
Multiscale Characterization Framework for
Sorption Enhanced Reaction Processes

Ankur Kapil, Shrikant A. Bhat, and Jhuma Sadhukhan
Center for Process Integration, School of Chemical Engineering and Analytical Science,

The University of Manchester, Manchester, M60 1QD, U.K.

DOI 10.1002/aic.11428
Published online February 26, 2008 in Wiley InterScience (www.interscience.wiley.com).

A multiscale simulation and characterization framework has been developed for
sorption enhanced reaction processes with heterogeneous multifunctional catalysts
with sorption properties. Particles with in situ catalytic and sorption functionalities
have obvious advantages in achieving high-purity and productivity. These processes
are strongly limited by diffusion inside particle. In order to tackle this problem a more
detailed characterization at particle level is essential, which is the main objective
here. A unified framework has been developed that integrates continuum model at bulk
scale with the diffusion-reaction-sorption model at particle porous scale in a fixed-bed
reactor. At bulk scale the objectives of purity and productivity are sensitive to various
design and operating variables, such as wall temperature, bed voidage and feed com-
positions, etc. Two important particle level characteristics are also identified: distribu-
tion of catalyst and sorbent inside particles, and the ratio of pore radius to tortuosity.
It has been demonstrated that considering detailed diffusivity model at porous level
offers better insights into catalyst design and process intensification. Natural gas
reforming reaction with sorption producing pure hydrogen for fuel cell and combustion
applications has been used as a case study to establish the effectiveness of the method-
ology. � 2008 American Institute of Chemical Engineers AIChE J, 54: 1025–1036, 2008
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Introduction

Equilibrium driven reactions with integrated separation of
one or more components are based on the application of the
Le Chatelier’s principle, and are targeted toward increasing
productivity and purity of desired product through a more
favorable reaction equilibrium.1 This concept gives an addi-
tional degree of freedom in the design of multifunctional cat-
alysts for intensifying processes. Various separation function-
alities that can be incorporated in the reactor design include
sorption, membrane separation, distillation, extraction, perva-
poration, electrodialysis, etc.2,3 Sorption enhanced reaction

process offers some distinct advantages in terms of tolerance
of materials to high-temperature and-pressure, wider range of
availability of sorbents for a desired separation, and produc-
tivity of pure product.4,5

Within the last few years, several experiments and model-
ing studies have been done for sorption enhanced reaction
process.4,6–13 Here we have presented a novel methodology
for multiscale simulation and characterization of heterogene-
ous catalytic sorption enhanced reaction processes, with sor-
bent and catalyst integrated in a single particle. We have
selected steam methane reforming (SMR) reaction as a repre-
sentative system for demonstrating the effectiveness of our
methodology. This system has been widely studied using ex-
perimental, as well as modeling approaches. It is also an im-
portant area of research from a point of view of hydrogen
economy and natural gas utilization in decarbonized hydro-
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gen production (with in situ carbon dioxide separation). Ding
and Alpay11 developed a laboratory scale homogeneous ex-
perimental system with catalyst and sorbent crushed and
sieved to uniform fine particles that were packed into the re-
actor. They also developed pseudo-homogeneous model for
representing the system. Obviously their model was limited
to bulk scale. However, homogeneous model is a crude
assumption, and such processes are not feasible for industrial
scale reactor, due to large pressure drop for such an arrange-
ment. Hufton et al.4,5 conducted a bench-scale experiment
with an admixture of catalyst, and a reversible chemisorbent
in separate particles for SMR. Air Products4,5,7 have demon-
strated the concept of sorption enhanced reaction process for
SMR on experimental and pilot plant scale. The experimental
setup consists of a tubular reactor packed with different par-
ticles of CO2 chemisorbent and SMR catalyst in equal weight
ratio. However, so far, no experimental data are available on
multifunctional particle systems.

At the same time there are significant attempts in theoreti-
cal studies on sorption enhanced reaction system. Xiu et al.14

developed a theoretical model to describe fixed-bed sorption
enhanced reaction process, which takes into account multi-
component and overall mass balance, energy balance for the
bed-volume element, Ergun equation for pressure drop and
nonlinear adsorption equilibrium isotherm coupled with SMR
reaction equations. However, their model does not consider
the effect of diffusion of reactants and products inside the
particle. For slow diffusion and fast reaction this has a signif-
icant effect on the overall process. They extended their meth-
odology by including a number of sections with different
packing ratio of catalyst and adsorbent, and different subsec-
tion temperature.15 Xiu et al.16 further extended their meth-
odology to account for intraparticle difusión for the two
particle system of catalyst and adsorbent by including the
component mass balance inside the particle. Wang and
Rodrigues13 developed a subsection simplified process model
(isothermal and isobaric), based on the previous model by
Xiu et al.14,15 Their model consists of component and overall
mass balance equations combined with reaction equilibrium
and adsorption isotherm. The first section was the equilib-
rium conversion section, while the second section was the
adsorption reforming section containing a mixture of catalyst
and sorbent. They showed the effect of various operating pa-
rameters, such as steam to methane ratio, bed length, temper-
ature, pressure, catalyst to adsorbent ratio, etc., on the pro-
cess. Koumpouras et al.17–19 developed a mathematical
model, based on mass and energy balance inside the reactor
and regenerator for a proposed new process in which pneu-
matically conveyed adsorbent particles are passed through a
stationary SMR catalyst monolith. They assumed that the
concentration gradients through the monolith and the catalyst
wash coat are negligible.However, all these studies are re-
stricted to cases with catalyst and sorbent present as different
particles. In such cases the inter and intra mass transfer poses
serious constraints in terms of intensifying sorptive reac-
tors.20 If catalyst and sorbent are integrated within single par-
ticle, the mass-transfer limitations can be reduced, and pro-
cess intensification effects can be realized. Dietrich et al.21

introduced the concept of spatial integration of catalytic and
adsorptive functionality at the particle level. They have
developed isothermal process scale model with only mass-

transfer equations, and integrated that with particle-scale
reaction-sorption model. However, their particle-scale model
assumes fixed effective porous diffusivity, and no variation
in diffusion through pores, due to molecular and molecule to
pores interactions. Additionally, their isothermal process
scale model will not be valid for many systems, such as
SMR, where temperature variation is an important variable
to control, due to coking and metal dusting problems, further
illustrated in the case study. Rusten et al.22 have introduced
a more comprehensive heterogeneous model with mass,
energy and momentum transfer equations at bulk scale and
component balance, reaction and sorption kinetic model at
particle scale, for SMR with multifunctional catalysts. The
main thrust of this model is bulk scale characterization. The
sorption enhanced reactions are diffusion limited with slow
sorption kinetics. For these systems, velocity dependency on
reaction and adsorption (namely momentum equation) is neg-
ligible, and its consideration is computationally significantly
intensive as concluded by the authors. However, similar to
Dietrich et al.21 their particle-scale model does not consider
detailed molecular and porous hindrance effects on particle
diffusivity. It does not either involve particle-scale character-
ization, which is important for the design and performance of
multifunctional particles.

First, development of heterogeneous multiscale simulation
framework is imperative for decision making in sorption
enhanced reaction processes with multifunctional catalysts
that are proved to be more efficient than the cases with cata-
lyst and sorbent in separate particles.21 Second, the SMR and
many such intensified processes have been determined to be
strongly intraparticular diffusion controlled.22 However, all
previous works in heterogeneous modeling frameworks were
restricted to the consideration of average effective diffusiv-
ities at particle level. If simulation and characterization of
these systems can be extended to include detailed and funda-
mental particle-scale diffusivity models in a multiscale
framework, important characterization parameters controlling
particle-level diffusion can be determined and optimized to
circumvent the mass transfer bottleneck. This is the main
motivation of this work that has for the first time developed
a comprehensive and fundamental particle-scale diffusion
model in terms of molecule to molecule, and molecule to po-
rous interaction parameters and integrated this into a hetero-
geneous multiscale simulation framework.

Design and optimization of sorption enhanced reaction
processes requires manipulation of variables both at bulk, as
well as at particle scales, such as temperature, bed voidage,
feed composition, particle compositions and diffusivity inside
particles, etc. In this research, we have studied the effect of
temperature variations and spatial distribution of Thiele mod-
ulus on concentration profiles along reactor. Also, we have
introduced a more generic particle-scale porous diffusion
model, accounting for the effects of porous hindrance, as
well as molecular interactions. The diffusivity inside particle
is an important characterization variable for a better perform-
ance. In addition to allowing temperature variations and inte-
gration between bulk, and more detailed particle scales in
our model, we have performed an analysis on the distribution
of catalyst and sorbent in different particle designs:21 (a) cat-
alyst in core, and (b) sorbent in core in core-shell arrange-
ments, and (c) uniform mixture of sorbent and catalyst, for
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an optimal tradeoff between productivity and purity, as pre-
sented in the results and discussions section.

The content of this article is organized as follows: the fol-
lowing section provides the simulation framework developed
in this study for sorption enhanced catalytic reaction pro-
cesses. This includes both homogeneous, as well as heteroge-
neous multiscale simulation frameworks. The penultimate
section highlights the results and discussions followed by
conclusions in the end.

Methodology

This section presents a generic framework for the sorption
enhanced processes with multi-functional catalyst-sorbent
particles. The system under consideration is steam methane
reforming (SMR)

CH4 þ H2O , COþ 3H2; DHR;I;298
¼ 206:2KJ=mol (I)

CH4 þ 2H2O , CO2 þ 4H2; DHR;II;298
¼ 164:9KJ=mol (II)

COþ H2O , CO2 þ H2; DHR;III;298
¼ �41:1KJ=mol ðIIIÞ

(1)

We have considered a fixed-bed reactor of length L, and dia.
dt, in developing (a) homogeneous simulation framework,
and (b) heterogeneous multiscale simulation framework. An
overview of the methodology is presented in Figure 1.

Homogeneous simulation framework 11

The sorption enhanced reaction in this case is considered
taking place in a homogeneous mixture of catalyst and sor-
bent. It is assumed that the concentration and temperature
vary only in axial direction and are constant along the radial
direction. The system is considered to be pseudo-homogene-
ous with perfect gas behavior, uniform voidage and catalyst
and sorbent distribution. With these considerations, the mate-
rial balance for each bulk gaseous specie i is a function of
diffusional transfer (effective diffusivity DL for the reactor),
convection (axial velocity u), rates of reaction (rcat,j), and
sorption (rads,i), and is given as

@Ci

@t
¼ DL

e
@2Ci

@z2

8>>: 9>>;� u

e
@Ci

@z

� ð1 � eÞ
e

qadsrads;i � qcat
Xnrxn
j¼1

mijgjrcat;j

" #
ð2Þ

For a gas flow through a homogeneous bed of catalyst and
sorbent, the energy balance across an element in bed volume
exchanging heat through a wall is described by the following
equation

@T

@t
¼ 1

Cpgqgeþ Cpsqb

@

@z
kz
@T

@z

8>: 9>;� Cpgqgu
@

@z
T � ð1 � eÞ

Xnspc
i¼1

qadsDHads;irads;i

þ qcatð1 � eÞ
Xnrxn
j¼1

gjDHR;jrcat;j þ
4U

dt
ðTw � TÞ

2
666664

3
777775
(3)

Boundary conditions are obtained from Danckwert’s bound-
ary conditions.23 It is assumed that the molar flow (Eq. 4a),
and heat flow (Eq. 4b) into a reactor is equal to the diffusion
and conduction at the inlet of the reactor, respectively, and
there is no change in the concentration and temperature at
the outlet of the reactor (Eq. 4c and 4d, respectively)

eDL
@Ci

@z

8>: 9>;
z¼0

¼ uðCf ;i � CiÞ (4a)

ekz
@T

@z

8>: 9>;
z¼0

¼ CpguCðTf � TÞ (4b)

@Ci

@z

8>: 9>;
z¼L

¼ 0 (4c)

@T

@z

8>: 9>;
z¼L

¼ 0 (4d)

Solution strategy

These partial differential equations (PDEs), Eqs. 1–4, are
converted to ordinary differential equations (ODEs), by the
method of lines. Central finite difference scheme is used for
discretizing the concentration and temperature profiles at all
grid points. The process conditions and fixed parameters are
specified in Appendix A.

Heterogeneous multiscale simulation framework

A two-scale model has been developed for the sorption
enhanced reaction systems with multifunctional particles.
The reactor bed contains a uniform distribution of multifunc-
tional particles. The distribution of the catalyst and sorbent
inside particles provides an important degree of freedom,
which has been analyzed in this study.

Bulk scale model

The bulk phase component i balance equation is a function
of diffusivity DL, axial velocity u, same as in Eq. 2, and
mass transfer at the surface of particle N�

p;i

Figure 1. Methodology for characterization and simula-
tion of adsorption enhanced reaction.
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@Ci

@t
¼ DL

@2Ci

@z2

8>>: 9>>;� u

e
@Ci

@z

8>: 9>;þ N�
p;i

3

rp

ð1 � eÞ
e

(5)

The energy equation over a control volume inside reactor is
dependent on the average rate of reaction Rcar;i, and sorption
Rads;CO2

inside particles, and the heat exchange through the
wall of reactor (overall heat-transfer coefficient U) for the
control volume, and is given as

@T

@t
¼ 1

Cpgqgeþ Cpsqb

"
@

@z
kz
@T

@z

8>: 9>;� Cpgqgu
@T

@z

� ð1 � eÞð1 � epÞ
Xnspc
i¼1

qadsDHads;iRads;i þ qcatð1 � eÞð1 � epÞ

3
Xnrxn
j¼1

gjDHR;jqcatRcat;j þ 4
U

dt
ðTw � TÞ

#
ð6Þ

Boundary conditions for the bulk are same as in homogene-
ous simulation framework given by Danckwert’s boundary
condition,23 Eq. 4.

Particle-scale model

The mass transfer inside a particle is given by the rate of
diffusion at the surface of the particle

N�
p;i ¼ �deffi

@Cp
i

@r

�����
r¼rp

(7)

Inside particles the dynamics of a specie is due to mass
transfer, reaction rcat,j, and sorption rads,j. The mass transfer
is described using effective porous diffusivity di

eff. The con-
tribution of reaction and sorption is weighted according to
the volume fraction f pads and f pcat of the corresponding func-
tionalities, respectively. Hence, the component balance inside
a particle is given by

@Cp
i

@t
¼ deffi

ep

1

r2

@2ðr2Cp
i Þ

@r2

8>>: 9>>;
� ð1 � epÞ

ep
f padsqadsrads;i �

Xnrxn
j¼1

mijgjf
p
catqcatrcat;j

" # (8)

It is assumed that there are no mass-transfer limitations at
the surface of particles, and, hence, the concentration at the
surface of a particle is equal to the bulk concentration, Eq.
9a, and the concentration inside a particle is symmetric with
the radius, Eq. 9b. The boundary conditions for particles are
given as

At r ¼ rp: Cp
i ðr ¼ rp; z; tÞ ¼ Ciðz; tÞ (9a)

r ¼ 0: �deffi

@Cp
i

@r
¼ 0 (9b)

Solution strategy

The PDEs corresponding to particle-scale transport Eqs. 7–
9 are converted into ODEs using the method of orthogonal
collocation. Five orthogonal collocation points are taken
inside a particle along its radius. Bulk differential Eqs. 5–6 are
discretized by the method of finite difference. In this system,

for a change in diffusivity, both axial and porous, there is a
large variation and even instability in the solution (stiff equa-
tions). Therefore, stiff equation solver is used to solve these
equations. These coupled set of ODEs for both particles and re-
actor are solved simultaneously using Matlab function ode15s,
appropriate for a system with stiff equations. The process con-
ditions and fixed parameters are specified in Appendix A.

Evaluation of Parameters

Parameters for Eqs. 1–9 are obtained as shown later.
Diffusivity inside particles is governed by the collisions

between gas molecules and pore walls: molecular diffusivity
deij, and Knudsen diffusivity deki, respectively as24

deffi ¼ 1

1
de
ki
þ 1

1�
C
p
i
P

RT

8: 9;Pnspc

m¼1
m 6¼i

Cp
mP

RTdeim

2
4

3
5

(10a)

Knudsen diffusion coefficient is a function of particle void
fraction ep, radius of pore r, and tortuosity sp

25

deki ¼
2 3 r

3

8RT

pMwi

� �0:5ep
sp

(10b)

The molecular diffusion inside a particle deim, is dependent on
temperature T, particle voidage ep, tortuosity sp, characteristic
length rim, and diffusion collision integral Xdim, and Len-
nard-Jones energy eim

26

deim ¼ 103 3 0:00266T1:5ep
spPr2

imXd im

1

Mwi
þ 1

Mwm

8>: 9>;0:5

(10c)

rim ¼ ri þ rm
2

(10d)

Xd im ¼ 1:6036�
T�Þ0:01561

þ 0:193

exp
�
0:47635T�

� þ 1:03587

exp
�
1:52996T�

�
þ 1:76474

exp
�
3:89411T�

� ð10eÞ

T� ¼ kT

eim
(10f)

eim ¼ ðei�emÞ0:5
(10g)

For the heat transfer (Eq. 6) in heterogeneous multiscale sim-
ulation framework, the average rates of sorption and reaction
are used, assuming that the temperature inside a particle will
remain constant. Average rates are given by

Rads;i ¼
3

rp3

Zrp
r¼0

r2rads;idr i ¼ 1; . . . ; nspc (11a)

Rcat;j ¼
3

rp3

Zrp
r¼0

r2rcat;jdr j ¼ 1; ::; nrxn (11b)

The axial diffusion coefficient DL, inside particles of average
dia. dp, is given by Edwards and Richardson27 as
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DL ¼ 0:73Dm þ 0:5udp
1 þ 9:49Dm=ðudpÞ

(12)

The pressure drop across a fixed-bed reactor is the function
of bed porosity e, and superficial velocity u, and is calculated
using Ergun’s equation28

@P

@z
¼ �KDu� KVu

2 (13a)

KD ¼
150l

�
1 � e

�2

d2
pe

3
(13b)

KV ¼ 1:75ð1 � eÞ
dpe3

PM

RT
(13c)

The effective axial conductivity kz is given by Yagi et al.29

kz
kg

¼ k0
z

kg
þ 0:75ðPrÞðRepÞ (14a)

k0
z

kg
¼ eþ

�
1 � e

�
0:139e� 0:0339 þ 2=3ðkg=kpÞ

0:75ðPrÞðRepÞ

(14b)

The bed void fraction e is given by Dixon30

e ¼ 0:4 þ 0:05
dp
dt

8>: 9>;þ 0:412
dp
dt

8>: 9>;2

(15)

The linear driving force (LDF) model is used to describe the
rate of sorption of species is given by Ding and Alpay12

rads;i ¼
@ qi
@ t

¼ kads;i

�
q�i � qi

�
(16)

Here, the models for the specific reaction and sorption param-
eters are given for steam methane reforming reaction under
consideration, as follows qCO2

is the sorbed-phase concentra-
tion of CO2, and q�CO2

is the equilibrium solid-phase concentra-
tion, and Kads,CO2

is the mass-transfer coefficient, respectively

q�CO2
¼ mCO2

bCO2
PCO2�

1 þ bCO2
PCO2

� (17a)

bCO2
¼ 1:36310�4 exp

17000

R

1

T
� 1

673

8>: 9>;� �
(17b)

kads;CO2
¼ 15

r2
p

epd
eff
i

ep þ qpRT
�
@q�CO2

=@PCO2

� (17c)

The rates for the reactions in Eq 1. 1–3 are given by Xu and
Froment31 by the following expressions

rcat;I ¼
kðIÞ
P2:5
H2

PCH4
PH2O �

P3
H2
PCO

keqðIÞ

8>>>:
9>>>;=den2 (18a)

rcat;II ¼
kðIIÞ
P3:5
H2

PCH4
P2
H2O

�
P4
H2
PCO2

keqðIIÞ

8>>>:
9>>>;=den2 (18b)

rcat;III ¼
kðIIIÞ
PH2

PCOPH2O � PH2
PCO2

keqðIIIÞ

8>>: 9>>;=den2 (18c)

den ¼ 1 þ KCOPCO þ KH2
PH2

þ KCH4
PCH4

þ KH2OPH2O

PH2

(18d)

Algorithm

The algorithm for homogeneous model can be described as
1. Given, P and T at initial time, evaluate the parameters,

such as particle and axial diffusivities, heat-transfer coefficients,
ergun equation coefficients using Eqs. 10, 12–15, respectively.

2. Discretize bulk concentration along the length (Eq. 2)
to calculate the value of dCi

dt
3. Discretize temperature along the length domain (Eq. 3)

to calculate the value of dT
dt

4. Solve the resulting system of equations by ode15s
solver in MATLAB over time 0- t s with a time gap of 1s.

5. Bulk scale sensitivity analysis is carried out with
respect to various decision variables, such as bed voidage,
steam to Methane ratio, bed temperatures.

The algorithm for heterogeneous model can be described
as:

1. Given Cp
i , Ci, P and T at initial time, evaluate the pa-

rameters, such as porous and axial diffusivity, heat-transfer
coefficients, ergun equation coefficients, etc. using Eqs. 10,
12–15, respectively.

2. Discretize particle concentration along the radius (Eq.
7) to calculate the value of

dCp
i

dt
3. Discretize bulk concentration along the length (Eq. 5)

to calculate the value of dCi

dt
4. Discretize temperature along the length (Eq 8) to calcu-

late the value of dT
dt

5. Solve the resulting system of equation by ode15s solver
in MATLAB over time 0- t s, with a time gap of 1s.

6. Using the optimal values of bulk scale decision variables
from step 5 of homogeneous simulation framework, the oper-
ating ranges of particle scale design variables, such as sorbent
inside particles, particle voidage and diameter are established.

7. Finally, an analysis of the effect of particle level char-
acterization parameters, such as the ratio of pore radius to
tortuosity and Thiele modulus on the process objectives, such
as productivity and purity is presented.

Results and Discussion

We have taken experimental results conducted by Ding
and Alpay11 on sorption enhanced steam methane reforming
process in a homogeneous system as the reference case for
our study. The process conditions are P 5 4.45bar, Tf 5

723K, Tw 5 730K, u 5 0.13m/s, L 5 0.22m as given by
Ding and Alpay.11 The diameter of particles is 0.37mm, and
the catalyst effectiveness factor gj was assumed to be 0.8 for
all the reactions. The parameters are listed in Appendix A.

Simulation Results with homogeneous and
heterogeneous models

The homogeneous model in Eqs. 2–4 was used to validate
the results against the experimental data on steam methane
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reforming by Ding and Alpay.11 Figures 2 and 3 show the
mole fraction on water-free basis at the outlet of the reactor,
with respect to time in the presence and absence of sorption
enhancement, respectively. In the absence of sorption the
time for the production of pure hydrogen is around 10 s,
which is very less compared to the time of production of
pure hydrogen from sorption enhanced reaction, approxi-
mately 250 s. Pure hydrogen has been defined as hydrogen
with low-concentration of carbon oxides (less than 1%) on
water-free basis. Hence, the overall productivity or yield of
pure hydrogen is high when sorption is combined with reac-
tion. The model results in Figures 2 and 3 are in excellent

agreement with the experimental data. The mole fraction at
the outlet of the reactor on a water-free basis, using the het-
erogeneous simulation framework in Eqs. 5–9 for multifunc-
tional particles with catalyst and sorbent functionalities is
shown in Figure 4. The process conditions are kept the same
as before, except gj, which is set at 1.0. Here, the time for
the production of pure hydrogen is approximately 100 s. This
time has been reduced due to the consideration of heteroge-
neity and effects of diffusivity through particle pores, com-
pared to the time obtained by considering homogeneous
model in Figure 2. The yield of hydrogen can be calculated
from the production of hydrogen for the total time period of
operation of the reactor, or the time period where the quan-
tity of carbon oxides is very low, which is dependent on the
final application. The hydrogen produced for fuel cell appli-
cations should have a very low-concentration of carbon
oxides, especially carbon monoxide which acts as a catalyst
poison. For other applications, such as internal combustion
engines the quantity of CO2 should be controlled to reduce
the greenhouse gas emission in the environment. However,
for combined heat and power generating systems utilising
hydrogen, yield is more important than purity. Based on the
previous discussion, we can define two objective functions
considering the tradeoffs between purity and productivity

Objective function ¼
Z t

0

CH2
dt (19)

(a) Yield, where t 5 time to run a reactor. The time to run
the reactor is decided, based on a desired purity of product
or to exhaust the capacity of sorbent.

(b) Yield1, where t is the time for which concentration of
CO2 is lower than a certain threshold.

Characterization with homogeneous model

The sensitivity analysis is carried out with respect to bulk
scale decision variables (Figure 1). The overall concentration
of sorbent and catalyst decreases with increasing voidage. As

Figure 2. Effluent mole fraction on a water free basis
for the reaction with sorption — process ex-
perimental data is taken from Ding and
Alpay.1

Color figures can be viewed in the online issue, which is
available at www.interscience.wiley.com.

Figure 3. Effluent mole fraction on a water free basis
for the reaction with sorption — process ex-
perimental data is taken from Ding and
Alpay.1

Color figures can be viewed in the online issue, which is
available at www.interscience.wiley.com.

Figure 4. Mole fraction at the outlet of the reactor on a
water-free basis with sorption for multifunc-
tional particle.
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a result the overall rate of reaction and sorption decreases
(Figure 5a). By increasing the temperature the rate of for-
ward reaction can be increased for the first two reactions in
Eq 1. However, this decreases the rate of water-gas shift
reaction (Eq 1, III). Consequently, by increasing the tempera-
ture, yield of H2 is increased (Figure 5b). The maximum
temperature permissible is limited by material of construction
of the reactor. Decrease in the steam to methane ratio
increases the reaction till a certain value, 2:1 in Figure 5c.
However, lower steam to methane ratios favor soot and coke
formation, which is not desirable for steam methane reform-
ing process.32 Steam to methane ratio of 4 to 6 is generally
accepted in the industry. Hence, the steam to methane ratio
is kept at a constant value of 6 for all further study. We can
increase the time for production of hydrogen, and, hence, the
yield or productivity of hydrogen by increasing the residence
time for feed as presented Figure 6. The residence time can
be increased by either increasing the length of reactor or
decreasing the inlet velocity of stream.

Characterization with heterogeneous multiscale model

The system is a fixed-bed reactor containing multifunc-
tional particles with integrated catalyst and sorbent function-
alities. The parameters are specified in Appendix A. All the
bulk level parameters, such as temperature, bed voidage and
steam to methane ratio have the same effects as in the case
of homogeneous system, studied in the previous section.

Particle level characterization

The ultimate objective of such intensified processes is to
produce more pure hydrogen. However, the yield and purity

of a product depend on design variables at reactor, as well
as particle scales analyzed here. With increasing fraction of
sorbent, the yield decreases while the purity of the product
increases. The required purity of product depends on its end
use. In the case study on steam methane reforming, if the
hydrogen is to be used for fuel cell applications, the hydro-
gen produced should have very low-concentrations of carbon
oxides especially carbon monoxide, as it acts as a catalyst
poison. The amount of carbon monoxide for fuel cell appli-
cations should be less than 10 ppm.32 The amount of CO
obtained by the application of sorption enhanced reaction

Figure 5. Effect of (a) bed voidage, (b) feed temperature, and (c) steam to methane ratio on the H2 yield.

Figure 6. Mole fraction at the outlet of the reactor on a
water-free basis with sorption with longer
residence time.
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process is approximately 5 ppm as provided in Figure 7a,
which is within the allowable limit, when fully explored with
the heterogeneous multiscale framework. Hence, the hydro-
gen produced is suitable for fuel cell applications. Figure 7b
shows the variation of temperature along the length of the re-
actor. The wall temperature is maintained at the temperature
of the feed. The feed entering the reactor consists of steam
and methane, therefore, initially the first two endothermic
reactions are predominant, and, hence, there is a drop in the
temperature of the reactor. However, with an increase in con-
centration of CO and CO2, there is an increase in the rate of
exothermic reactions (water-gas-shift reaction and adsorp-
tion). Additionally, the temperature inside the reactor
increases along the length of the reactor due to the heat
transfer from the reactor wall in order to keep the wall tem-
perature constant. Since adsorption is an exothermic process,
and the conversion is increased by sorption, the reactor can
be operated at a lower temperature than for the traditional
SMR process for the same conversion.

If we increase the fraction of sorbent inside particles, the
sorption of the product (CO2) increases, and so does the rate
of forward reaction according to the Le Chatelier’s principle.
However, this is at the cost of the concentration of catalyst
inside particles that reduces the overall methane conversion.
This offsets any increase in forward reaction, decreasing the
overall hydrogen yield as shown in Figure 8. Therefore, we
use Yield1 in Eq. 19 as a measure of the quantity of pure
hydrogen, devoid of oxides of carbon. Alongside, the time in
which pure hydrogen can be produced and the quantity of
pure hydrogen have been plotted against the fraction of sor-
bent in Figure 8. Both time and quantity of pure hydrogen
increase with the increasing fraction of sorbent. Figure 8 also
presents an important trade-off between hydrogen productiv-
ity and purity presented by Yield and Yield1, respectively, in
Eq. 19. As discussed before, the objective function is decided
based on the end use of a product. If the hydrogen produced
is to be used for power generation we should work in zone I
in Figure 8, however, for fuel cell applications, zone II
should be the preferred region for deciding upon catalyst to
sorbent ratio inside particles.

Additionally, multifunctional particles have other impor-
tant design variables, such as particle voidage, diameter of
particle, pore radius and tortuosity. Increase in the diameter
of particle leads to decrease in yield due to increase in mass-
transfer limitations as depicted in Figure 9. The effect of par-
ticle voidage on the yield in Figure 9b is due to the trade-off
between decrease in mass-transfer limitation, and the reduc-
tion of active sites with increasing particle voidage.

Pore radius and tortuosity affect the diffusivity inside parti-
cle significantly, and, hence, the overall rate of reaction and
sorption. We have used Thiele modulus to study the effects of
these two parameters. Thiele modulus is the ratio of intrinsic
chemical reaction/sorption rates without mass transfer to the
rate of diffusion through a particle. The thiele modulus of
reaction and sorption can be presented as in Eq. 20

Ucat;i ¼ Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rcat;i

deffi

Q
i
Ca
i

vuuut (20a)

Figure 7. (a) Outlet concentration of CO, and (b) variation temperature along the length of the reactor.

Color figures can be viewed in the online issue, which is available at www.interscience.wiley.com.

Figure 8. Effect of fraction of sorbent in a multifunc-
tional particle on the yield and the time for
production of pure hydrogen.

Color figures can be viewed in the online issue, which is
available at www.interscience.wiley.com.
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Uads;i ¼ Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rads;i

deffi

Q
i
Ca
i

vuuut (20b)

Figure 10a–d shows the variation in concentration with reac-
tion Thiele modulus for H2O, CO2, H2 and CH4, respectively,
for the various fractions of sorbent inside particles. The con-

centration of products increases along the length of a reactor,
while that of the reactants decreases. Therefore, Thiele mod-
ulus decreases with increase in concentration of products and
vice versa for reactants for a fixed catalyst to sorbent ratio
inside particles. The increase in fraction of adsorbent inside
the particle increases the concentration of products and the
thiele modulus by increasing the rate of forward reaction.
However, increase in concentration is not predominant for

Figure 9. Effect of fraction of sorbent in multifunctional particle on the shield, and the time for production of
hydrogen.

Figure 10. Thiele modulous Fcat,i with respect to concentration for different fraction of sorbent.

Color figures can be viewed in the online issue, which is available at www.interscience.wiley.com.
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high-fraction of adsorbent, as there is a decrease in the
amount of catalyst in the reactor. This is the same observa-
tion we made from Figure 8.

As shown in Eq. 10, effective particle diffusivity is a func-
tion of pore radius and tortuosity. If the ratio of pore radius
to tortuosity is kept constant, concentration-Thiele modulus
profiles inside reactors do not change as there is no change
in the effective diffusivities of various components. The
results are shown for the following combinations of pore ra-
dius and tortuosity, (a) r 5 7 3 1029 sp 5 4.3 (base case),
(b) r 5 1.6 3 1028 sp 5 8 (coarser pore with highly con-
stricted path), and (c) r 5 1.7 3 1029 sp 5 1 (finer pore
with even path).

Core-shell model

Dietrich et al.21 selected a discrete set of particle structures,
each representing the possible arrangements of catalyst and sor-
bent inside particle. They identified desired catalyst and sorbent
arrangement inside particles for different reaction examples.
We took into consideration three scenarios with different distri-
bution of catalyst and sorbent inside particle as provided in
Figure 11. We considered the fraction of catalyst and sorbent
to vary linearly with the volume inside particle i.e.

f pads ¼ aþ mr3 (21)

r varies between 0–1, and in this case is a ratio between the
distance from the center of a particle divided by the radius
of the particle, a and m are coefficients to be manipulated to
find out the optimum arrangements.

The three different particle design arrangements are as fol-
lows. We examined their impact on Yield1, which is the
amount of product produced. The basis of the calculation is
the same as before, and given in Appendix A.

(a) high-fraction of sorbent in the outer shell, and low-
fraction of sorbent in the core,

(b) High-fraction of catalyst in the outer shell, with high-
fraction of sorbent in the core, and

(c) uniform ratio of catalyst and sorbent inside particles.
We compared these three cases with representative frac-

tions indicated in Table 1. With catalyst in the shell and ad-
sorbent in the core, initially the feed comes in contact with
the catalyst shell, and the product is adsorbed at the adsorb-
ent core. In the case of adsorbent shell and catalyst core,
feed has to penetrate the depth of the particle to come in
contact with the catalyst core, and the resultant product is
then adsorbed in the shell. The mass transfer inside the parti-
cle poses a significant resistance to the reaction and separa-
tion process in the latter case. Hence, yield is higher if the
catalyst is present in the outer shell compared to the other
two cases, where the catalyst and sorbent fraction are uni-

form throughout, or the catalyst is present in the shell. The
best shell-core arrangement of catalyst and sorbent is depend-
ent on the type of reactions we handle. Further, optimization
can be used along with the simulation, as discussed in this
article, to fine-tune the various design variables for multi-
functional catalysts, such as sorbent ratio, pore size and
shape and core-shell arrangement.

Regeneration. There are two possible approaches for
regeneration of reaction adsorption bed : (a) Pressure swing
adsorption,4,6 and (b) Thermal swing adsorption.33 The
advantage of thermal swing adsorption is that it does not use
rotating machinery (vacuum pump), and it does not use part
of the product for pressurization, hence, more recovery of
hydrogen.33 In thermal swing, the reactor is pressurized and
depressurized with the help of superheated steam at 5908C.
Our model can be applied to regeneration processes using pa-
rameters that can be derived experimentally for these proc-
esses. Also to avoid the problem of coking we have fixed the
steam to methane ratio at 6 as discussed earlier.

Conclusions

A heterogeneous multiscale framework has been developed
that integrates transfer models at bulk and porous scales for
in situ sorption enhanced reaction systems. The homogeneous
models are first validated against experimental results and
extended to heterogeneous framework. The productivity and
purity tradeoffs are dependent on both reactor, as well as par-
ticle scale designs, such as bed voidage, temperature, steam
to methane ratio, fraction of sorbent, particle voidage and ra-
tio between porous radius and toruosity, etc. The catalyst and
sorbent distribution inside particles strongly affects the purity
and productivity tradeoffs. The respective zones dominated
by productivity or purity were determined in terms of sorbent
ratio inside particles for sorption enhanced natural gas
reforming reaction producing pure hydrogen for combined
heat and power and fuel cell applications, respectively. The
yield of pure product can be increased by increasing the
length of a reactor; however, such a design would lead to
high-pressure drop and problems associated with regeneration
of the sorbent. It was derived that the shell-core model with
sorbent at the center of particles, and catalyst at the outer
surface is better than the reverse design and the uniform cat-
alyst and sorbent concentrations inside particles for the given
reforming reaction. The particle-scale diffusion model con-
siders the effects of porous diffusivity, which is a function of
Knudsen diffusivity due to hindrance and molecular interac-
tions, on particle-level transport. Moreover, two particle scale
designs with (1) finer-even, and (2) coarser-constricted pores,
have been considered to demonstrate that as long as the ratio
between porous radius and tortuosity factor remain same, the
outlet concentration or product yield does not change and
varies only with catalyst to sorbent ratio inside particles.Figure 11. Three test scenarios.

Table 1. Yield of Pure Product for Different
Representative Arrangements

Arrangement Yield1 Fraction of adsorbent from shell to core

Catalyst–core 8.732 0.8006 0.6137 0.4511 0.3229 0.2374
Sorbent–core 401.46 0.2994 0.4863 0.6489 0.7771 0.8626
Uniform mixture 150.76 0.5000 0.5000 0.5000 0.5000 0.5000
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Notation

bCO25Langmuir model constant for component CO2, Pa21

Cf,i5 feed concentration of specie i, mol/m3

Ci5 concentration of specie i, mol/m3

Cp
i 5particle concentration of specie i, mol/m3

Cic
i 5 initial concentration of specie i, mol/m3

Cpg5 specific heat of gas, J/mol-K
Cps5bulk specific heat, J/mol-K
C5overall concentration, mol/m3

DL5 axial diffusion coefficient, m2/s
Dm5molecular diffusion coefficient, m2/s
dp5diameter of particle, m
dt5diameter of tube, m

deffi 5diffusivity inside particle of specie i, m2/s
deki 5Knudsen diffusivity of specie i, m2/s
deim 5binary molecular diffusivity of specie i in specie m, m2/s
Ead5 activation energy of sorption J/mol
fpcat 5 fraction of catalyst in the particle
fpads 5 fraction of adsorbent in the particle
k5Boltzmann constant

k(j)5 forward rate of reaction j
keq(j)5 equilibrium constant for reaction j
kads,i5 rate constant of sorption

kads,CO2
5 linear driving force mass-transfer coefficient

KD, KV5parameters in the Ergun correlation
L5 length of the reactor

mCO25Langmuir model coefficient for component CO2, mol/kg
Mwi5molecular weight of specie i
M5 average molecular weight

nspc5 total number of species
nrxn5 total number of reactions
N�
p;i 5mass transfer into particle for specie i, mol/m2-s
P5pressure, Pa

PCO5partial pressure of CO, Pa
PCH455 partial pressure of CH4, Pa
PCO25partial pressure of CO2, Pa
PH25partial pressure of H2, Pa
PH2O

5partial pressure of H2O, Pa
Pr5Prandtl number
q�i 5 equilibrium solid-phase concentration for specie i
qi5 sorbed-phase concentration for specie i

Rep5Reynolds number
R5universal gas constant, J/mol-K

rcat,j5 rate of reaction for jth reaction, mol/Kg-s
Rcat;j 5 average rate of reaction for jth reaction, mol/Kg-s
rads,i5 rate of sorption of specie i, mol/Kg-s
Rads;i 5 average rate of sorption for specie i, mol/Kg-s

r5pore radius
rp5particle radius
r5 radius of particles
t5 time, s
T5 temperature, K
Tf5 feed temperature, K
Tw5wall temperature, K
U5overall heat-transfer coefficient J/m2-K
u5velocity, m/s
x5 extent of sorption
yfi5mole fraction of component i in the feed
yi5mole fraction of specie i
z5 axial length, m

Greek letters

e5bed void fraction
ep5void fraction inside particle
eim5Lennard-Jones energy
sp5 tortuosity
rim5 characteristics length

Xdim
5diffusion collision integral

gj5 effectiveness factor for jth reaction
l5viscosity

qads5density of sorbent, kg/m3

qcat5density of catalyst, kg/m3

qb5density of bed, kg/m3

qg5density of gas, kg/m3

mij5 stoichiometric coefficient for specie i in jth reaction
Dwmax5maximum experimental uptake of CO2 by the sorbent

kz5 effective axial conductivity
kg5gas conductivity

DHads,i5heat of sorption of specie i, J/mol
DHR,j5heat of jth reaction, J/mol
Fcat,i5Thiele modulus of catalysis for specie i
Fads,i5Thiele modulus of sorption for specie i
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Appendix A: Parameters Used
in the Simulation

Cf,CO2
50 (Ding and Alpay11)

Cf,CH4
510.3643 mol/m3(Ding and Alpay11)

Cf,H2O
563.6664 mol/m3(Ding and Alpay11)

Cf,CO50 (Ding and Alpay11)
Cf,H2

50 (Ding and Alpay11)
Cic
CO2

50 (Guo-Hua Xiu34)
Cic
CH4

50 (Guo-Hua Xiu34)
Cic
H2O

571.8098 mol/m3 (Guo-Hua Xiu34)
Cic
CO 50 (Guo-Hua Xiu34)

Cic
H2

52.2209 mol/m3 (Guo-Hua Xiu34)
Cpg542 J/mol-K
Cps5850 J/mol-k
Dp53.3 3 1027 m2/s(Guo-Hua Xiu34)
dp53.57 3 1024 m (Guo-Hua Xiu34)
dt55 3 1022 m (Ding and Alpay11)

Dm51.6 3 1025 m2/s (Guo-Hua Xiu34)
fpads 50.4

DHads,CO25217 KJ (Guo-Hua Xiu34)
DHR, I, 2985206.2 KJ/mol (Xu and Froment31)
DHR, II, 2985164.9 KJ/mol (Xu and Froment31)
DHR, III, 2985241.1 KJ/mol (Xu and Froment31)

L50.22 m (Ding and Alpay11)
mCO2

50.65 mol/kg (Ding and Alpay11,12)
P5445.7 KPa (Guo-Hua Xiu34)

qcat5139 kg/m3 (Guo-Hua Xiu34)
qads5609 kg/m3(Guo-Hua Xiu34)
qg51 kg/m3

�r571029 m
Tf5723 K (Guo-Hua Xiu34)
Tw5730 K (Guo-Hua Xiu34)
sp54.298
u50.13 m/s (Ding and Alpay11,12)
U571 J/m22K (Guo-Hua Xiu34)
l52.871025 Pa-s
e50.35 (Ding and Alpay11)
ep50.24 (Ding and Alpay11)

Sets

nspc5{i, m/species}
nrxn5{j/reaction I, II, III}
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