 h. A mixture of deionized water, fed by a custom built
aporizer by means of a stratospheric piston pump, and DME gas

as introduced into the reactor for reaction. The first sample of the

ffluent was taken 2 h after steady reaction conditions were estab-
ished. Then samples were taken every 30 min for online analysis of
he effluent composition by a gas chromatograph. The final result
hown is the average of five data points.
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Table 1
Catalyst and experimental conditions in the literature and this paper.

Copper catalyst Solid acid catalyst Temperature (◦C) DME conversion (%) Literature

Cu-based spinel �-Al2O3 250–500 0–97 [3]
Copper iron spinel H-mordenite, ZSM-5, bayerite, �-Al2O3, TiO2 200–400 2–98 [7]
Copper ferrite spinel Al2O3 250–450 0–97 [8]
Pt, Pd–Al2O3 Al2O3 200–250 20–100 [14]
CuO–ZnO–Al2O3–ZrO2 ZSM-5 200–300 16–100 In this paper
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A high surface area was found for ZSM-5, while CuO–ZnO–
Al2O3–ZrO2 had a low surface area. The BET surface area of ZSM-5
was 365 m2 g−1, which was larger than that of CuO–ZnO–Al2O3–
ZrO2, 108 m2 g−1.
Fig. 1. Schematic view of

.4. Product analysis

The compositions of the effluent gas were analyzed by an online
as chromatograph (GC) equipped with a TCD (VARIAN, GC–7890II).
Porapak T column was used for the separation of DME, MeOH, and
2O, and a TDX-01 column was used for the separation of H2, CO,
nd CO2. DME conversion x and CO2 selectivity S were defined as
ollows:

DME (%) = FDME,in − FDME,out

FDME,in
× 100 (5)

CO2 (%) = FCO2

FCO + FCO2

× 100 (6)

here FDME and FCO2 were the molar flow rates of DME and CO2,
espectively. In and out denote the inlet and outlet molar flow rates.

The hydrogen yield, a parameter used for the activity, was
efined as the ratio of the molar amount of DME converted to hydro-

en to the total molar amount of DME fed to the reactor. This was
alculated by the following relation:

H2 (%) = FH2

FDME,in

(
FDME,in

FH2

)
T

× 100 (7)

here FH2 was the effluent molar flow rate of H2. (FDME,in/FH2 )T =
/6 was the theoretical molar ratio of DME fed and H2 produced.

F
c

xed-bed reactor system.

. Results and discussion

.1. Catalyst characterization
ig. 2. XRD patterns of the physical mixtures of CuO/ZnO/Al2O3/ZrO2 and ZSM-5
atalysts.
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Fig. 2 shows X-ray diffractograms from physical mixtures of
uO–ZnO–Al2O3–ZrO2 and ZSM-5 catalysts before and after DME
team reforming. The ZSM-5 catalysts had a sharp diffraction
eaks at 2� = 23.0◦, 23.8◦, and 24.4◦ indicating that these had

ewer defects, and a high degree of crystallinity. In the XRD pat-
erns of the mixed catalysts, there were rather weak peaks that
an be assigned to CuO, which was the main component of the
uO–ZnO–Al2O3–ZrO2 catalyst. These appeared at 2� = 35.5◦, and
8.6◦. The CuO peaks overlapped the ZnO peaks at 2� = 36◦. There
ere no peaks that can be assigned to Al2O3 and ZrO2, indicating

hat Al2O3 and ZrO2 existed in an amorphous or microcrystalline
tate. It is generally thought that DME hydrolysis actively takes
lace over acidic site of acid catalysts, while methanol SR proceeds
ver metal catalysts. The fresh CuO–ZnO–Al2O3–ZrO2 catalyst was
lmost inactive if the catalyst was not reduced before the reaction.
lso, the Cu metal peaks at 43◦ and 50◦ showed that some of the
opper was present as the metallic phase on the reacted catalyst,
hile the fresh catalyst had no Cu metal peaks. Thus, although the
RD pattern indicated more CuO than metallic copper on the used
atalyst, the active species for methanol SR reaction was assumed to
e metallic copper, which is in agreement with the majority opinion
hat the active species for methanol synthesis is metallic copper.

From Fig. 3, it can be seen that the bifunctional catalyst of
uO–ZnO–Al2O3–ZrO2 + ZSM-5 had good stability over 80 h dur-

ng which the DME conversion was almost constant. However, the
eaction temperature had to be limited to less than 270 ◦C to avoid
eactivation of the copper-based catalyst caused by Cu sintering.

Figs. 4–6 show the effect of steam/DME molar ratio, temperature
nd space velocity on DME conversion, hydrogen yield, and CO2
electivity, respectively.

.2. Effect of feed ratio (steam/DME molar ratio)

Fig. 4 shows that DME conversion and hydrogen yield increased
onsiderably when the steam/DME ratio was increased from 3 to
. Carbon dioxide, hydrogen and methanol were the main prod-
cts with the selected bifunctional catalyst. No methyl formate and
ethane were present in the products at all temperatures inves-

igated. Methane is the most thermodynamically stable product
ut was not produced because of the selectivity of the catalyst. In
he present work, carbon monoxide was not detected at reaction

emperatures lower than 240 ◦C except the total gas space veloci-
ies was 3935 ml g-cat−1 h−1. Trace amount was observed only at
emperatures above 240 ◦C along with high conversions of DME
f above 60%. The DME conversion and hydrogen yield were far

ig. 3. DME conversion during SR of CuO–ZnO–Al2O3–ZrO2 + ZSM-5 catalyst as a
unction of time with 1 g catalyst and n(DME)/n(H2O) = 1/3.5, temperature = 240 ◦C;
pace velocity, 4922 ml g-cat−1 h−1.

Fig. 4. Effect of steam/DME ratio on DME SR at different space velocities over
C
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uO–ZnO–Al2O3–ZrO2/ZSM-5 catalyst: (a) DME conversion, (b) H2 yield and (c) CO2
electivity. The reaction conditions were: catalyst, 1 g; temperature, 240 ◦C. Space
elocity: (—) thermodynamic equilibrium; (�) 9000 ml g-cat−1 h−1; (�) 6872 ml g-
at−1 h−1; (�) 4922 ml g-cat−1 h−1; (×) 3935 ml g-cat−1 h−1.

rom the equilibrium state even though the amount of water in
he feed was more than the amount of DME. It can be seen in
ig. 4 that with increased steam/DME ratio, DME SR was acceler-
ted, which led to higher DME conversions. Also, the increase of the
team/DME ratio shifted the equilibrium of the water gas shift reac-
ion (CO + H2O = CO2 + H2) in the forward direction which produced
2 and consumed H2O. Water gas shift is rapid over copper-based
atalysts. It is favored by lower temperatures and higher concentra-
ions of steam. Similarly to the H yield, the CO yield was defined
2
s the molar percentage of DME feed that was converted to CO.
he CO yield varied between 0.5 and 0.82% at 240 ◦C and a total
as space velocity of 3935 ml g-cat−1 h−1. From Fig. 4, it can be
een that the CO2 selectivity was higher than the DME SR ther-
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Fig. 5. Effect of temperature on DME SR over CuO–ZnO–Al2O3–ZrO2/ZSM-5
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odynamic equilibrium value, that is, CO concentrations were well
elow the equilibrium value. Clearly, steam in excess of the amount
equired by stoichiometry effectively suppressed CO formation.
t was clear that the system was not in DME SR equilibrium. A
igher steam/DME molar ratio was favorable for enhancing the
ME conversion and reducing the CO concentration in the prod-
ct. Additionally taking the thermal load and energy supply into
ccount, the optimum steam/DME can be recommended as 3.5.

The steam to DME ratio was kept constant at 3.5 (mol/mol) in
rder to lower the CO concentration by inducing a water gas shift
eaction in the reformer. Experiments were carried out that vary
he temperature and the space velocity in order to study the effects
f the temperature and contact time on catalyst activity, hydrogen
ield and CO2 selectivity.

.3. Effect of temperature

DME SR was studied in the temperature range from 200 to
00 ◦C. DME hydrolysis, water gas shift and methanol SR occurred

n the reactor. The activity of the mixture of CuO–ZnO–Al2O3–ZrO2
nd ZSM-5 catalysts as evaluated by the effect of temperature at
constant space velocity on DME conversion, hydrogen yield and
O2 selectivity is shown in Fig. 5. DME conversion and hydrogen
ield increased with the temperature because DME SR reaction is a
ery endothermic reaction. As a result, a small increase in temper-
ture resulted in a significant increase in conversion and hydrogen
ield. The molar ratio of water to DME used in the feed was chosen
lightly above the stoichiometric value to favor a higher hydro-
en yield when CO was produced. DME SR began to be observable
t about 200 ◦C and approximately 100% conversion of DME was
btained at temperatures higher than 240 ◦C under the above reac-
ion conditions. DME conversion and hydrogen yield increased with
he temperature, but selectivity of CO2 decreased while the CO
oncentration increased. The CO yields observed were 0.74–8.19%
nder these operating conditions. This suggested that at higher
emperatures the reverse WGS was accelerated.

Fig. 5 shows that at lower temperatures, DME conversion and
ydrogen yield were far from equilibrium, but with increased reac-
ion temperature, the difference narrowed, and at 260 ◦C, DME
onversion and hydrogen yield were very close to equilibrium. At
he same time, in the experiment’s temperature range, CO2 selec-
ivity was higher than the equilibrium value.

.4. Effect of space velocity

The space velocity, which is a parameter that reflected the reac-
or efficiency, was also tested with a steam/DME ratio of 3.5 at
tmospheric pressure. The total gas space velocities from 1180 to
000 ml g-cat−1 h−1 were used to test the catalytic behavior. Fig. 6
hows that with increased gas space velocity, DME conversion and
ydrogen yield decreased and CO2 selectivity increased. At the total
as space velocity of 1180 ml g-cat−1 h−1, the conversion of DME
as about 88% and CO2 selectivity was 98% at 220 ◦C. When it was

ncreased to 9000 ml g-cat−1 h−1, DME conversion was decreased
o 18% and CO2 selectivity was increased to 100%.

DME can be completely converted at 270 ◦C with a H2 yield
defined by Eq. (7)) greater than 90% when the total gas space
elocity was less than 2461 ml g-cat−1 h−1. At the same time, CO
tarted to form above 240 ◦C and the CO content was low. When the
otal gas space velocity was decreased to 1180 ml g-cat−1 h−1, the

onversion by the catalysts was greatly increased. The increased
mount of CO was not only caused by a more rapid reverse WGS
ut also by the high conversion and concentration of CO2. The CO
ields were less than 8.2% under these operating conditions. We
an see that the DME steam reforming is constrained to be a low

4

s
o

atalyst: (a) DME conversion, (b) H2 yield and (c) CO2 selectivity. Catalyst,
g; n(DME)/n(H2O), 1/3.5; space velocity: (—) thermodynamic equilibrium;

�) 9000 ml g-cat−1 h−1; (�) 6872 ml g-cat−1 h−1; (�) 4922 ml g-cat−1 h−1; (×)
935 ml g-cat−1 h−1; (�) 2461 ml g-cat−1 h−1; (+) 1180 ml g-cat−1 h−1.

ate reaction by the highest temperature allowed for the Cu catalyst.
he maximum allowable operating temperature for the Cu catalyst
as 270 ◦C, which limited the rate of DME reforming because the

eactor could not be operated as a higher temperature. The process
eeds more time to approach its equilibrium state. A low gas space
elocity favors the production of H2 in reforming of DME.

. Kinetic analysis
.1. Kinetic scheme

An important step to understand the catalytic behavior in DME
team reforming is to obtain the kinetics. The reaction mechanism
f methanol decomposition and methanol steam reforming has
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Table 2
Elementary steps in the formation of DME and their related rate and equilibrium
parameters [21].

Step Elementary steps Rate or equilibrium parameters

1 MeOH + H+ � MeOH+
2 KPr,MeOH

2 MeOH+
2 � R+

1 + H2O k′
F,R+ , k′

C,R+

3
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C
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by Jiang et al. [25]. Jiang et al. used a Langmuir–Hinshelwood rate
expression that was 100% selective for CO2 and in which the rate
of the WGS reaction was neglected. This model has been expanded
by Peppley et al. [26,27] who gave three rate expressions: one for
methanol decomposition, one for the WGS reaction and one for

Table 3
Definition of the parameters to be estimated after the re-parameterization of rate
and equilibrium constants [21].

Ri Definition

R1 �S0
Pr,MeOH/R − �H0

Pr,MeOH/RTm

R2 �H0
Pr,MeOH/R

R3 �S0
Hyd,R+

1

/R − �H0
Hyd,R+

1

/RTm

R4 �H0
Hyd,R+

1

/R

R5 ln Ac,R+
1

− Ec,R+
1

/RTm

R6 Ec,R+
1

/R
ig. 6. Effect of space velocity on DME SR over CuO–ZnO–Al2O3–ZrO2/ZSM-5
atalyst: (a) DME conversion, (b) H2 yield and (c) CO2 selectivity. Catalyst, 1 g;
(DME)/n(H2O), 1/3.5; temperature: (©) 200 ◦C; (�) 220 ◦C; (♦) 240 ◦C; (�) 270 ◦C.

een studied, but there is no report on the kinetics of hydrogen
roduction from DME SR, nor studies on an integrated process of
ME SR aimed at discriminating catalysts and gaining knowledge
bout the effects of the operating conditions. Since DME SR is the
ydrolysis of DME followed by the steam reforming of methanol,

n this work the kinetics of the hydrolysis of DME to methanol
sed the methanol dehydration to DME (its reverse reaction)
lementary reaction steps in the dehydration of methanol to DME
inetic model proposed by Park and Froment [21,22]. A NMR
tudy [23] has shown that methanol was reversibly adsorbed on
rønsted sites. The protonation was very fast on strong acidic sites
nd was considered to be in equilibrium. The protonated methanol
hus formed led via dehydration to a surface methoxy species

ovalently bonded to the lattice oxygen of ZSM-5, which reacted
n turn with methanol to form a dimethyloxonium ion (DMO+).
eprotonation of the latter yielded DME and regenerated acid site.
reaction scheme for the formation of DME, written in terms of

lementary steps, is given in Table 2.

R

R

R

R

1 1

R+
1 + MeOH � DMO+ k′

F,DMO+ , k′
C,DMO+

DMO+ � DME + H+ {KPr,DME}−1

The steps for the net rate of formation of DME are steps (3) and
4). Taking DME and DMO+ to be in equilibrium, the net rate of
ormation of DME can be written as

DME = rDMO+ = k′
F,DMO+ CR+

1
pMeOH − k′

C,DMO+ CDMO+ (8)

In the elementary steps (1)–(4), the protonation of MeOH and
ME can be taken to have reached pseudo-equilibrium, so that

MeOH+
2

= KPr,MeOHpMeOHCH+ (9)

DMO+ = KPr,DME pDMECH+ (10)

Introducing these relationships into a pseudo-steady state bal-
nce for the concentration of R+

1 leads to

R+
1

= �′
R+

1
CH+ (11)

here

′
R+

1
=

k′
F,R+

1
KPr,MeOHpMeOH + k′

C,DMO+ KPr,DMEpDME

k′
C,R+

1
pH2O + k′

F,DMO+ pDME
(12)

nd CH+ is the concentrations of vacant acid sites.
Following Park and Froment, in order to reduce the correlation

etween the preexponential factor and activation energy during
he regression, a mean temperature, Tm, was used to perform a re-
arameterization [24] of the rate and equilibrium constants. The
efinitions of the parameters of the kinetic model are shown in
able 3.

Until recently, the literature on the kinetics and mechanism of
ethanol steam reforming on Cu–ZnO–Al2O3 catalysts was quite

imited. An early mechanism-based kinetic model was proposed
7 ln AF,DME − EF,DME/RTm

8 EF,DME/R

9 �S0
Pr,DME/R − �H0

Pr,DME/RTm

10 �H0
Pr,DME/R
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Table 4
Elementary reactions occurring on type 1 and type 1a sites [27].

Step The reactions on type 1a site

5 S1 + S1a + CH3OH(g) � CH3O(1) + H(1a)

6 S1 + S1a + H2O(g) � OH(1) + H(1a)

7 S1 + CO2(g) � CO(1)
2

8 S1 + CO(g) � CO(1)

9 2S1a + H2(g) � 2H(1a)

10 S1a + CH3O(1) � CH2O(1) + H(1a)

11 CH3O(1) + CH2O(1) � CH3OCH2O(1) + S1

12 CH3OCH2O(1) + S1a � CH3OCHO(1) + H(1a)

13 CH3OCHO(1) + OH(1) � HCOOH(1) + CH3O(1)

14 HCOOH(1) + S1a � H(1a) + HCOO(1)

15 OH(1) + CO(1) � HCOO(1) + S1

16 HCOO(1) + S2a � H(1a) + CO(1)
2

Table 5
Elementary reactions occurring on type 2 and type 2a sites [27].

Step The reactions on type 2a site

17 S2 + S2a + CH3OH(g) � CH3O(2) + H(2a)

18 S2 + CO(g) � CO(2)

19 2S2a + H2(g) � 2H(2a)

20 CH3O(2) + S2a � CH2O(2) + H(2a)

21 CH3O(2) + CH2O(2) � CH3OCH2O(2) + S2

22 CH3OCH2O(2) + S2a � CH3OCHO(2) + H(2a)

2
2
2

m
b
e

f
a
s
a
n
s

m
s
w

•

2O)C

p1/2
H2

•
2

1

/p1/
H2

•

/2
2

)

4

n

Table 6
Regression parameters for the DME hydrolysis kinetic model.

Parameter Simulated

R1 −0.9
R2 −8.3 × 103

R3 −4.2
R4 −4.1 × 103

R5 30.8
R6 6.0 × 103

R7 6.5
R
R
R

T

w
c
(

d
p
t
a

I
i
s
e
t
C

t
y
a

3 CH3OCHO(2) � CH3OCHO(g) + S2

4 CH3OCHO(2) + S2 � CH3O(2) + CHO(2)

5 CHO(2) + S2a � CO(2) + H(2a)

ethanol steam reforming, respectively. They verified the applica-
ility of their model by fitting reaction data from a series of kinetic
xperiments to their model.

Peppley et al. derived the Langmuir–Hinshelwood rate laws
rom 12 elementary reactions and two different active sites. The H2
dsorption site associated with the active phase for the methanol
team reaction and WGS reaction was designated as a type 1a site
nd the H2 adsorption site for the second active phase was desig-
ated as a type 2a site. Elementary reactions occurring on type 1a
ite and type 2a site are presented in Tables 4 and 5.

Steps (11), (15) and (20) were assumed to be the rate deter-
ining steps, and the expressions for the rate of methanol

ynthesis, water gas shift and methanol decomposition reaction
ere obtained as follows:

Methanol SR reaction:

rR =
kRK∗

CH3O(1) (pCH3OH/p1/2
H2

)(1 − p3
H2

pCO2 /KRpCH3OHpH

(1 + K∗
CH3O(1) (pCH3OH/p1/2

H2
) + K∗

HCOO(1) pCO2 p1/2
H2

+ K∗
OH(1) (pH2O/

WGS reaction:

rW =
k∗

WK∗
OH(1) (pCOpH2O/p1/2

H2
)(1 − pH2 pCO2 /KW pCOpH2O)CT

S

(1 + K∗
CH3O(1) (pCH3OH/p1/2

H2
) + K∗

HCOO(1) pCO2 p1/2
H2

+ K∗
OH(1) (pH2O

Methanol decomposition reaction:

rD =
kDK∗

CH3O(2) (pCH3OH/p1/2
H2

)(1 − p2
H2

pCO/KDpCH3OH)CT
S2

CT
S2a

(1 + K∗
CH3O(2) (pCH3OH/p1/2

H2
) + K∗

OH(2) (pH2O/p1/2
H2

))(1 + K1/2

H(2a) p
1
H

.2. Kinetics modeling

The exit partial pressure of each component was determined by
umerically integrating a one-dimensional isothermal PFR model.

i
t

i

T
S1

CT
S1a

))(1 + K1/2

H(1a) p
1/2
H2

)
(13)

2))
2

(14)

(15)

8 1.5 × 103

9 −0.3 × 102

10 −4.8 × 104

he steady state mass balance for the ith component was:

dFi

dl
= Ri

W

L
(16)

here Fi was the molar flow rate of the ith component, W the
atalyst weight (g), Ri the generation rate of the ith component
mol g-cat−1 s−1) and L is the length of reactor (m).

A fourth-order Runge–Kutta method was used to solve the
ifferential equation [Eq. (16)] of the kinetic model and kinetic
arameters were fitted by a least-squares method. The parameters
o be optimized were the kinetic constants and activation energies,
nd the objective function was the sum of square residuals:

minimize

⎧⎨
⎩M =

N∑
j=1

[(xDME,exp − xDME,cal)
2 + (YH2,exp − YH2,cal)

2

+(SCO2,exp − SCO2,cal)
2]

⎫⎬
⎭ (17)

n the expression, M is the objective function of the minimization, N
s the number of data points (20), xDME,exp the experimental conver-
ion of DME, xDME,cal the calculated conversion of DME, YH2,exp the
xperimental yield of H2, YH2,cal the calculated yield of H2, SCO2,exp
he experimental yield of CO2 and SCO2,cal the calculated yield of
O2.

The objective function M was a simple multi-response objec-
ive function with equal weighing for the conversion, hydrogen
ield, and selectivity. There was no attempt made to include covari-
nces between these response variables although it was probably
ncorrect to consider these as uncorrelated because the optimiza-
ion software could give a good fit to the data.

There are six gas species: DME, CH3OH, H2O, CO2, CO, and H2
n the DME SR system, and three elements: C, H, and O, so the
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Table 7
Regression parameters for methanol steam reforming kinetic model.

Rate constant or equilibrium constant �Si (J mol−1 K−1) k∞
i

(m2 s−1 mol−1) �Hi (kJ mol−1) E (kJ mol−1)

kR – 7.5 × 1015 – 123.7
K∗

CH3O(1) (bar−0.5) −6.0 – −6.5 –

K∗
OH(1) (bar−0.5) −60.1 – −11.3 –

KH(1a) (bar−0.5) −100.8
K∗

HCOO(1) (bar−1.5) 179.2

k∗
W (m2 s−1 mol−1) –

Table 8
Thermodynamic parameters for methanol steam reforming kinetic model.

Parameter Simulated

CT
S1

(mol m−2) 1.3 × 10−4

CT
S1a

(mol m−2) 2.0 × 10−6

CH+ (mol kg−1) 7.6 × 10−7

SA (m2 kg−1) 3.2 × 105
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Fig. 7. Comparison of the model and experimental results.

umber of independent reaction is 3. The reaction system can be
xpressed by DME hydrolysis, steam reforming of methanol and
ater–gas shift reaction. We selected reactions (1), (2) and (4)

s the independent reactions, with Eqs. (8), (13) and (14) as the
inetic expressions. The optimized kinetic parameters are listed in
ables 6–8. Confidence limits for the parameters in Tables 6 and 7
ere not determined because the software used could not com-
ute these for non-linear models. The calculated DME conversion,
2 yield and CO2 selectivity compared with experimental results
re shown in Fig. 7. The correlation coefficient of the experimental
nd calculated value was 0.9963.

The formula �G◦
T = −RT ln Kp, was used to calculate the

quilibrium constant at different temperatures using basic ther-
odynamic data for the DME SR system reaction. The results are

hown in Table 9. In Table 9, KHyd, KR and KW are the equilibrium

onstants of DME hydrolysis, methanol steam reforming and water
as shift. The equilibrium constants show how their conversions
an be affected by the temperature and were also used in Eqs. (8),
13) and (14).

able 9
quilibrium constant for possible reactions in DME steam reforming system.

quilibrium
onstant

200 ◦C 220 ◦C 240 ◦C 260 ◦C 270 ◦C

Hyd 3.0 × 10−2 3.8 × 10−2 4.7 × 10−2 5.8 × 10−2 6.4 × 10−2

R 1.1 × 104 2.0 × 104 3.5 × 104 5.8 × 104 7.4 × 104

W 2.4 × 102 1.6 × 102 1.1 × 102 7.5 × 101 6.4 × 101

C

R

– −1.0 –
– 100.0 –

6.3 × 1013 – 94.5

. Reaction pathway

DME hydrolysis in the temperature range from 200 to 300 ◦C
ver a solid catalyst such as a ZSM-5 catalyst without the presence
f a CuO–ZnO–Al2O3–ZrO2 catalyst only produced methanol as the
roduct, and DME conversion and methanol yield were very low
at 300 ◦C the conversion of DME was approximately 20%). With
he bifunctional CuO–ZnO–Al2O3–ZrO2 + ZSM-5 catalyst, hydrogen
nd CO2 were the main products, with some CO and methanol.
hermodynamic calculations [9,10] showed that the equilibrium
onversion of DME hydrolysis to methanol (Eq. (1)) is only 20% at
75 ◦C, indicating that a high DME conversion cannot be attained in
reactor where by the hydrolysis of DME was the only reaction. The
ddition of the Cu-based catalyst was necessary to increase DME
onversion by its catalysis of methanol decomposition to continu-
lly remove methanol. From the result above, the WGS reaction also
layed an important role in the DME SR process. From the result
bove, the WGS reaction clearly played an important role in the
ME SR process, converting CO into CO2. In general, the CO con-
entration was significantly less than equilibrium for all conditions
tudied. The equilibrium of the WGS reaction was strongly influ-
nced by the temperature, with lower temperatures favoring CO2
nd H2 formation. It was observed that CO was only formed at high
ME conversion and high temperature.

. Conclusion

A bifunctional CuO–ZnO–Al2O3–ZrO2 + ZSM-5 catalyst was used
o catalyze DME steam reforming. High DME conversion, hydro-
en yield and CO2 selectivity were obtained at 200–300 ◦C. The
eaction kinetics for the three reactions in DME steam reforming
DME hydrolysis, methanol steam reforming and reverse water gas
hift) and the 26 kinetics parameters in the reaction expressions
or the three reactions in DME SR (DME hydrolysis, methanol steam
eforming and reverse water gas shift) were obtained from 20 sets
f experimental data by regression. Simulation results showed good
greement with the experimental results. The results of this study
re useful for the design, optimization and control of a DME fuel
eformer system.
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