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� One-dimensional pseudo-

homogeneous model of a packed-

bed methanol steam reformer.

� Two methods to obtain approxi-

mate solutions of the catalytic

effectiveness factor.

� Validation of reaction kinetics and

effectiveness factors with experi-

mental data.

� Effects of main operating parame-

ters on the intraparticle heat and

mass transfer.

� Optimized conditions to obtain

less than 1% of CH3OH and CO in

reformate gas.
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A pseudo-homogeneous model for the methanol steam reforming process was developed

based on reaction kinetics over a CuO/ZnO/Al2O3 catalyst and non-adiabatic heat and

mass transfer performances in a co-current packed-bed reactor. A Thiele modulus

method and an intraparticle distribution method were applied for predicting the effec-

tiveness factors for main reactions and providing insights into the diffusion-reaction

process in a cylindrical catalyst pellet. The results of both methods are validated and

show good agreements with the experimental data, but the intraparticle distribution

method provides better predictions. Results indicate that increases in catalyst size and

bulk fluid temperature amplify the impact of intraparticle diffusion limitations, showing

a decrease in effectiveness factors. To satisfy the requirements of a high temperature

polymer electrolyte membrane fuel cell stack, the optimized operating conditions, which
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Effectiveness factor
Hydrogen production
n¼ Actual overall rate o
Rate of reaction that would result if e
exposed to the external pellet surface
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are determined based on the simulation results.
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Introduction

Hydrogen is a clean and promising energy carrier and plays an

essential role in hydrogen-based energy systems, especially in

polymer electrolyte membrane (PEM) fuel cell systems.

Among PEM fuel cells, high-temperature polymer electrolyte

membrane (HT-PEM) fuel cells show advantages in enhanced

electrode kinetics and easier heat and water management

[1,2]. By operating at a higher temperature (393 � 473 K), HT-

PEM fuel cells also have an improved tolerance towards car-

bon monoxide (CO) up to 3 � 5% vol [3e5].

Hydrogen, however, has a low volumetric density and

shows limitations in terms of storage, transportation, and

distribution, which are existing barriers to the growth of the

hydrogenmarket [6,7]. Reforming of carbon-based fuels such

as natural gas, methane and methanol is a promising tech-

nology for hydrogen production [8]. Among all these fuels,

methanol is a good hydrogen source because it is in liquid

form under standard conditions and has a high hydrogen to

carbon ratio (4 : 1). Methanol has both a high gravimetric

energy density (22.4 MJ kg�1 vs. less than 1 MJ kg�1 for bat-

teries or pumped hydro storage) and a high volumetric en-

ergy density (17.8 MJ L�1 vs. 0.01 MJ L�1 and 0.03 MJ L�1 for

hydrogen and methane, respectively) [9]. The high energy

density and stability of methanol at ambient conditions

make it cheap and easy for long-term storage. A lower

reforming temperature (473 � 573 K) than other carbon-

based fuels such as methane (1073 � 1273 K) also makes it

suitable for stack integration with HT-PEM fuel cells [4,8].

Moreover, methanol can be produced from renewable en-
f reaction
ntire interior surface were
conditions Cis;Ts

4

ergies and captured carbon dioxide (CO2), which benefits

from the extensive studies of power-to-methanol technol-

ogy. Therefore, it can be considered as a decarbonized energy

carrier [9,10]. The most commonly used reforming method

for methanol is catalytic steam reforming. Compared with

other methanol-reforming methods, the methanol steam

reforming (MSR) process provides the highest concentration

of hydrogen per mole of methanol [11,12]. The following

three reactions are considered to represent the kinetics of

the MSR process [13,14]:

Methanol steam reforming reaction (MSR)
e of effectiveness factor on
ional Journal of Hydrogen
CH3OH þ H2O 4 CO2 þ 3H2 DH ¼ þ 49:7 ðkJ mol�1Þ (1)

Water-gas shift reaction (WGS)

CO þ H2O 4 CO2 þ H2 DH ¼ � 41:2 ðkJ mol�1Þ (2)

Methanol decomposition reaction (MD)

CH3OH 4 CO þ 2H2 DH ¼ þ 90:2 ðkJ mol�1Þ (3)

The most commonly used catalysts for MSR process are

copper-based catalysts, especially CuO/ZnO/Al2O3 catalysts,

because of their high activity and selectivity [8,15,16]. Inside a

porous catalyst pellet, chemical reactions and heat and mass

transfer take place simultaneously. Typically, experiments

reported in the literature were conducted on finely powdered

catalysts [8,17]. Hence, the intraparticle diffusion resistances

can be ignored and the reaction rates are referred to as

intrinsic. In industrial-scale applications, however, it is not

possible to use such tiny catalyst pellets without causing

significant pressure drops [18].

Diffusion limitations inside catalyst pellets can affect the

local reaction rates and selectivity, especially for larger particle

sizes and at higher operating temperatures [19]. To accurately

predict the reforming performance of the catalyst bed, the

effectiveness factor (h) should be introduced. The effectiveness

factor is used to quantify the effect of intraparticle diffusion

limitations on reaction rates. It is defined as the ratio of the

actual reaction rate in the catalyst particle to the calculated rate

that exists in the absence of diffusion limitations [20e23].

One of the most commonly used methods to calculate the

effectiveness factor is using the Thiele modulus by assuming
an isothermal, first-order reaction [21,24e26]. The Thiele

modulus is a non-dimensional number representing the

relationship between the diffusion rate and the reaction rate

in a porous catalyst pellet. Another way to estimate the

effectiveness factor is by considering the temperature and

concentration distributions inside the catalyst particle,

known as intraparticle distribution method. In this method,

the equations of reaction rates and mass and energy balances

are numerically solved to obtain the temperature and con-

centration distributions and the local reaction rateswithin the

catalyst particle [27e30].
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Hafeez et al. [26] developed a heterogeneous model to

predict the performance of both a packed bed and a coated

wall microreactor over a commercial CuO/ZnO/Al2O3 catalyst.

In their study, the effectiveness factor was calculated using

the Thiele modulus. The MSR and MD reactions were

considered irreversible, and the WGS reaction was neglected.

Ziarati et al. [28] developed a dynamic model of the MSR

process in a packed-bed reactor considering the contributions

of all molecular and convective terms ofmomentum, heat and

mass transfer, and the effectiveness factors. They used the

species continuity equations to calculate the intraparticle

concentration distributions of methanol, hence to estimate

the effectiveness factor for the MSR reaction. However, the

WGS reaction was neglected. The effectiveness factor for the

MD reaction was also considered as equal to one. Olatunde

et al. [29] numerically investigated the non-isothermal effec-

tiveness factor for the catalytic MSR process over a commer-

cial CuO/ZnO/Al2O3 catalyst. The concentration distribution of

key components (methanol and hydrogen) and the tempera-

ture distribution inside a spherical catalyst pellet was esti-

mated. However, they neglected the external diffusion

resistances between gas and solid phase. The existence of CO

was also neglected in the reforming mixture. Tesser et al. [30]

conducted the experimental work on an internal loop

gradient-less Berty CSTR reactor and a pilot-scale tubular

packed-bed reactor for MSR. A reactor model taking into ac-

count the reaction kinetics andmass and heat transfer effects

was also developed. The effectiveness factor was considered

for a commercial catalyst in the size of 3e7 mm. The effec-

tiveness factor was calculated by solving mass and heat bal-

ance equations governing the simultaneous reactions and

diffusion in a catalyst particle. However, the reaction mech-

anisms for CO formation were not considered in their study.

Indeed, most studies regard the MSR process as a first-order

reaction when calculating the effectiveness factor. Some

studies ignore the external mass transfer limitations. More-

over, some researches do not appropriately deal with complex

reaction networks inside the catalyst particle [25].

In our previous work [31], a one-dimensional pseudo-ho-

mogeneousmodel for theMSR process in a packed bed reactor

was proposed. The effectiveness factor for the MSR reaction

was calculated by using an empirical equation of the Thiele

modulus. However, the effectiveness factors for the WGS and

MD reactions were ignored. Moreover, the role of the intra-

particle diffusion resistances as well as the effectiveness

factors on the performance of the reactor are not well inves-

tigated, adding to the novelty of this work.

In the current study, a one-dimensional steady-state

model of a multi-tubular packed-bed reformer was developed

for the steam reforming of methanol on a commercial CuO/

ZnO/Al2O3 catalyst. A comprehensive kinetic Langmuir-

Hinshelwood model was proposed to express the rate of

MSR, WGS and MD reactions. The effectiveness factor for the

MSR reaction was calculated as a function of the Thiele

modulus, which could be seen from our previous work [31].

For comparison purposes, a rigorous reaction-diffusionmodel
Please cite this article as: Zhu J et al., The role of effectiveness factor on
catalyst in a multi-tubular reactor, International Journal of Hydrogen
in catalyst pellets was also developed to estimate the effec-

tiveness factors. The effects of key operating parameters

(temperature and particle size) on the intraparticle distribu-

tions of temperature and concentration were studied and

discussed. As opposed to previous pseudo-homogeneous

models, this model provided an understanding of the role of

the external and internal heat and mass transfer resistances

in effectiveness factors, and appropriately dealt with the

transport phenomena and complex reaction networks inside

catalyst particles. In addition, experiments were conducted in

this study to validate the kinetic model and the effectiveness

factors. To bring both the methanol and CO concentrations to

less than 1% vol in the reformate stream, the optimized

operating conditions were determined based on the simula-

tion results.
Design of methanol steam reformer

Generally, a reformed methanol fuel cell (RMFC) system is

composed of a burner, an evaporator, several thermal fluid

circuits, a methanol steam reformer, and a high temperature

PEM fuel cell stack. During the operation, a mixture of meth-

anol and water is pumped into the evaporator, where the fuel

is evaporated and then fed into the catalyst bed in the

reformer. The reactants in the bulk fluid first travel to the

external surface of the catalyst pellets, then diffuse from the

external surface into and through the pores within the pellets,

where the reactions take place on the exposed surface of

catalyst. After that, the produced hydrogen-rich gas is sent to

the anode side of the fuel cell stack. The fuel cells utilize the

hydrogen from the anode side together with the oxygen from

the cathode side to generate electricity by electrochemical

reactions. The exhaust gas from the fuel cell stack anode is

directed to the burner, where the residual carbon monoxide,

hydrogen, and methanol react with air to generate thermal

energy through the combustion process. The generated heat is

provided into the catalyst bed by the thermal fluid passing

through the shell side of the reactor. In this work, the meth-

anol steam reformer as a subsystem of the RMFC system has

been studied.

The shell-and-tube reformer for MSR in this study consists

of baffles and tubes inside a cylindrical shell. The structure of

the multi-tubular packed-bed reactor is illustrated in Fig. 1.

The reactor shell is usually surrounded by thermal insulation

materials to avoid any significant amount of heat loss. Tubes

packed with CuO/ZnO/Al2O3 catalyst are installed inside the

shell and arranged in equilateral triangle tube bundles. The

baffle plates are used to support the tube bundles, increase the

flow distribution in the inter-tubular space, and for an effec-

tive heat transfer between tube and shell sides. The gas from

the burner flows through the shell side of the reformer,

thereby providing an external heat source to drive the re-

actions in the catalyst bed. In the tube side, reactants flow

through the catalyst bed, where the steam reforming re-

actions and pressure drop occur.
themodeling ofmethanol steam reforming over CuO/ZnO/Al2O3
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Fig. 1 e Schematic diagram of a multi-tubular packed-bed reactor for methanol steam reforming.
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Experiment

Experimental setup

Experiments for the MSR process were performed at atmo-

spheric pressure in a small-scale packed-bed reactor made of

stainless steel. The commercial CuO/ZnO/Al2O3 catalyst par-

ticles were loaded in the reactor. The feeding rate of fuel

(liquid methanol-water mixture) from the fuel tank was

measured and controlled by a mass flow controller (MFC). The

methanol-water mixture was first pumped into the evapo-

rator, where the mixture was heated and evaporated. The

high-temperature steam and methanol vapor then passed

through the catalyst bed, where a fine mesh grid supported

the catalysts. The reactor was surrounded by thermal insu-

lation materials and heated by electric heaters outside the

reactor. Therefore, this packed-bed reactor is assumed to be

isothermal. The electric heaters were regulated by PID control

of the electric heaters tomaintain the temperature in the fixed

bed within a specific range. Temperatures at the inlet and

outlet of the reactor were measured by two thermocouples.
Fig. 2 e Processflow-sheet for

Please cite this article as: Zhu J et al., The role of effectiveness factor on
catalyst in a multi-tubular reactor, International Journal of Hydrogen
The average value of the measured inlet and outlet tempera-

tures was regarded as the temperature of the catalyst bed. The

gas analyzer (SIEMENS FIDMAT 6 for CH3OH, CALOMAT 6 for

H2, and ULTRAMAT 6 for CO and CO2) was used to analyze the

main components of the reformate stream from the MSR

reactor. The basic schematic of the experimental setup is

shown in Fig. 2.

Experimental procedure

The reactor was loaded with 3.66 g of the commercial CuO/

ZnO/Al2O3 catalyst in a volume of 3.6 mL. Cylindrical catalyst

particles with a diameter of 1.5 mm were used. The catalyst

was flushed firstly in situ with a volumetric flow rate of

hydrogen QH2 ¼ 0.1 cm3 min�1, and a volumetric flow rate of

dinitrogenQN2 ¼ 2 cm3min�1 (5% vol of H2 dilutedwith N2) for

1 h to reduce CuO to Cu (the main active component in the

catalyst). The reduction reaction rate was kept low in order to

avoid any sintering of catalyst by controlling the operating

temperature in the range of 433e493 K. The reforming pro-

cess was carried out at temperatures of 493 K, 513 K and 533 K

and a ratio of catalyst weight to the molar flow rate of
the experimental setup.
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methanol (W=FCH3OH) in the range of 44 � 263 kg s mol�1. The

variation of W=FCH3OH was achieved by changing the volu-

metric flow rate of liquid methanol QCH3OH from 0.051 to

0.308 cm3 min�1 while keeping a constant catalyst loading.

Test at each operating condition was kept for at least 30 min

of continuous running to make sure the steady state was

achieved. The value of the steam to carbon ration (S/C) was

selected to be 1.3 to maximize the methanol conversion

without wasting much energy in water evaporation [32].
Mathematical model

The phenomena occurring in the catalytic packed-bed reactor

for MSR can be characterized according to the reaction ki-

netics, pressure drop, internal and external diffusion re-

sistances of catalyst pellets, heat and mass transfer in both

tube and shell sides, and heat exchange between the tube side

and shell side through the tube wall. Therefore, the one-

dimensional pseudo-homogeneous model is developed tak-

ing into account the reaction kinetics, effectiveness factors,

species continuity equation, thermal energy equation, and

pressure drop.

Reaction kinetics

According to the studies of S�a et al. [33] and Herdem et al. [34],

the kinetic Langmuir-Hinshelwood model based on the work

of Peppley et al. [13,14] has been proved to present the best

agreement between the mathematical model and the experi-

mental data for the commercial CuO/ZnO/Al2O3 catalyst.

Peppley et al. [13,14] developed a comprehensivemodel for the

process of MSR on a CuO/ZnO/Al2O3 catalyst. The surface

mechanisms for all three reversible reactions (MSR, WGS, and

MD) were proposed based on the following assumptions:

hydrogen adsorption doesn't compete for the same active sites

with the adsorption of oxygen-containing species; the type of

active sites for the MD reaction is different from the type of

active sites for the MSR and WGS reactions; the rate-

determining step for both the MSR reaction and MD reaction

is the dehydrogenating of adsorbedmethoxy groups; the rate-

determining step for the WGS reaction is the formation of an

intermediate formate species. The detailed derivations of the

rate expressions are reported in Ref. [35]. Based on the

Langmuir-Hinshelwood model, the rate expressions for the

three main reactions (MSR, WGS and MD) involved in the

process can be expressed as:
rR ¼
kRK

*
CH3Oð1Þ

�
pCH3O H

.
p1=2
H2

��
1� p3

H2
pCo2

.
Keq
R pCH3 OH pH2o

�
C�

1þ K*
CH3Oð1Þ

�
pCH3O H

.
p1=2
H2

�
þ K*

HCO Oð1ÞpCO2
p1=2
H2

þ K*
OHð1Þ

�
pH2O

.
p1=2
H2

�

rW ¼
kWK*

OHð1Þ

�
pCOpH2O

.
p1=2
H2

��
1� pH2

pCO2

.
Keq
WpCOpH2o

�
CT2

S1�
1þ K*

CH3Oð1Þ

�
pCH3O H

.
p1=2
H2

�
þ K*

HCO Oð1ÞpCO2
p1=2
H2

þ K*
OHð1Þ

�
pH2o

.
p1=2
H2

�
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rD¼
kDK

*
CH3Oð2Þ

�
pCH3O H

.
p1=2
H2

��
1�p2

H2
pCO

.
Keq
D pCH3O H

�
CT
S2
CT
S2a�

1þK*
CH3Oð2Þ

�
pCH3O H

.
p1=2
H2

�
þK*

OHð2Þ

�
pH2O

.
p1=2
H2

���
1þK1=2

Hð2aÞp
1=2
H2

�

(7)

where rj (molm�2 s�1) is the rate of reaction j ðj¼R;WandDÞ;
kj and Keq

j (m2s�1 mol�1) are the equilibrium constant of re-

action j, respectively; and K* (bar�0.5) is the adsorption co-

efficient; pi (bar) is the partial pressure of component

iði¼CO2;CO;H2;CH3OHandH2OÞ. Based on the reaction

mechanisms, the elementary surface processes for the MSR

and the WGS reactions occur on the Type 1 active sites, and

the MD reaction occurs on the distinct Type 2 active site.

Therefore, the CT
s1
, CT

s1a
, CT

s2
and CT

s2a
in equations (5)e(7) are

defined as the concentrations of distinct active sites ’10, ’1a0,

’20, and ‘2a’ on the surface of the catalyst (molm�2), where the

’10 and ‘1a’ sites are assumed to be active for the MSR and

WGS reactions and the ’20 and ’2a0 sites are for the MD reac-

tion [14].

Effectiveness factor

When there are considerable heat and mass transfer re-

sistances inside the porous catalyst particle, the reaction rates

on the catalyst particle can be non-uniform. To account for

variations in the reaction rates throughout the pellet, a

parameter known as the effectiveness factor is introduced.

The effectiveness factor h is defined as the ratio of the actual

reaction rate in the catalyst particle to the reaction rate at the

external surface of the pellet [21]. It can be obtained as a

function of the Thiele modulus for first-order kinetics in a

spherical catalyst pellet. Another approach is to calculate the

effectiveness factor numerically by considering the concen-

tration and temperature distributions within catalyst pellets.

Thiele modulus method
A Thiele modulus-effectiveness factor method is applied to

provide insight into the interplay of intraparticle mass trans-

fer and intrinsic adsorption kinetics [36]. For a first-order re-

action in spherical catalyst pellets, the expression of the

effectiveness factor as a function of Thiele modulus is:

h ¼ 3

42
1

ð41coth 41 � 1Þ (8)

where 41 is the Thiele modulus for a first-order reaction,

which can be expressed as:
T
S1
CT
S1a��
1þ K1=2

Hð1aÞp
1=2
H2

� (5)

�2 (6)
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42
1 ¼

rjsrcr
2
pSc

Di;epcis
(9)

where rjs (molm�2 s�1) and cis (molm�3) are the rate of reaction

j and the concentration of component i if the entire interior

surface was exposed; rp (m) is the radius of the catalyst pellet;

rc (kgm
�3) is the density of catalyst bed; andDi,ep (m

2 s�1) is the

effective diffusivity of component i, which is defined to

describe the diffusion that affects the chemical reactions in-

side catalyst particles.

The catalyst particle used in this study is cylindrical with

an aspect ratio of 1. For such a non-spherical particle, the

volume-equivalent (surface-equivalent) particle diameter,

defined as the diameter of a single spherical pellet having the

same volume (surface) as the non-spherical particle, is intro-

duced in this study. For a cylinder catalyst with a diameter

d and a height h, the volume-equivalent particle diameter dvp
can be calculated by:

dv
p ¼

�
6Vpa

p

�1
3

¼ d

�
3
2
h
d

�1
3

(10)

where Vpa (m
3) is the volume of a single catalyst particle. The

surface-equivalent sphere diameter ds
p (m) can be calculated

by:

ds
p ¼

�
Spa

p

�1
2

(11)

where Spa (m
2) is the surface area of a single catalyst particle.

Intraparticle distribution method
In the catalyst bed, the mass transfer of reactants first takes

place from the bulk fluid to the external surface of catalyst

pellets. Then the reactants diffuse into and through pores in-

side the pellets, with reactions occurring on the pore surface.
Fig. 3 e Diffusion processe

Please cite this article as: Zhu J et al., The role of effectiveness factor on
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This two-step diffusion process, including the external and

internal diffusion in the porous catalyst pellets, is shown in

Fig. 3. Expecting an analogous behavior between the mass

diffusion and the heat transfer, the model of the intraparticle

heat and mass balances can be developed. A non-isothermal

condition is assumed throughout the spherical particle. It is

also assumed that the molecular diffusion occurs only in the

radial direction within the pellet, and the catalyst particles are

spherical or equal to their volume equivalent sphere.

The local reaction rate inside the porous catalyst pellet

depends predominately on the local composition and tem-

perature. Hence, the effectiveness factor hj for reaction

j ðj ¼ MSR; MD and WGSÞ is regarded as the ratio of the

average rate of reaction j with diffusion inside the catalyst

pellet to the rate of reaction in the bulk stream. The average

reaction rate can be calculated by the integral of the local re-

action rate with respect to the catalyst volume and then

divided by the catalyst volume. The effectiveness factor can be

approximated by the intraparticle distribution method:

hj ¼

Z rp

0

4px2rjðci;TÞdx

ð4=3Þpr3prj
�
cbi ;T

b
� (12)

where x (m) is the radial distance of pellet; rjðci;TÞ (molm�2 s�1)

indicates the local rate of reaction jwith the temperature T (K)

and the concentration ci (molm�3) of component i inside the

pellet; and rj
�
cbi ;T

b
�
(molm�2 s�1) indicates the intrinsic rate

of reaction j in the bulk fluid condition with the temperature

Tb (K) and the concentration cbi (molm�3) of component i.

The temperature and concentration profiles inside a

spherical catalyst particle can be calculated according to the

following mass and heat balance equations:

Intraparticle mass balance
s in a catalytic pellet.
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Di;ep

�
v2ci
vx2

þ 2
x

vci
vx

�
¼ rc

XNR

j¼1
vijrjSc (13)

Intraparticle heat balance

lep

�
v2T

vx2
þ 2

x

vT
vx

�
¼ rc

XNR

j¼1

�� DHj

�
rjSc (14)

where Di,ep (m2 s�1) is the particle effective diffusivity of

component i; lep (Wm�1 K�1) is the particle effective thermal

conductivity; nij is the stoichiometric coefficient of species i in

the reaction j; NR is the number of main reactions; and rj
(molm�2 s�1) is the local rate of reaction j within the catalyst

particle.

The boundary conditions are:

at x ¼ 0,

vci
vx

¼ 0

vT
vx

¼ 0

at x ¼ dvp
2 ,

�Di;ep
vci
vx

¼ ki;fs

�
ci � cbi

�
(15)

�lep
vT
vx

¼ hfs

�
T� Tb

�
(16)

where ki,fs (ms�1) is the mass transfer coefficient between the

bulk fluid and catalyst particle; hfs (Wm�2 K�1) is the heat

transfer coefficient, considering both the external and inter-

nal heat transfer, between the bulk fluid and catalyst particle;

and dv
p (m) is the volume-equivalent sphere diameter, which

equals the diameter of a sphere with the same volume as the

particle.

Species continuity equation

To develop a one-dimensional steady-state model of a multi-

tubular packed-bed reactor for the MSR process, the following

assumptions are made:

1. the whole system is adiabatic and under steady-state

conditions;

2. all reacting species are in the gas phase and behave as the

ideal gas;

3. plug flow occurs in a packed bed with no axial mixing;

4. the temperature and concentration gradients in the radial

direction are neglected;

5. the catalyst size and packed bed porosity are considered to

be uniform.

This model considers the effectiveness factors, pressure

drop, heat and mass transfer in tube and shell sides along the

reactor length, and heat exchange between the tube side and

shell side through the tube wall. The continuity equation for

specie i along the axis of the catalyst bed is given by:
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dFi

dz
¼ hirirbAc (17)

where Fi (mol s�1) is themolar flow rate of species i at the axial

location z (m),Ac (m
2) is the cross-sectional area of the catalyst

bed, ri (molkg�1
catalyst s

�1) is the production rate of component i,

CP,i (Jmol�1 K�1) is the specific heat of gas component i, and rb

(kgm�3) is the density of catalyst bed.

Thermal energy equation

The steady state energy balance along the axis of the catalyst

bed leads to the following equation:

dTt

dz
¼ UtaDTþP

rjrbDHjScP
FiCP;i

Ac (18)

where Ut (Wm�2 K�1 or J s�1 m�2 K�1) is the overall heat

transfer coefficient in tube side, a is the surface-to-volume

ratio in the thermal conductivity of a single tube, DT (K) is

the temperature difference between shell side and tube side,

DHj (Jmol�1) is the reaction enthalpy of reaction j, and rj
(molm2 s�1) is the rate of reaction j.

A steady state energy balance along the axis in shell side is

written as:

dTs

dz
¼ NsUsAoDT

FsCPsL
(19)

where Us (Wm�2 K�1 or J s�1 m�2 K�1) is the overall heat

transfer coefficient outside the tube, Ao (m2) is the heat

transfer area outside the reactor tube, Fs (mol s�1) is the molar

flow rate of burner gas, CP,s (J kg
�1 K�1) is the specific heat of

burner gas, L (m) is the total length of the packed-bed reactor,

and Nt is the number of tubes in the reformer.

Pressure drop

It is assumed that a set of porous catalyst pellets of uniform

size are packed in the cylindrical tubes. The pressure drop

along the reactor length can be approximated by the semi-

empirical Ergun equation [21]:

dP
dz

¼ � G
rf dp

�
1� 4

43

��
150ð1� 4Þmf

dp
þ 1:75G

	
(21)

where mf (Pa s) is the viscosity of gas mixture, rf (kgm
�3) is the

density of gas mixture, 4 is the void fraction of the catalyst

bed, and G (kgm�2 s�1) is superficial mass velocity. The pa-

rameters for modeling in this study are listed in Table 1.
Results and discussion

Model validation

To validate the kinetic model and the effectiveness factor

calculated by two different methods (Thiele modules method

and intraparticle distribution method) described in section

Mathematical model, an experiment was conducted in a
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Table 2 e Geometric and operating parameters for
simulations and experiments.

Parameter Value

Mass of catalyst (g) 3.66

Volume of catalyst bed (mL) 3.6

Feeding rate of methanol liquid (cm3min�1) 0.051 � 0.308

Operating temperature (K) 493 � 533

Operating pressure (bar) 1

Steam/methanol ratio (S/C) (mol/mol) 1.3

Catalyst size (mm) 1.5 � 1.5

W=FCH3OH (kg smol�1) 0 � 300

Table 1e Properties of catalyst and geometric parameters
of the reactor.

Parameter Value

Density of catalyst bed, rb (kgm
�3) 1300

BET area, Sc (m
2kg�1) 102 000

Average pore diameter, �A (m) 6.4 � 10�9

Void fraction of catalyst bed, 4 0.37

Diameter of cylindrical catalyst particle, dp (m) 0.001 5

Height of cylindrical catalyst particle, h (m) 0.001 5

Site concentrations of site ‘1’, CT
S1 (molm�2) 7.5 � 10�6

Site concentrations of site ‘1a’, CT
S1a (molm�2) 7.5 � 10�6

Site concentrations of site ‘2’, CT
S2 (molm�2) 7.5 � 10�6

Site concentrations of site ‘2a’, CT
S2a (molm�2) 7.5 � 10�6

Number of reactor tubes, Nt 36

Inner diameter of the tubular reactor, Dt (m) 0.016

Outer diameter of the tubular reactor, Do (m) 0.018

Tube pitch, pt (m) 0.027

Number of baffle plates, Nb 4

Spacing between baffle plates, pb (m) 0.12

Length of the reactor, L (m) 0.48

Area fraction of baffle plate that is

window, fb (for 25% baffle plate)

0.195 5
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small-scale reactor loaded with porous catalyst particles for

MSR reactions. The experimental results were compared with

the simulation results of (1) the kinetic model only, (2) the

kinetic model þ effectiveness factor calculated by the Thiele

modules method, and (3) the kinetic model þ effectiveness

factor calculated by the intraparticle distribution method.

Simulation results in terms of the methanol conversion and

CO concentration in reformed gas were compared with the

experimental data at the operating temperatures of 493 K,

513 K and 533 K, and the W=FCH3OH ratios of 0e300 kg s mol�1.

The operating parameters for simulations and experiments

are shown in Table 2.

As shown in Fig. 4, there is a good agreement between the

experimental data and the calculated methanol conversions

of the model using the intraparticle distribution method,

where a percentage discrepancy of less than 3.3% is observed.

The kinetic model with effectiveness factors calculated by

Thielemodulus also agrees well with the experimental data of

methanol conversion, where the maximal percentage

discrepancy is 5.4%. Furthermore, for the kinetic model

without considering effectiveness factors, a more consider-

able difference appears between the predicted methanol

conversion and the experimental results. Therefore, for cy-

lindrical catalyst particles (1.5 mm diameter with an aspect

ratio of 1) used in this study, the effect of catalyst particle size

on methanol conversion should be considered owing to the

significant effect of intraparticle diffusion on reaction rates.

Fig. 5 shows the comparison between the experimental

results and simulated CO concentration in the reformed gas

with changes under the operating temperatures and

W=FCH3OH. As we can see, these models can approximately

predict the CO concentration under most conditions. How-

ever, there are two unexpected jumps of CO concentration in

the experimental data when the temperature is at 493 K and

513 K, and the W=FCH3OH is at 259 kg s mol�1. A possible

explanation for thismight be the non-uniform distributions of

temperature and concentration in the reactor, which affect
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the local reaction rates. Another possible explanation is that,

in our experiments, a very small feeding rate of methanol is

introduced to obtain a large W=FCH3OH in the reactor. This

extremely small feeding rate of liquid methanol

(0.051 cm3 min�1) could intensify the effect of non-uniform

distributions and lead to the oscillations of CO production at

the large W=FCH3OH value. Moreover, the large void fractions

near the reactor wall, which were not investigated in this

study, could also be a possible reason.

Intraparticle diffusion

According to the above analysis, the intraparticle distribution

method provides a better prediction of effectiveness factors in

the catalyst bed. Therefore, this method for the calculation of

the effectiveness factors is utilized in this section by solving

the mass and heat balance equations governing both the re-

actions and diffusion inside catalyst pellets. The numerical

solutions of the mass and heat balance equations allow the

evaluation of both temperature and concentration profiles

inside the pellet. Fig. 6 shows the intraparticle profiles of

concentration as function of the dimensionless radial position

ðr=RÞ. To study the intraparticle diffusion phenomena, the

concentration profiles are discussed for varying particle

diameter
�
dp ¼ 1:0; 2:0mm

�
and varying bulk temperature

ðTb ¼ 493;553KÞ at the inlet condition ðS=C ¼ 1:3Þ of the cata-

lyst bed. By comparing Fig. 6 (a) with (b), the changes in con-

centration become more rapid from the external surface

ðr=R ¼ 1Þ to the pellet center ðr=R ¼ 0Þ when the diameter in-

creases from 1.0 mm to 2.0 mm. In addition, as the bulk

temperature increases from 493 K to 553 K, the changes in

concentrations also become more dramatic along the pellet

radius. Therefore, the process tends to be more diffusion-

limited with increasing particle size and temperature. The

methanol conversion is generally reduced due to these diffu-

sion limitations within the catalyst particles. The effect of

external mass transfer limitations is also investigated by

considering the mass transfer coefficient ki,fs from the gas to

solid phase. The mass transfer coefficient is represented as

the difference between concentrations on the external cata-

lyst surface and the given values (reactor inlet condition) in

the bulk fluid. As shown in Fig. 6, the effect of the external

mass transfer resistance is represented as the difference be-

tween the concentrations of the diffusing species in the bulk

fluid (with 56.5% vol of H2O and 43.5% vol of CH3OH) and those

on the external surface (when r/R ¼ 1). The results show that

there are negligible external mass transfer resistances for this
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Fig. 4 e Comparison of methanol conversion between the simulation results and the experimental results under different

W=FCH3OH and operating temperatures of catalyst bed.
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gasesolids system in these operating conditions, due to the

small concentration differences ð<1:08%Þ between the bulk

fluid and the external surface. In addition, these concentra-

tion differences become slightly larger (from 0.13% to 1.08%)

when the bulk fluid temperature is higher and the particle size

is larger. Similar results have also been obtained in the study

of Hafeez et al. [26] and Zhang et al. [37].

Due to the heat transfer limitations, the effects of particle

diameter on the dimensionless profiles of temperature and

temperature drop DT from the external surface at the inlet

condition ðS=C ¼ 1:3Þ of the reactor were investigated in this

study. With highly endothermic reactions that happen inside

porous catalyst particles, heat will be transferred from the

bulk fluid through the thermal boundary layer to the external

surface of the pellet and then diffuse along the radial direction

to the pellet center. Therefore, in Fig. 7(a) and (b), tempera-

tures drop from the external surface to the pellet center due to

the heat transfer characteristics and endothermic nature of

the MSR process inside the porous catalyst pellet. As the

particle diameter increases, temperatures decline more

rapidly towards the pellet center due to the greater limitations

in internal heat transfer. As can be seen in Fig. 7 (a), there

exists a temperature difference between the external surface

and the bulk fluid ðTb ¼ 523KÞ. This temperature difference

increases significantly with the increase in particle size.

Therefore, the heat transfer coefficient across the gas-solid

interface region due to the external heat transfer limitation
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can not be neglected. Moreover, the intraparticle distribution

of temperature is affected not only by the particle size but also

by the bulk fluid temperature. The effects of bulk temperature

on the dimensionless profiles of temperature and temperature

drop from the external surface ðDTÞ are studied. In Fig. 8, the

DT shows a steeper declining trend from the external surface

to the pellet center when a higher temperature of bulk fluid is

introduced in the reactor. The reason could be that the

increased temperature of the catalyst pellet enhances reac-

tion rates.

Since the effectiveness factor is derived from the intra-

particle profiles of concentrations and temperature, the

changes in particle size and bulk temperature will also affect

the effectiveness factor for each reaction. In Fig. 9, the effects

of changes in particle diameter and bulk temperature on the

effectiveness factors for MSR and MD reactions are presented

at the reactor inlet condition ðS=C ¼ 1:3Þ. As shown in Fig. 9 (a),

when the diameter of catalyst particle approaches zero, the

effect of intraparticle diffusion resistances is reduced to the

minimum, which is illustrated by the effectiveness factors

approaching unity. At this point, the exposure of the catalyst

surface to reactants is maximized for the reactions to take

place. As the particle diameter increases to 3.0 mm, there will

be considerable increases in the heat and mass transfer lim-

itations within the pellet. Hence, the effectiveness factor for

the MSR reaction decreases to 0.17, and the effectiveness

factor for theMD reaction decreases to 0.036. This implies that
themodeling ofmethanol steam reforming over CuO/ZnO/Al2O3

Energy, https://doi.org/10.1016/j.ijhydene.2021.12.223

https://doi.org/10.1016/j.ijhydene.2021.12.223


Fig. 5 e Comparison of the mole fraction of CO in the reformed gas between the simulation results and the experimental

results under different W=FCH3OH and operating temperatures of catalyst bed.
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for a larger particle diameter, the effect of intraparticle diffu-

sion limitations becomes more predominant. Hence, less

surface area in the catalyst is available for the reactions, and,

on the contrary, most of the reactions occur near the external

surface of the catalyst particle. As shown in Fig. 9(b), when the

bulk fluid temperature increases from 273 K to 573 K, the

effectiveness factor for the MSR reaction decreases from

almost 1 to 0.1, and the effectiveness factor for the MD reac-

tion decreases from0.96 to 0.03. For a very high temperature in

the bulk fluid, the reaction rate is enhanced and becomes

more significant than the diffusion rate. Thus the effective-

ness factors become smaller, and the process is regarded as

diffusion-limited. Most of the reactants are consumed very

fast near the outer surface when diffusing towards the pellet

center. Therefore, only a very small amount of reactants can

penetrate the interior of the pellet.

Reformer performance

By developing the one-dimensional pseudo-homogeneous

model, the performance of theMSR process on amulti-tubular

packed-bed reformer is predicted. The MSR process in this

reformer operates under the given conditions that the

W=FCH3OH is 235 kg s mol�1, the inlet temperature of shell-side

gas is 673 K, and the inlet temperature of water-methanol

vapor mixture is 473 K. In Fig. 10, the solid lines show the

simulation results with effectiveness factors calculated by the
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intraparticle distribution method and the’ þ ’ plus signs refer

to the simulation results with effectiveness factors using the

Thiele modulus method. There are only slight differences

between the profiles by these two methods, which indicates

that both the intraparticle distribution method and the Thiele

modulus method can be used to predict the effectiveness

factors for the MSR process in this reactor. Other results

comparisons between these two methods under different

temperatures of the burner gas and different particle sizes can

be found in the Appendix. The concentration profiles of re-

actants and products along the reactor length are displayed in

Fig. 10 (a). As can be seen, the methanol-steam mixture is fed

into the reactor with an S/C of 1.3. As the reaction proceeds,

the mole fractions of reforming products constantly increase

along the reactor length. After reactants pass through the

catalyst bed, a methanol conversion of 98% is obtained.

However, about 90% of the methanol is converted by the MSR

process in the front section of the tube, which can be seen in

Fig. 10 (c). Fig. 10 (b) shows a transient rise of temperature in

the catalyst bed and a transient decrease of temperature in

the burner gas near the tube entrance. This is due to the

considerable temperature difference between the shell and

tube sides, enhancing the heat transfer. Fig. 10 (d) shows the

profiles of effectiveness factors for MSR, MD and WGS re-

actions under the same operating conditions. The change of

the effectiveness factor for the MSR reaction represents a

similar trend with that for the MD reaction, while it shows a
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Fig. 6 e Simulated intraparticle profiles of mole fractions from the pellet center to the external radius of the pellet at the inlet

condition for varying temperature Tb and diameter of catalyst particle dp: (a) Tb ¼ 493 K, dp ¼ 1.0 mm; (b) Tb ¼ 493 K,

dp ¼ 2.0 mm; (c) Tb ¼ 553 K, dp ¼ 1.0 mm; and (d) Tb ¼ 553 K, dp ¼ 2.0 mm.

Fig. 7 e Intraparticle profiles of (a) temperature and (b) temperature difference from the pellet center to the external radius of

the pellet at the inlet condition for varying diameter of catalyst particle dp.
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hyperbolic trend along the reactor for the WGS reaction. This

could be due to the fact that the WGS reaction is reversed

along the reactors.

Due to the effect on the intraparticle diffusion limitations,

the change in particle diameter dp is observed to have effects

on the profiles of the methanol conversion and pressure drop

through the length of the catalyst bed, which is presented in
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Fig. 11. The inlet temperature of burner gas in the shell side Ts

is 673 K, the inlet temperature of water/methanol vapor Tt is

433 K, and the W=FCH3OH is 235 kg s mol�1 in this reactor. In

Fig. 11 (a), it is found that the methanol conversion is slightly

increased from 94.92% to 97.16% when the diameter of the

catalyst particle decreases from 2.5 mm to 0.5 mm. This is

caused by the decrease of intraparticle diffusion resistances.
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Fig. 8 e Intraparticle profiles of (a) temperature and (b) temperature difference from the pellet center to the external radius of

the pellet at the inlet condition for varying bulk fluid temperature Tb.

Fig. 9 e Effects of (a) catalyst diameter dp and (b) bulk fluid temperature Tb variations on effectiveness factors for MSR and

MDreactions at the reactor inlet condition.
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However, as shown in Fig. 11 (b), a remarkable increase of

pressure drop along the reactor length is observedwhen using

a smaller particle size. Excessive pressure drop or pressure

loss in the reactor tubes should generally be avoided, because

it will result in poor system performance and excessive pump

power consumption. A catalyst particle diameter of less than

1.5 mm is acceptable for the reaction process as it is still

within the allowed 10% (difference from the initial pressure)

pressure drop for the packed-bed reactor [24].

Optimization of operating parameters

As additional heat is provided from the burner gas in the shell

side as the reactants flow through the catalyst bed, the inlet

temperature of burner gas can affect themethanol conversion

and CO concentration by affecting the heat transfer through

the tube wall. In Fig. 12 (b), the methanol conversion is

improvedwhen increasing the inlet temperature of burner gas

from 573 K to 773 K because more heat is provided to the

catalyst bed. However, as shown in Fig. 12 (a), there is also a

dramatic increase of CO concentration in the reformed gas

due to the increased temperature of burner gas. The increase

in temperature favors endothermic reactions (MD and reverse

WGS), which leads to the accelerated CO production rate.
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Fig. 12(a) and (b) also illustrate the changes in methanol con-

version and CO concentrationwith theW=FCH3OH ranging from

100 to 350 kg s mol�1, where the inlet flow of methanol is

changed at constant catalyst loading. The methanol conver-

sion is increased by increasing the W=FCH3OH, so does the CO

concentration in the reformed gas. This is because less

methanol is fed into the catalyst bed to gain a larger value of

W=FCH3OH, which leads to the reduction in the energy con-

sumption by the MSR reforming process. Therefore, the

increased temperature in the catalyst bed enhances the

selectivity of CO.

Many studies have been conducted on the poisoning ef-

fects of methanol-based reformate impurities on the PBI-

based HT-PEM fuel cells. Generally, a CO concentration of

2e3% vol and amethanol concentration of 3% vol in the anode

stream can be tolerated without leading to a significant

degradation in the performance of the HT-PEM fuel cell

[38e40]. However, the poisoning effects can deteriorate due to

the possible interdependence among the effects of different

impurities and can have more long-term severe durability

effects on the fuel cell [39]. Therefore, keeping the concen-

trations of CO and methanol to less than 1% vol in the refor-

mate gas is expected to be a good compromise and is used to

optimize the operating parameters of the MSR process in the
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Fig. 11 e Effects of the diameter of catalyst particles dp on distributions of (a) the methanol conversion, and (b) the pressure

drop along the reactor length.

Fig. 10 e Profiles of (a) mole fractions of each component, (b) temperature in both tube and shell sides, (c) methanol

conversion and (d) effectiveness factors for MSR, MD and WGS reactions along the reactor length with effectiveness factors

calculated by the intraparticle distribution method (solid line) and Thiele modulus method (’þ’ plus sign).
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reformer. In Fig. 12(a) and (b), the 1% vol line of CO and

methanol concentration is highlighted in each profile, which

corresponds to L1 and L2 in Fig. 12 (c), respectively. In Fig. 12

(c), the area on the left side of L1 corresponds to CO concen-

tration lower than 1% vol, and the area on the right side of L2

corresponds to methanol concentration lower than 1% vol.

Therefore, the operating conditions in area A between L1 and
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L2 bring both methanol and CO concentration lower than 1%

vol, which fulfill the requirement of HT-PEM fuel cells. For

example, with the W=FCH3OH at 300 kg s mol�1, the recom-

mended inlet temperature of burner gas should be in the

range of 624e661 K; and with the inlet temperature of burner

gas at 773 K, the recommended values of W=FCH3OH are in the

range of 156e174 kg s mol�1.
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Fig. 12 e Effects of the W=FCH3OH and the inlet temperature of the burner gas on profiles of (a) the CO concentration, (b) the

methanol concentration and (c) methanol conversion in the reformate gas.
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Conclusions

A one-dimensional steady-state model of a multi-tubular

packed-bed reactor was developed for the MSR on a com-

mercial CuO/ZnO/Al2O3 catalyst. Thismodel took into account

the reaction kinetics, pressure drop, internal and external

diffusion resistances of catalyst pellets, heat and mass

transfer in both tube and shell sides, and heat exchange be-

tween the tube and shell sides through the tube wall. To

predict the effectiveness factors for main reactions, both the

intraparticle distribution method and the Thiele modulus

method were adopted and compared in this work. The

computational results of both methods showed good agree-

ments with the experimental results for methanol conversion

and CO concentration, but the intraparticle distribution

method provided better predictions. Therefore, the effect of

the particle size on the one-dimensional profiles of methanol

conversion and CO concentration were investigated by the

intraparticle distribution method. The results indicated that

the methanol conversion was improved with the decrease in

particle size, which also brings a higher pressure drop over the
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catalyst bed. Moreover, the effects of the inlet temperature of

burner gas and W=FCH3OH on methanol conversion and CO

concentration in the reformate gas were analyzed. It was

observed that the increase in the inlet temperature of burner

gas and the increase inW=FCH3OH could improve themethanol

conversion, but also lead to a higher CO concentration in the

products. Based on the computational results, the optimized

operation conditions that bring both methanol and CO con-

centration lower than 1% vol in products were determined.

With the W=FCH3OH at 300 kg s mol�1, the recommended inlet

temperature of burner gas should be in the range of

624e661 K; and with the inlet temperature of burner gas at

773 K, the recommended values of W=FCH3OH are in the range

of 156e174 kg s mol�1.
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