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a b s t r a c t

The kinetics of the steam reforming of methanol have been studied in experimental conditions similar
to those used in industrial applications, i.e., by using a commercial catalyst in cylindrical pellets. The
catalyst used is based on a mixture of Cu–Zn–Al oxides and is normally employed in industry for the low-
temperature CO water gas shift reaction. Two kinetic laws have been tested on kinetic runs, performed
eywords:
ethanol steam reforming

inetics
u–Zn–Al catalyst
ilot packed bed reactor
ffectiveness factor

in a CSTR gradientless Berty reactor and reported in our previous work, by comparing in particular the
detrimental effect on the reaction rates of water and/or hydrogen, by comparing in this way the results
reported by different authors on this subject. These kinetic laws, together with others reported in the
literature, based on different reaction mechanisms, have then been tested for the simulation of runs
performed in a tubular pilot-scale packed bed reactor, taking into account for both mass and heat balance
along the reactor and inside the catalyst particles. Effectiveness factors were determined through both a

od an
rigorous calculation meth

. Introduction

Methanol plays a fundamental role both as a building block for
he production of many chemicals such as, for example, formalde-
yde and acetic acid, and as a low-cost energy vector like MTBE,
iodiesel and gasoline production, this last on H-ZSM5 based
atalysts (MTG Mobil process [1]). Moreover, methanol has also
een considered a hydrogen reservoir that allows us to overcome
he problems related to hydrogen storage and transportation. The
roduction of hydrogen, for example, as a combustible in fuel
ell applications, can be readily carried out through methanol
atalysed steam reforming. The most active and selective cat-
lysts for this endothermic reaction have been found to be
ommercial CuO–ZnO–Al2O3 based catalysts, developed for the
ow-temperature CO gas shift reaction. This methanol application
as undergone a renewed growth in interest and many works
ave recently been published on the subject exploring scientific
spects like kinetics and mechanisms [2–9] as well as technological
nes with end-use applications [10–12]. Methanol steam reform-

ng (MSR) can give good yields of hydrogen through the following

eaction:

H3OH + H2O � CO2 + 3H2 (1)

∗ Corresponding author.
E-mail address: elio.santacesaria@unina.it (E. Santacesaria).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.06.007
d experimentally.
© 2009 Elsevier B.V. All rights reserved.

This reaction can be performed on different types of catalysts,
but the most active and selective proved to be the catalysts devel-
oped for low-temperature CO conversion (gas shift reaction, GSR or
WGSR) [13,14]:

CO + H2O � CO2 + H2 (2)

These catalysts are mainly constituted by mixtures of CuO,
ZnO and Al2O3 and have been extensively studied [2–14] in the
methanol steam reforming reaction both in the low-temperature
range (180–210 ◦C) and also at higher temperatures (200–300 ◦C).

Other selective catalysts used for hydrogen production through
methanol steam reforming are based on Pd–Zn mixtures [18]. For
these catalysts a reaction mechanism involving aldehydic and car-
boxylic intermediates has been suggested [19,20].

Various papers [15,16] have underlined the need for reliable data
and kinetic models to design the reformer reactors to be employed
together with the fuel cells. After our pioneering works on this topic
[13,14], a lot of papers have been published in the literature with
contradictory conclusions about the components affecting the reac-
tion rate [16]. As a consequence, many different kinetic expressions
have been proposed for experimental data correlation [2–5,16] as
Lee et al. have recently reviewed [16]. These authors have found
that also for very similar catalysts, different reaction rate expres-

sions have been proposed, based on different reaction schemes and
mechanisms. In particular, one of the most controversial aspect for
the kinetics of this reaction focus on the reaction order of methanol,
water, hydrogen and carbon dioxide, that must be introduced in the
rate expressions and the models proposed range from the very sim-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:elio.santacesaria@unina.it
dx.doi.org/10.1016/j.cej.2009.06.007
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fixed methanol partial pressure and varying water concentration,
we had found (see Ref. [14]) that water has an inhibitory effect
on the reaction rate and, at low conversion, a linear relation exists
between the reciprocal of the reaction rate and the water/methanol
0 R. Tesser et al. / Chemical Eng

le [12], to complex and comprehensive models [4,5] involving a
ery high number of adjustable parameters. Another fundamental
spect on which the discussion is still open, regards the reaction
cheme, that is, the reaction sequence that brings to the hydro-
en formation. Two different alternatives have been proposed that
re: (1) methanol decomposition (MD) to CO and hydrogen firstly
ccurs, followed by the water gas shift reaction (WGS) to CO2 and
ydrogen, or (2) the direct methanol steam reforming (MSR) to CO2
nd hydrogen occurs before, again followed by the WGS reaction,
ut starting from the reverse side. The formation of CO in both cases
ould correspond to the equilibrium value foreseen by the WGS

eaction but in the first case the amount of CO would be greater
r at least equal to the equilibrium value, on the contrary, in the
econd case the CO amount would be always less than or equal to
he equilibrium value. Lee et al. [16], measuring CO at the outlet of a
acked bed reactor, in the range 160–260 ◦C, have found negligible
mounts of this component at temperatures smaller than 200 ◦C
nd values smaller than the equilibrium value at higher tempera-
ures. On the basis of these findings they concluded that the second
eaction scheme is operative. However, it must pointed out that
heir catalyst contained CuO/ZnO/Al2O3 but also about 2% of MgO.
n the contrary, Santacesaria and Carrà [13,14] in their early works
n the same topic, by studying both the methanol decomposition
nd the methanol steam reforming on the catalyst (BASF K-3-10)
ontaining CuO/ZnO/Al2O3, have found that methanol decompo-
ition and steam reforming have comparable rates and the same
ctivation energies. As it is well known that the WGS reaction, on
he same catalyst, is very fast they concluded that the first reaction
cheme is operative.

As the kinetics have been studied by Santacesaria and Carrà
13,14] in the range 160–200 ◦C the amounts of CO formed in those
onditions were negligible, in agreement with Lee et al. [16]. At
igher temperatures, Lee et al. [16] have clearly shown that CO

ormed in the experimental runs is always lower than the equilib-
ium value but according to us this cannot be considered a definitive
rgument for excluding the reaction scheme proposed by Santace-
aria and Carrà [13,14]. The reaction scheme remains, therefore, still
ontroversial. Other problem is the most reliable reaction mech-
nism, that is, the sequence of elementary steps of the slower
eaction in the scheme. The mechanism clearly affects the kinetic
aw and as reported by Lee et al. [16] many different kinetic expres-
ions have been proposed for this reaction. In this work we have
onsidered more recently reported developments related to the
ethanol steam reforming reaction, revisiting our previously pub-

ished data [13,14] to verify some experimental observations. These
ainly regard the eventual hydrogen partial pressure detrimental

ffect. We also investigated the catalyst effectiveness factor which
ecomes a key aspect when the catalyst is employed in the form
f commercial-size pellets (in the range 3–7 mm or more). In fact
ere, catalyst effectiveness strongly influences the performances
f the reformer. A comparison was made between effectiveness
actor values obtained respectively by experiments and calcula-
ions.

Moreover, further experimental data were collected in a pilot-
cale packed bed tubular reactor, operated in non-isothermal and
on-adiabatic conditions, using the same commercial pelletized
atalyst on which extensive experimental work was conducted [14]
n a CSTR (internal loop gradientless Berty reactor). A packed bed
eactor model was developed for kinetics validation and scale-up
urposes. This model takes into account kinetics and mass/heat
ransfer effects and good agreement was found between the exper-

mental runs and model predictions using our proposed kinetic
aw. At last, the reactor model has also been used by introduc-
ng some kinetic expressions reported in the literature for a useful
omparison. Comments on the obtained results and simulation will
onclude the paper.
g Journal 154 (2009) 69–75

2. Experimental

Catalysts investigated in the preliminarily published screen-
ing work [13] are commercially available materials based on
CuO–ZnO–Al2O3 mixtures and had the acronyms: BASF K-3-10,
BASF S-5-10, ICI 52-1, Girdler-9 and Girdler-66-A. The runs per-
formed in the differential micro-reactor, had been performed by
using powdered catalysts (40–60 mesh) diluted with alundum in
1:2 ratio [13], while, in CSTR reactor, only BASF K-3-10 catalyst, has
been used in the form of cylindrical pellets (5 mm diameter, 5 mm
height), diluted with glass balls of the same equivalent diameter
[14].

In this work, the experimental device consists of a stainless
steel tubular pilot-scale reactor which scheme is reported in Fig. 1.
The reactor contains a packed bed of catalyst cylindrical pellets
(bed: length 12 cm, diameter 4 cm; pellets: height 0.5 cm, diameter
0.5 cm), jacketed with an outer tube of stainless steel. In the jacket of
the reactor a thermal vector oil is circulated by means of a thermo-
stat that provide for a thermal control of the system. The reactor is
fed with a mixture of methanol and water in the desired molar ratio
by means of two metering pumps; each liquid reactant is separately
vaporised by electrical heater and then mixed before entering the
reactor. At the outlet of the reactor a sampling valve allows a sample
withdrawal to be sent to GC for analysis. Inlet reactor temperature
explored are in the range of 125–325 ◦C and feed molar flow rates
change between 1.621 × 10−6 and 2.341 × 10−6 kmol/s.

3. Results

3.1. Investigation on the kinetic law

As mentioned in Section 1, a preliminary catalytic screening in
a differential micro-reactor had been performed on commercial
catalysts promoting both low- and high-temperature operative con-
ditions [13]. Low-temperature gas shift reaction catalysts have been
found more active and selective. For these reasons a more detailed
kinetic investigations had been performed on BASF K-3-10 [13].

At this purpose, by performing experimental runs obtained at
Fig. 1. Pilot reactor scheme. (1) Catalytic bed, (2) heating/cooling jacket, (3) circula-
tion thermostat, (4) GC for analysis, (5) water and methanol vaporisers, (6) methanol
reservoir, (7) water reservoir, (8) methanol feeding pump, (9) water feeding pump,
and (10) sampling valve.
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Fig. 2. Reaction rate for methanol steam reforming and water gas shift reaction.
Comparison of water gas shift reaction (WGS [17]) and methanol stream reforming
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Table 1
Kinetic parameters.

Parameter Units Model 1 Model 2

K0
M mol h−1 g−1

cat 3.063 × 1010 6.142 × 109

�E cal/mol 25799 24331
b0

M atm−1 2.365 × 10−2 2.122 × 10−1

�HM cal/mol −8211 −7906
b0

W atm−1 1.605 × 10−1 1.845 × 10−2

�HW cal/mol −4639 −4334
b0

H atm−1 – 4.531 × 10−5

Table 2. The obtained results show that various combinations of the
ate (SR) from various references: SR(1) – Ref. [14]; SR(2) – Ref. [16], this work. The
eaction rate is calculated in correspondence of the following operative conditions:
tot = 5 atm, water/methanol molar ratio = 1.8, temperature range 120–325 ◦C.

olar ratio in the feed as follows:

1
r

= A + B
(

pW

pM

)
(3)

This result had further been deepened and experimental runs
n the absence of water with the aim of studying the methanol
ecomposition MD, confirmed that the reciprocal of the reaction
ate of MD corresponds to the extrapolation of Eq. (3) to pW/pM = 0.

oreover, the MD reaction resulted faster than methanol steam
eforming (MSR) [14] while the two reactions have about the same
ctivation energy. Therefore, the high activity in MSR of the cat-
lysts, normally employed in the WGS, suggest that the overall
eaction of methanol steam reforming (1) occurs through the two
ollowing steps:

H3OH → CO + 2H2 (4)

O + H2O ↔ CO2 + H2 (5)

In which, reaction (4) represents the rate-determining step
13,14] while the reaction (5), considering the catalyst characteris-
ics, is very fast. A rough comparison between the relative reaction
ates of (4) and (5) can be better appreciated in Fig. 2, where, the
atural logarithm of both steam reforming and WGS reaction rates
re plotted, as a function of the inverse of temperature obtaining
traight lines. In this figure is put in evidence that, in the tempera-
ure range of interest, the reaction rate of WGS reaction [17] is about
wo order of magnitude higher than the ones related to methanol
team reforming. Moreover, the values of the reaction rates related
o steam reforming, taken from various literature [14,16] and deter-

ined in the present work, are of the same order of magnitude.
In our previous work [14], a Langmuir–Hinshelwood–Hougen–

atson (LHHW) type model has been developed for taking into
ccount for water adsorption on catalyst surface in competition
ith methanol. The experimental evidence that water has an

nhibitory effect on the reaction rate, has been interpreted by an
xpression, for the intrinsic rate, of the following form:
= kMbMpM

1 + bMpM + bWpW
(6)

The intervention of the internal diffusion resistance, as occurs in
he runs performed in CSTR reactor with catalyst pellets, can then
2
�HH2 cal/mol – −7509
Mean % error on methanol

conversion
% 10.95 11.03

be accounted by the introduction of the effectiveness factor �:

r = �kMbMpM

1 + bMpM + bWpW
(model 1) (7)

If also the hydrogen partial pressure is considered as detrimen-
tal with respect to the reaction rate, as suggested in the literature
[4,5,16], Eq. (7) would be modified for taking into account also for
hydrogen competition, resulting in the following alternative LHHW
model:

r = �kMbMpM

1 + bMpM + bWpW + bHpH
(model 2) (8)

In the kinetic expressions (7) and (8) the kinetic constant and the
adsorption parameters are considered function of the temperature
according to the usual relations:

kM = k0
M exp

(
−�E

RT

)
, bi=b0

i exp
(

−�Hi

RT

)
, i = M, W, H (9)

Both the kinetic models represented by Eqs. (7) and (8) have
been fitted by non-linear regression to the entire set of experimen-
tal CSTR data [14] (133 values) by minimising the sum of absolute
differences between experimental and calculated methanol con-
version. The resulting kinetic parameters are listed in Table 1 and
the related parity plots are reported in Fig. 3a and b with the indica-
tion of the error range −10/+10%. As it can be seen, an increasing in
the number of adjustable parameters from 6 (model 1) to 8 (model
2) does not corresponds to a significant improvement of the fit-
ting, being the average percent error on methanol conversion quite
similar in the two cases. Lee et al. [16] have found, on the con-
trary, the experimental evidence that water does not affects the
reaction rate while hydrogen has a remarkable effect on the con-
version lowering the reaction rate. However, these authors have
explored a temperature range that is higher than the one inves-
tigated by us [14] that is 160–200 ◦C. Their experimental runs are
extended up to 260–280 ◦C and is mainly in the central range of their
data, 230–260 ◦C, that hydrogen inhibitory effect is more evident.
This observation can be presumably explained by considering that,
at low temperature, water adsorption is the predominant effect in
competition with methanol while, at higher temperature, this effect
vanishes in comparison with a more remarkable one represented
by hydrogen adsorption.

As a further investigation we have considered an empirical
power law rate equation of the form:

r = kpa
Mpb

Wpc
CO2

pd
H2

(10)

For which the reaction orders, a, b, c and d, have been fitted
to ours experimental data in various combinations, as reported in
reaction order are equivalent in terms of fitting performances, giv-
ing place to almost the same mean error in the description of exper-
imental data. Moreover, the values of pre-exponential factor and
activation energy are similar and cannot be used as a criterion for
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ig. 3. Parity plot for methanol conversion. (a) Kinetic model in which adsorptions of
oth methanol and water are taken into account. (b) Adsorption of methanol water
nd hydrogen.

iscriminating between models that resulted comparable, in terms
f performances, with LHHW models 1 and 2 (Eqs. (7) and (8)).

As a conclusion, the parameter estimation by non-linear regres-
ion cannot be considered, in many cases, the unique useful tool that
llows a discrimination between different kinetic models, particu-
arly when many parameters are involved in the model. A sequential
xperiments programming, for investigating separately the various
ffects on the reaction rate, should be more suitable for this scope

nd the influence of parameters correlation should be attenuated.
t this purpose, more difficult is to discriminate between differ-
nt reaction mechanisms on the catalyst surface on the basis of
inetic laws experimentally found. Other information are needed,

able 2
omparison of power law models.

Model 1 Model 2

= kpa
Mpb

Wpc
CO2

pd
H2

(mol/(g h))

CH3OH (a) 0.351 0.389
H2O (b) 0 −0.151
CO2 (c) 0.134 0
H2 (d) 0 0
k0 (mol/(g h)) 6.587 × 108 5.609 × 109

EA (cal/mol) 21667 24163
Mean % error 12.1 12.0

= k0 exp(−�EA/RT).
g Journal 154 (2009) 69–75

in this case, as for the example of methanol decomposition as rate-
determining step.

3.2. Effectiveness factor

The catalyst effectiveness factor is usually introduced for tak-
ing into account for particles internal diffusion limitations and
is particularly important when large particle sizes are used or
when temperature is increased in order to have an high reac-
tion rate. Experimental investigations reported in the literature
are usually conducted on finely powdered catalyst so that internal
diffusion does not represents a limitation and the collected data
are referred as intrinsic reaction rate. Very few works, on the con-
trary, are reported in which catalyst pellets of commercial size are
used, in methanol steam reforming reaction, with internal diffu-
sion strongly affecting the reaction rate also considering the highly
exothermic character of the reactive system. Lee et al. [16] have used
catalyst particle size in the range of 0.3–0.435 mm and they evalu-
ate effectiveness factor above 0.95 for a temperature up to 200 ◦C.
Above this temperature, their effectiveness factors drop down to
values of about 0.6–0.8, depending on composition, and consider-
ing the size of the pellets used by us, we can expect, for our catalyst,
values of this parameter well below these values.

In our previous work [21] we have described a rigorous approach
for the calculation of the effectiveness factor in the presence of
a generic reaction network characterised by and arbitrary kinetic
expression. This approach is constituted by the solution of material
and energy balance equations governing the simultaneous reaction
and diffusion in a catalytic particle:

Deff i

[
∂2Ci

∂r2
p

+ 2
rp

∂Ci

∂rp

]
= �p

NR∑
j=1

�i,jrj,

Keff

[
∂2T

∂r2
p

+ 2
rp

∂T

∂rp

]
= �p

NR∑
j=1

(−�Hj)rj (11)

The numerical solution of the system (11) allows the evaluation
of temperature and concentration profiles inside the pellet from
which the effectiveness factor can be calculated by means of the
relation:

� =
∫ rp

0
4�x2r(Ci, T) dx

(4/3)�r3
pr(CS

i
, TS)

(12)

For the evaluation of the effectiveness factor we have used
effective diffusivity values, referred to methanol, reported in our
previous work [14], that is 0.0016 cm2 s−1. For this calculation the
0.2260 cm2 s−1; tortuosity factor 2.5; catalyst porosity 0.23.
In Fig. 4 a comparison is reported of the catalyst effective-

ness factor evaluated in an approximated way and with a rigorous
approach by solving particle equations (11). The experimental val-

Model 3 Model 4 Model 5

0.310 0.235 0.402
0 0.216 −0.468
0 0 0.578
0.195 0.436 −0.793
1.533 × 108 2.948 × 106 2.673 × 1011

20345 19028 27874
12.1 12.6 11.9
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Fig. 4. Comparison of catalyst effectiveness factor. Dots are experimental values of
effectiveness factor for BASF-K3-10 catalyst evaluated as reaction rates ratio of the
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STR reactor [13] and the tubular differential micro-reactor [14]. Continuous lines
epresent the calculated effectiveness factor [21] at the reactor inlet conditions for
ifferent molar ratio water/methanol.

es of the catalyst effectiveness factor have been evaluated as the
atio between the reaction rate respectively measured with a Berty-
ype CSTR reactor filled with catalyst pellets [14] and the assumed
ntrinsic rate measured in a PFR micro-reactor operated with pow-
ered catalyst [13]. The effectiveness factors, numerically obtained
y solving the coupled equations (11), are reported as a function of
he temperature and the composition at the surface of the catalytic
ellets. The continuous curves reported in Fig. 4 are referred to a gas
ixture at the reactor inlet conditions in which only methanol and
ater are present, in different molar ratios, at the catalyst surface.
s it can be seen from this comparison, a rigorous approach in the
alculation of the effectiveness factor is in a satisfactory agreement
ith the experimental values. On the basis of this observation we

ave made an assumption, in the correlation of experimental data
or kinetic parameter evaluation, of using an effectiveness factor
hat is constant with composition and that is a function only of the
emperature [14] (0.81 at 160 ◦C, 0.66 at 180 ◦C and 0.53 at 200 ◦C).

.3. Pilot-scale tubular reactor

A set of experimental runs has been performed in a tubu-
ar packed bed pilot-scale reactor with the scope of verifying the
inetic and mass transfer parameters obtained in the previous steps

f investigation. The performed runs are summarised in the Table 3
here are reported feed rates and compositions, inlet temperatures

nd outlet methanol conversions.
The generalised monodimensional model adopted for packed

ed reactor has been extensively described in [21] and consists in

able 3
xperimental runs performed in tubular pilot reactor.

un Tinlet (◦C) Total feed
(×10−6 kmol/s)

Experime
conversio

1 200 2.341 97
2 125 1.621 52
3 325 2.341 99

ther conditions: water/methanol molar ratio = 1.8; heating fluid temperature = 400 ◦C; p
eat transfer coefficient = 0.018 kJ/(m2 s K). (a) Kinetics of the present work (catalyst BASF
l. [8] (catalyst BASF S3-85).

a The lower values have been obtained by using the kinetics of Ref. [16] unchanged. Th
inetic constant that corresponds to the ratio of the specific surface area (112 m2/g of our
Fig. 5. Run R1 – axial reactor profiles of temperature and composition. Kinetic model
1 and parameters of the present work.

a set of ordinary differential mass and heat balance equations to
be integrated along the reactor axis. In this model radial profiles
(temperature and composition) have been neglected and only axial
profiles of the variables of interest can be calculated. However, the
differential mass balance for each component, in a system in which
occur NR chemical reactions, is the following:

dFi

dz
= �B

�D2

4

NR∑
j=1

�i,jRj, i = 1, . . . , NC (13)

while, the heat balance equation can be written as:(
NC∑
i=1

FiCpi

)
dT

dz
= �B

�D2

4

NR∑
j=1

(−�Hj)Rj + �DU(TH − T) (14)

In the derivation of the above equation, an assumption of con-
stant temperature of the oil in the jacket has been introduced. This
assumption is justified by the high circulation flow rate adopted in
the thermostat.

In the presence of mass transfer limitation phenomena, like in
the present case, chemical reaction and diffusion cannot be treated
separately and a rigorous approach involves the calculation of the
catalyst effectiveness factor at each step of the integration of the
relations (13) and (14) along the reactor axis. The evaluation of the
catalyst effectiveness factor has been performed by solving mate-
rial and energy balance on the individual pellet represented by the

coupled partial differential equations (11).

In Table 3, column a, the outlet methanol conversions, calculated
with the described procedure and using the kinetic parameters of
Table 1 (model 1), are reported in comparison with the experimen-
tal values. As it can be seen a good agreement is obtained between

ntal methanol
n (%)

Calculated methanol conversion (%)

a ba c

98 86–90 100
53 41–45 97
99 89–92 100

ressure = 5 atm; �HR = −13 900 cal/mol; catalyst bulk density = 1.115 g/cm3; overall
K-3-10), (b) kinetics of Lee et al. [16] (catalyst Synetix 33-5), (c) kinetics of Jiang et

e highest values of conversion are calculated by using a scale factor of 1.7 for the
catalyst with respect to 66 m2/g of catalyst from Ref. [16]).
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ig. 6. Run R1 – axial reactor profiles of temperature and composition. Kinetics of
ee et al. [16].

xperiments and model simulations. As a further comparison, also
wo kinetic expressions and parameters, taken from the literature,
ave been introduced in the reactor model and the corresponding
esults are reported also in Table 3 column b and c. For the case b, the
inetic expression and parameters of Lee et al. [16] have been used,
rst by considering no modifications on the original kinetics and in
econd approach simply by adjusting the kinetic constant by a fac-
or of 1.7 that corresponds to the difference in the specific surface
rea between the catalyst used by the authors and the one used in
he present work. A reasonably good agreement was obtained, par-
icularly if an area ratio is used as a rough correction factor instead
f more specific catalyst characteristics such as copper surface, also
y considering that the two catalytic systems were different both
or composition and textural properties and a detailed correlation
etween catalytic properties and performances results impractical.

In Fig. 5, the temperature and concentration profiles along the
eactor are reported for the run R1 of Table 3, as an example. As
t can be seen, methanol is almost completely reacted along the
atalytic bed and the hydrogen is correspondingly produced. The
emperature profile is affected by the endothermic character of the
eaction and by the heat transfer between the reactor and the heat-
ng device. The increase in temperature, due to the heating device
s evident mainly in the final part of the reactor when the reaction
ate decreases (the reaction is endothermic) and the heat transfer
ffect prevails, while, in the initial part of the reactor, near the inlet,
he heat consumed by reaction is almost balanced by the heat trans-
erred from surrounding. In the same figure also the profile of the
ffectiveness factor is reported.

In Fig. 6 reactor profiles are reported for a simulation related
o the kinetics of Lee et al. [16] (case b of Table 3 with adjusted
onstant). As it can be appreciated in this plot, very similar reac-
or behaviour is obtained, both for what concerns the composition
rofiles and for the thermal aspects, despite the use of a different
inetic law. In this figure the profile of the effectiveness factor is
lso reported.

. Conclusions

A critical revision of our previously published data, on methanol
team reforming kinetic in a CSTR gradientless Berty reactor, has

een carried out for investigating more recently observed effects on
he reaction rates such the hydrogen inhibitory role in the adsorp-
ion. For our experimental data this effect cannot be considered as

arkedly present, in the low-temperature range explored, while
he inhibitory effect of water on the reaction rate seems confirmed.
g Journal 154 (2009) 69–75

Moreover, the previously collected data have been considered in
a general approach to kinetic and mass transfer modelling that
includes the following steps: (i) catalysts screening; (ii) determina-
tion of the intrinsic kinetic law in a differential micro-reactor; (iii)
confirmation of the kinetic law in an isothermal CSTR gradientless
Berty reactor; (iv) evaluation of the internal diffusion resistance in
commercial pelletized catalysts and (v) simulation of a pilot-size
tubular reactor. The kinetic model and related parameters have
been successfully applied to the description of integral data col-
lected on the pilot-size tubular reactor. The other tested kinetic
laws show worst agreement with the experimental data, although
the performances are comparable despite the differences in the
kinetic expression. This could be an explanation of the disagree-
ment on both reaction scheme and mechanism appeared in the
literature. However, as the amount of CO formed is a fundamen-
tal aspect for the use of the produced hydrogen in fuel cells the
kinetics and mechanism of CO formation must be further deep-
ened.

5. List of symbols

a, b, c, d exponents in power-law model
A constant in Eq. (3)
B constant in Eq. (3)
bM methanol adsorption constant
bW water adsorption constant
bH hydrogen adsorption constant
Ci concentration of component i
CS

i
concentration of component i at the particle surface

Cpi specific heat for component i
D reactor diameter
Deff i effective diffusivity of component i
Fi feed molar flow rate
Keff effective thermal conductivity
kM, k kinetic constants
NC number of components
NR number of reactions
pW water partial pressure
pM methanol partial pressure
P total pressure
r reaction rate
rj intrinsic reaction rate
Rj actual reaction rate
rp particle radial coordinate
rp particle radial coordinate
T temperature
TS temperature at the particle surface
Ti temperature of heating fluid
U overall heat transfer coefficient
vi,j stoichiometric coefficient of component i in the reaction

j
z axial coordinate
�p catalytic particle density
�B bed bulk density
� catalyst effectiveness factor
�E activation energy
�H heat of reaction
�HM methanol heat of adsorption
�HW water heat of adsorption

�HH hydrogen heat of adsorption
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