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Abstract

A one-dimensional mathematical model was developed to simulate the performance of catalytic fixed bed
reactor for carbon dioxide reforming of methane over Rh/Al2O3 catalyst at atmospheric pressure. The reac-
tions involved in the system are carbon dioxide reforming of methane (CORM) and reverse water gas shift
reaction (RWGS). The profiles of CHs and CO2 conversions, CO and Hsz yields, molar flow rate and mole
fraction of all species as well as reactor temperature along the axial bed of catalyst were simulated. In addi-
tion, the effects of different reactor temperature on the reactor performance were also studied. The models
can also be applied to analyze the performances of lab-scale micro reactor as well as pilot-plant scale reac-
tor with certain modifications and model verification with experimental data. © 2008 CREC UNDIP. All

rights reserved.
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Introduction

The conversion of methane to useful chemicals
has gained much attention in recent years with
many methods and techniques have been reported
[1]. At present, the investigation about indirect
transformation of methane via synthesis gas over
the novel and promising catalysts is still conducted
in search for the most competitive process. Gener-
ally, the synthesis gas is produced by steam re-
forming known as the most economical route for
the production of hydrogen and synthesis gas from
natural gas. In the carbon dioxide reforming of
methane (CORM) reaction, it is desired the conver-
sion of methane and carbon dioxide approach its
equilibrium over a suitable catalyst. The catalyst
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must have sufficient catalytic activity, be resistant
to carbon formation and have high mechanical
strength as well as be in a suitable shape. The
transport resistance can also limit the catalyst ef-
fectiveness factor to values much less than unity as
only a thin layer of the catalyst surface takes part
in the reaction. The effectiveness factor may be
influenced by the particle size and porosity of the
catalysts as well as their pore diffusivities.
Mathematical modelling technique is the
mathematical tools normally used to optimize and
analyze a process. Moreover, modelling can also be
used to optimize the operating parameters in the
scale-up process prior to experimental testing.

Copyright © 2008, BCREC, ISSN 1978-2993
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Such empirical models have already been used to
study the production of syngas from natural gas
[2]. The detailed mechanistic models are used
much more often than empirical models for inter-
pretation of catalytic processes. The mechanistic
models are used as a basis for investigation of
reaction mechanisms, for the estimation of ad-
sorption and activation energies and for the
evaluation of the mass and heat transfer rate con-
stants in the reactor. Furthermore, the mathe-
matical modelling and simulation can also been
used to profile the fluid dynamic within the
packed bed reactor. The fluid dynamic over a
catalyst bed can be used to identify the hot spot
phenomenon especially for high exothermic reac-
tions. Process optimization can be accomplished
after the kinetic, mass transfer and heat transfer
mechanisms are determined and the model pa-
rameters are estimated.

Many researchers have utilized mathematical
models for analyzing membrane reactors. The
one-dimensional mathematical modelling of meth-
ane reforming reaction with CO2 in hydrogen se-
lective membrane reactors have been conducted
over Rh/Al203 catalyst [3]. A one-dimensional
mathematical modelling of fixed bed reactor for
methane steam reforming to produce syngas has
also been developed involving detailed intrinsic
kinetics studies and those of carbon deposition
and gasification [4]. The internal diffusion limita-
tions are also accounted for inside the mathemati-
cal modelling. The simulation has also been suc-
cessfully utilized to analyze the performance of
industrial steam reformer process. As a design
parameter, the catalyst shape has also affected
the safe and efficient operation of methane-steam
reforming reactors [5]. The kinetic studies of
CORM have also been conducted to determine the
intrinsic rate kinetics of CORM and RWGS reac-
tions over Ni/Laz20s3 catalyst [6].

In this paper, the modelling of a lab scale
fixed-bed reactor for CORM over Rh/Al:Os cata-
lyst has been studied based on the kinetic pa-
rameters. A review of the earlier work indicated
only a few literatures are available on the simula-
tion of CORM process over fixed-bed reactors.
Among the few papers on the modelling of CORM
process are Hz permselective membrane reactor
[3] and comparison of an empirical and phenome-
nological model for the fixed bed reactor [2]. It is
suggested that the mechanistic model is used
much more than the empirical model to investi-
gate the kinetic studies of catalytic reaction [2].
Majority of the research activities on the model-
ling of syngas production were concerned on the
steam reforming process which has already been
commercialized [4,5]. The modelling work pre-

sented in this paper is to simulate the reactor per-
formances prior to conducting experimental works
and to investigate the reactor behaviours which
cannot be obtained experimentally. The heat trans-
fer model involving radiation and convection from
the furnace has been coupled with a chemical reac-
tion model to predict the thermal behaviour of car-
bon dioxide reforming of methane and its influence
to the reactor performances.

Mathematical Models of Catalytic Fixed-Bed
Reactor

The CORM reaction produces synthesis gas,
an industrially important feedstock, is shown in
Equation (1) as the main reaction. This reaction is
of importance as the two reactants are the major
contributors to the greenhouse gas.

H, +CO, <>CO+H,0 1, AH, = +41kImol*
6
CH, +CO, <2CO+2H, 1, AH2,, =+ 247 kimol*

)
The side reaction possibly occurred is the reverse
water gas shift reaction (RWGS) as written in
Equation (2). The symbols of r1 and rz denote the
net intrinsic rate of carbon dioxide reforming of
methane and RWGS reactions, respectively.

Conservation of Mass

The reactor configuration studied in this work
is depicted schematically in Figure 1. The total re-
actor configuration is shown in Figure 1(a), while
the catalyst bed of the reactor section to be studied
is in Figure 1(b). Figure 1(c) provides the control
volume of reactor bed to be used for model build-
ing. A number of acceptable assumptions were
made in order to simplify the complex and coupled
phenomena of heat and mass transfers and reac-
tion into a mathematical model. These assump-
tions provide a tractable model without sacrificing
accuracy. The major assumptions are: steady state
operation, plug-flow behaviour, isobaric conditions
(1 bar), negligible radial and intra particle gradi-
ents, AHe independent of temperature and distrib-
uted heat source along the axial bed of catalyst.

A one-dimensional heterogeneous mathemati-
cal model of reactor is developed in this work for
CORM reaction [7]. The mathematical model is
based on the control volume of the reactor bed as
depicted in Figure 1. The continuity equations for
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CH4 and CO2 components are shown in Equations

3) and (4):
( ) ( ) r _k KCOZ KCH4 PCOZ PCH4 :| |:1_ PCO PHZ :|
11— ™ 2
1+ Koo Peo. + Koy P K, Py P
dX ey, :Qpb Nen, Rewn, ( €027 €O 7 e CH“) b0
dz FS, @
2
3
dxco2 _ Qp, Nco, Rcoz Peo PHZO
- o r,=k, Py, |1-——F—
dz I:coz ’ K Peo, Py
2 2
4 (8)
The rates of disappearance Of CH4 and CO: The reaction rate constants of ki and ko are
according to both reactions are written as Egs (5) strongly dependent on temperature and merely
and (6): independent on the species concentration. The re-
action rate constants (Egs. (9) and (10)) are written
Rey =1, as follows, in mol g cat! s and mol Pa! g cat! s!
! (5) units, respectively [3].
Reo. =6 +1,
2
(6) -102065
k, =1290 exp| ———
The kinetic studies were conducted over the 9
Rh/Al203 catalyst, resulting in the net rate of
CORM and RWGS reactions as the following equa-
tions, respectively [3]:
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Figure 1. Schematic diagram of reactor configuration (a), element of reaction take place (b) and con-
trol volume for model building (c)
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k, =1.856x107 exp[%}
(10)

The adsorption equilibrium constants for
CH4 and COz are Kcus and Kcoz, respectively, and
described in Egs. (11) and (12) expressed in Pa-l
unit [3].

Ky, =2.63x10° exp[40684}

(11)
Ko, =2.64x10° exp[37RGT41}

(12)

Conservation of Energy

An energy equation is also developed to ac-
count for axial thermal gradients for the fixed-bed
configuration due to the strong endothermicity of
reforming reaction. The heat from the furnace can
be transferred to the catalytic reaction section
through the reactor wall via conduction and ra-
diation process. The heat is supplied to the reac-
tor and is distributed along the axial bed of the
catalyst. An energy balance for the reactor is de-
veloped in this work as shown in Equation (13)

[7] .

dT  U+[-rate(CO,)] |-AHg; —AHg |
Az Fe,,o[>.0,C, +(X,AC, )+(X,AC, )|
(13)

where:

_ 2Lk, (T, _T)+2nR LG(Tf4 —T“)

out
In ( Rout ]
Rin

(14)
]
AHg =D Hi+ [AC,dT
298 (15)
.
AHgr, =D H e + [AC,,dT
298 (16)

Numerical Solution

The set of ordinary differential equations
come from mass balances of CH4 and CO:z of Equa-
tions (3) and (4), respectively, as well as energy
balance of Equation (13) at steady state were
solved by utilizing ODE23S toolbox from MATLAB
6. The boundary conditions to be used for simula-
tion are:

atz=0, Xey, =Xeo, =0; T=T,

The value of parameters to be simulated
mainly for the intrinsic kinetic data are obtained
from the previous studies of Prabhu et al. over the
Rh/Al203 catalyst [3], while the reactor specifica-
tion is obtained from the lab scale fixed- bed as
tabulated in Table 1. The bulk density of the cata-
lyst bed is calculated from its relation to both par-
ticle density and bed porosity (r» = rp (1-ep)) [7]. The
catalyst bed height (L) is calculated from its rela-
tion to the catalyst weight (W), bulk density of
catalyst (rp) and cross sectional area of bed (Ar) by
the correlation of L = W/(Av.rv). Initially, the feed
gases are introduced into the reactor with at 24
mmol/s of CH4, 24 mmol/s of CO2 and 27 mmol/s of
Ar as the inert gas.

Table 1. Parameters value used for reactor simu-
lation

Parameters Values Unit

kq 0.15at 973 K Jdm-1s1K-1
Rin 0.0045 m

Rou 0.0055 m

€eb 0.6 -

Tp 3.0x10¢ g m3
Weat 0.5 g

S 5.67x10-8 Wm-2K-4

dp 0.326x10-3 m

R 8.314 Pa m3 mol-! K-

The mathematical models in the form of ordi-
nary differential equations are solved numerically
and the computer codes are built in MATLAB. The
simulator is used to simulate the performance pro-
files along the axial bed of catalyst in terms of: CHy
and COz conversion, H2 and CO yield, molar flow
rate, mole fraction and reactor temperature as well
as van’'t Hoff plot of CORM and RWGS reactions.
The simulator can also be used to simulate the re-
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actor performances at different reaction tempera-
tures and catalyst loading.

Results and Discussion

In this study, the performances of carbon
dioxide reforming of methane over Rh/Al20s cata-
lyst were simulated in a lab scale fixed-bed reactor.
The arrangement of the catalyst bed inside the re-
actor and its control volume to be used for model
building is depicted in Figure 1. The kinetic pa-
rameters used in this simulation were obtained
from the results conducted on the fixed-bed and
membrane reactor by the previous researchers [3].
The mathematical models were developed using
the mass and energy balances over the catalyst
bed. The length of the reactor bed was calculated
based on the catalyst weight loaded and the bed
porosity (rp) as mentioned above.

Reactor Performance Simulation at Single
Temperature of 1073 K

The profiles of the predicted methane and
carbon dioxide conversion along the axial catalyst
bed at 1073 K are depicted in Figure 2. The values
for both CHs and COsz conversions are in the low
value of about 10 % at the initial section of the re-
actor bed and increasing gradually along the axial
bed of the catalyst thus achieved maximum at the
end of the bed to about 90 % and 80 % of COz and
CH4 conversions, respectively. The CO2 conversion
is higher than CHj4, indicating that more CO:z has
reacted compared to CHa. It is corresponding to the
fact that COz can react not only in the CORM reac-
tion (Equation (1)) but also in the RWGS reaction
(Equation (2)).

100

90

Conversion, %

0 L L L I I I

0 1 2 3 4 5 6

Bed length of reactor, (m)

Figure 2. Profile of predicted methane and carbon
dioxide conversion along the axial catalyst bed at
1073 K of reaction temperature
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Bed length of reactor, (m) x 10

Figure 3. Profile of predicted CO and H; yields
along the axial catalyst bed at 1073 K of reac-
tion temperature

Figure 3 describes the profiles of predicted
both CO and H: yields along the axial catalyst bed
at the reaction temperature of 1073 K. This figure
shows that CO yield is higher than H: yield. This
can be attributed again to the RWGS reaction, in
which hydrogen as one of the products from CORM
reaction can react with CO2 reactant to produce CO
and water, which led to a low Ho/CO ratio. This
phenomenon causes higher CO:z conversion than
that of CH4 as depicted in Figure 2. The result in
Figure 3 shows that the reforming reaction of COsz
and CH4 over Rh/Al203 catalyst produces syngas of
CO and H: with the yields of 85 % and 75 %, re-
spectively, at the end section of the catalyst bed.

The profiles of the predicted molar flow rate
and mole fraction of all species along the axial bed
are depicted in Figures 4 and 5, respectively. From
these figures, it can be shown that the molar flow
rates of CHs and CO2 decreased gradually along
the axial bed as the two species are being con-
sumed in both the CORM and RWGS reactions.
The molar flow rate of CO:z is lower than that of
CHs due to the RWGS reaction. The molar flow
rates of CO and H: products increased along the
axial bed of the catalyst due to the increasing CHy
and COz conversion, but some amount of water is
also produced from the RWGS reaction. These phe-
nomena are also revealed in the mole fraction pro-
files along the axial bed of the catalyst (Figure 5).

The mathematical model developed can also
be applied to the design of a non-isothermal fixed-
bed reactor. The energy balance is coupled with the
mass balance, rate laws and stoichiometry and
must be solved simultaneously. The heat generated
from the furnace to the reactor was assumed to be
distributed uniformly along the axial bed of the
catalyst. The homogeneous transfer along the axial
bed of the catalyst and the endothermicity of the
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Molar flow rate, (mol/s)

Bed length of reactor, (m) x 10

Figure 4. Profile of predicted molar flow rate of
each species along the axial catalyst bed at 1073
K of reaction temperature
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Figure 6. Profile of predicted internal reactor
temperature along the axial catalyst bed at

reactions can cause the temperature to vary along
the axial bed of the reactor. The profile of the pre-
dicted gas temperature along the axial bed of the
catalyst is depicted in Figure 6. It is revealed that
the temperature dropped drastically at the initial
part of the reactor from the initial temperature of
1073 K to 890 K and then increased gradually to
1073 K. This phenomenon is attributed to the
large amount of heat required at the initial stage
of the reactions due to the high endothermicity of
both reactions. The rising temperature after a
sudden drop along the axial bed of the catalyst is
due to the heat supplied by the furnace along the
reactor length during reaction, as depicted in Fig-
ure 1, in which more heat is available at the end
of the reactor bed.
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Figure 5. Profile of predicted mole fraction of each
species along the axial catalyst bed at 1073 K of
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Figure 7. Profile of van’t Hoff diagram for the
adsorption-equilibrium constants for CORM
and RWGS reactions

Figure 7 shows the calculated pressure equi-
librium constants, K, in a van’t Hoff plot for the
carbon dioxide reforming of methane (CORM) and
reverse water gas shift (RWGS) reaction at differ-
ent temperatures along the axial bed. Thermody-
namically, the dependence of K to temperature is
according to van’t Hoff equation (Equation (17)) [8]:

dinK AH°
N 2
dT RT an

in which K can be calculated from its relation to
the standard Gibbs-energy change as described in
Equation (18).
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—AG°
RT

K= exp( J
(18)

The values of the equilibrium constants, K, as de-
picted in Figure 7, are attributed to the endother-
micity of both reactions. From this figure, it is
shown that increasing temperature led to increas-
ing K which is inline with the van’t Hoff equation
(Equation (17)) for endothermic reaction with posi-
tive AHo,

Influence the Various Reaction Tempera-
tures (700 — 1200 °C) to the Predicted Reactor
Performances

Influence of the different reaction temperature
to the predicted reactor performances was also
simulated in this work within the temperature
range of 700 — 1200 °C (973 - 1423 K). Figures 8(a)
and (b) reveal the influence of various reaction
temperatures to the predicted methane and carbon
dioxide conversion along the axial bed of catalyst,
respectively. Figures 9(a) and (b) pertain to the
predicted profiles of CO and H: yields with the re-
actor bed length, respectively. Low reactor tem-
perature gives low CHs and CO2 conversions. At
the reactor temperature of 973 K both CH4 and CO.
2 conversions are 46 % and 62 %, respectively, at
the end of the reactor bed. In addition, CH4 and
COz conversions of 96 % and 98 %, respectively,
were achieved at reactor temperature of 1223 K.
Indeed, at higher reactor temperature of 1200 °C
(1423 K), the CHs and CO2 conversions were al-
most complete at 99 % and close to 100 %, respec-

100 100

1223 K
90 90r

80 80

701 70F
601 60

501 50F

CH4 Conversion, %

40 40F

002 Conversion, %

30 30

6
x10°

2 4
Bed length of reactor, (m)

Bed length of reactor, (m)

x10°

223K

Figure 8. Effect of different reaction temperatures

(700-1200 °C) on CH4 (a) and COz2 (b) conversions
along axial bed of catalyst

tively. Unfortunately, a high temperature is
needed to achieve complete conversions due to the
fact that thermodynamically CORM and RWGS
reactions are endothermic process. This phenome-
non coincides with the formulation of van’t Hoff of
Equation (17), in which the equilibrium constant
increases with temperature and finally leads to
increasing reactant conversions. It is also in consis-
tent with the predicted CO and H: yields as shown
in Figures 9 (a) and (b), respectively. The CO yield
is close to 100 % at temperature of 1200 °C (1423
K), while H2 yield achieves 99 %. The profiles of
CH4 and CO:2 conversions, yields and selectivities
of He and CO, reactor temperature as well as Hs/
CO ratio were more uniform along the axial bed of
the catalyst at higher reaction temperature.

The profile of the predicted reactor tempera-
ture with the bed length at various reaction tem-
peratures is depicted in Figure 10. It is shown that
increasing reaction temperatures lead to the uni-
formity of temperature profile along the axial bed
that finally results in a more efficient usage of the
reactor. It is highly desired that the H2/CO ratio
approached unity for the utilization of the synthe-
sis gas in the Fischer-Tropsch reaction [9]. The
simulation of the Ho/CO ratio along the axial bed of
the catalyst at various temperatures is depicted in
Figure 11. From this figure, it is shown that at low
reaction temperatures, the H2/CO ratio dropped
drastically and gradually increased along the axial
bed of the catalyst. For example, at 973 K, the Ha/
CO ratio dropped drastically to 0.70 at the centre
of the reactor bed length. Different behaviour is

100

90r

80f

70

60[

50r

CO Yield, %
H2 Yield, %

40

30

20

10

6
x10°

2 4
Bed length of reactor, (m)

6
x10°

2 4
Bed length of reactor, (m)

0 0

Figure 9 Effect of different reaction tempera-
tures (700-1200 °C) on the predicted CO (a)
and Hz: (b) yields along axial bed of catalyst
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shown at higher temperature (above 1223 K) for
the predicted Ho/CO ratio. At higher temperatures,
H2/CO ratio dropped initially but increased rapidly
to achieve uniform H2/CO ratio along the axial bed
of the catalyst. It is shown that at temperatures
above 1423 K, the H2/CO ratio increases to about
0.995. This phenomenon is attributed to the effect
of temperature distribution to the H2/CO ratio
along the axial bed of the catalyst. The RWGS re-
action i1s more favourable at low temperature. It is
consistent with the study that CORM reaction can
proceed above 640 °C accompanied by methane dis-
sociation reaction. Based on the Gibbs free energy
consideration both RWGS and Boudouard reac-
tions could not occur at reaction temperature above
820 °C [10], as revealed by Equation (18) [8]. In-
creasing the reaction temperature to above 820 °C
resulted in a higher H2/CO ratio due to the sup-
pression of Hs reaction with CO2 in the RWGS re-
action as shown in Figure 11.

Conclusions

A one-dimensional mathematical model for
the fixed bed reactor was developed to simulate the
performance of COz reforming of methane to syn-
thesis gas over Rh/Al2Os catalyst system. In this
modelling and simulation, the profiles of reactor
performance can be simulated along the axial bed
of catalyst in terms of CHs and CO:z conversions,
CO and H: yields, molar flow rate and mole frac-
tion of all species, reactor temperature and also
equilibrium constants. In addition, the effect of

1450 T T T T T T
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13501 1373K |
1300} 1323K |
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0;1250_ 1273 K

5
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1023 K
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Bed length of reactor, (m) x10°

Figure 10. Predicted temperature profile along
axial bed of catalyst at different reaction tem-
peratures (700-1200 °C)

different reactor temperature on the CHs and CO2
conversion along the axial bed of the catalyst was
also simulated as well as its influence on the CO
and H: yields. It is also predicted that the axial
gradients of temperature and conversion were neg-
ligible at high reaction temperature. The H2/CO
ratio close to unity was also achieved at high reac-
tion temperature. In future, the models can be
modified to consider the effects of pressure drop or
fluid dynamic, the effectiveness factor as well as
coking rate on the reactor performances.
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Nomenclatures

A¢
C pi

Focoz

K

Ko

ko

cross sectional area of catalyst bed, m?
heat capacity of species 1, J mol-! K-1
initial molar flow rate of CO2, mol s-!
equilibrium constant for CORM reac-
tion

equilibrium constant for RWGS reac-
tion

rate constant for CORM reaction, mol
gcatls!

rate constant for RWGS reaction, mol
atm1 g catl sl

kq

L
Pb;

ri
Ir2

R
Rout
Rin

Rcha

Rcoe

T

XCH4

XCo02

X1, X

Pb
Pp
I1CH4

1coz

AH
AHr T

AHR 12

0;
ACpl, Cp2

AG

thermal conductivity of quartz, J m-
1 S-l K-l
bed length of reactor, m

partial pressure of species i, Pa

net intrinsic reaction rate of CORM,
mol g cat! g1

net intrinsic reaction rate of RWGS,
mol g cat! s!

gas constant, Pa m3 mol-1 K-

outer radius of reactor, m
inner radius of reactor, m

rate of CHs disappearance, mol g
catl gl

rate of CO2 disappearance, mol g
catl gl

reactor temperature, K

furnace temperature, K
heat generated by furnace, J s!

weight of catalyst, g cat.

CH.4 conversion, %
COz2 conversion, %

conversion of COz from reaction (1)
and (2), respectively
cross sectional area of reactor, m2

bulk density of the bed of catalyst, g
cat m-3 reactor

density of the catalyst particle, g m-
3 cat.

effectiveness factor for CORM reac-
tion

effectiveness factor for RWGS reac-
tion

heat of reaction, J mol-!

heat of reaction for reaction (1), J
mol-!

heat of reaction for reaction (2), J
mol-!

stoichiometric ratio of species 1

sum of heat capacities for reaction
(1) and (2), respectively, J mol-! K-!
Gibbs energy of reaction, J mol-!

Stefan-Boltzmann constant, W m-2
K4
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