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1. Introduction 
Electrodialysis (ED) is an electrochemical sepa-

ration process in which charged membranes are 
applied to separate ionic species from a mixed 
aqueous solution of varied components under an 
electrical potential difference It has been widely 
applied not only in the desalination of natural wa-
ter, desalination of saline solutions and production 
of table salt, but also in separation of organic acids 
and their salts in bio-separation processes. The 
performance of ionic transport which moves 
through the electro-membrane depend essentially 
on two factors: physicochemical properties of the 
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Abstract 
Mathematical models of ion transport in electrodialysis process is reviewed and their basics concept is dis-
cussed. Three scales of ion transport reviewed are: 1) ion transport in the membrane, where two approaches 
are used, the irreversible thermodynamics and modeling of the membrane material; 2) ion transport in a 
three-layer system composed of a membrane with two adjoining diffusion layers; and 3) coupling with hy-
draulic flow system in an electrodialysis 2D and 3D cell, where the differential equation of convective-
diffusion is used. Most of the work carried out in the past implemented NP equations since relatively easily 
coupled with other equations describing hydrodynamic conditions and ion transport in the surrounding so-
lutions, chemical reactions in the solutions and the membrane, boundary and other conditions. However, it 
is limited to point ionic transport in homogenous and uniformly - grainy phases of structure. © 2008 CREC 
UNDIP. All rights reserved. 
. 
Keywords: Mathematical modeling; Ion transport; Membrane stucture; Irreversible thermodynamics; Con-
centration polarization; Convective-diffusion  

membranes used; hydrodynamic conditions and 
coupling between the matter transfer in and out 
the membrane [1].   

The mathematical model of ion transport is im-
portant in ED process, since it can detail out entire 
picture of the electrotransport in ED cell. As a re-
sult, the mechanism of the ion transport can be 
described and the performance of the ED can be 
predicted. The mathematical model the ionic and 
water transport in ED can be divided into a few 
types of geometric scales. They are: (1) the mem-
brane; (2) a three-layer system being the mem-
brane with two adjoining diffusion layers; and (3) 
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coupling of hydraulic flow in an ED of two-
dimensional (2D) and three-dimensional (3D) ex-
hibited in cell. These three scales will be dis-
cussed thoroughly in the following section.  

 
2. Transport in Membrane 

Both of the transport of solution in hydraulic 
system which circulates in the space between the 
membranes and the ion transport in the mem-
branes are noteworthy in the ED process, but the 
latter predominately determines it performance. 
The irreversible thermodynamics approach is ef-
fective to describe the transport of ions and water 
through a membrane that treats the membrane 
as a "black box" and considers the cross effects of 
all flows through membrane completely. Another 
kind of model is mathematical modeling taking 
into account the geometric structure of the mem-
brane, hence, permitting establishment of rela-
tion between structure and physico-chemical local 
parameters with overall physicochemical proper-
ties of the membrane. 

 
 

2.1. Irreversible thermodynamic (IT) ap-
proach  

In IT theory, the material and energy flow is 
expressed by the Gibbs equation which has been 
applied to reversible processes. Because of this 
assumption, the IT is estimated to realize in the 
circumstance being close to reversible states. 
However the theory is considered to be applicable 
to some extent in the circumstances being apart 
from reversible state. In the IT, membrane phe-
nomena are treated by combining driving forces 
with resultant permeation fluxes across a mem-
brane using the phenomenological equation intro-
duced from dissipation function. The IT repre-
sents the simplest mathematical tool for linking 
the flux of species through the membrane with 
the interfacial concentrations of this species at 
the left- and right-hand sides, as well as with the 
external driving forces, the electric current in the 
case of the ED [2] 

The Nerst-Planck (NP) equations, used exten-
sively in this century, provides a simplified ap-
proach to mathematical developments, which re-
sults in expressions that are easy to use in design 
of electromembrane, which can be considered as a 
reduced form of IT equation. The NP equation 
contains two terms that reflect the contribution of 
diffusion and electro-migration in the ionic trans-
port. The NP equation may be relatively easily 
coupled with other equations describing hydrody-
namic conditions and ion transport in the sur-
rounding solutions, chemical reactions in the so-

lutions and the membrane, boundary and other 
conditions [3]. Nernst-Einstein (NE) relation can 
be applied simultaneously. NE relates the molar 
conductivity of each ion with its diffusion coeffi-
cient, which only one coefficient (normally the 
diffusion coefficient) per ionic species is neces-
sary, while the diffusion coefficient is expressed 
by ion mobility [4]. If the convective transport is 
appended, The NP extended will be formed which 
includes the velocity of solution. However there 
are several restrictions which reduce the applica-
tions of this equation and, in particular, do not 
allow this equation to act the role of theoretic ba-
sis for the ion [5] . 

In the same framework of IT, Kedem -
Katchalsky’s (KK) equation was developed where 
the formal thermodynamic treatment of mem-
brane permeability regards the membrane as a 
geometric transition region between two homoge-
neous compartments. It was assumed that differ-
ences are the driving forces responsible for the 
corresponding flows through membrane. A set of 
phenomenological equations was derived to deter-
mine the rate all flows. The phenomenological 
equations were based on practical, straight, and 
cross coefficient. A series relation was developed 
for the coupling coefficient which allows a ready 
transition from one system of coefficients to an-
other [6].  

The Maxwell-Stefan (MS) equation in the 
framework of IT is implemented for multi compo-
nent diffusion requires one diffusity or friction 
coefficient for each pair of components in the mix-
ture as transport coefficients. The friction terms 
are proportional to the local amount (or mole frac-
tion) of the other component which are propor-
tional to the difference in velocity among species. 
The driving force of MS tends to move down the 
gradient of its potential. The potential can be di-
vided into separate terms for activity gradients, 
electrical gradients and other gradients [7]. 

KK and MS equations do not have restrictions 
like as NP and are convenient for membrane 
characterization. Nevertheless, they are quite 
complicated because of a sufficiently high number 
of transport coefficients depending on the concen-
tration used. 

 
 

2.2. Structure Kinetic Models  
In this approach the membrane structure is 

taken into account. It is known that there are 
many facts directly or indirectly proving that ion-
exchange materials, including so-called homoge-
neous membranes and gel ion-exchangers, are 
spatially non-uniform. The nonuniformity of ion-
exchange membranes has great influence on 
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many physical and chemical properties of ion-
exchange systems and their operational charac-
teristics.  

Three main classes of mathematical models 
may be distinguished, depending on the scale of 
inhomogenieties taken into account when ion and 
molecule transport in the membrane is being 
simulated. Classical theories consider a mem-
brane as one homogeneous phase: a solution of 
matrix polymer chains, fixed and mobile ions and 
water. Quantitative treatments are based on the 
equations of irreversible thermodynamics. The 
classical gel model is the simplest model that as-
sumes the membrane in homogenity structure. 
The equilibrium electroneutrality relation be-
tween number ions in solution and in membrane 
can be described by Donnan equation which is 
depended on exchange capacity and mean activ-
itiy coefficients of solution [8] A transport model, 
where the membrane phase being considered as 
one species, based on a modified NP equation, 
taking the tortuosity of the membrane structure 
into account, was proposed by Higa and Kira [9]. 
It was shown that the apparent ionic mobility de-
pends not only on the valence of the ion and the 
membrane potential, but also on the tortuosity. 
The self-diffusion coefficient in the membrane 
phase depends on the size of the solvated ions and 
follows the sequence of mobility observed in aque-
ous solution. Wesselingh et al. [10] implemented 
the MS to count the transport coefficient of ion 
inside a homogenous membrane from free solu-
tion diffusity using tortuosity correction. The tor-
tuosity related to void fraction using Marshall’s 
equation. This homogenus membrane approach is 
quite general. However, the phenomenological 
coefficients dependent on concentration are very 
difficult to predict a priori. 

The second class of models deals with a thin 
membrane structure on the submicroscopic scale.  
Selvey and Reiss [11] proposed model which mem-
brane is treated being a quasi-homogeneous me-
dium with non uniform fixed charge distribution. 
Species in transport is considered: with the help 
of continuum flux equations where the elec-
troneutrality is not assumed, so as to include 
nonlinear effects due to space charge in the quasi-
homogeneous medium. The NP and Poisson equa-
tions are solved using perturbation theory, and 
the case of small fluctuations in fixed charge den-
sity is considered in order to obtain analytic solu-
tions to the perturbation equations. Hsu and. 
Gierke [12] proposed model class treats the mem-
brane being a cluster-channel network. Ion trans-
port and current selectivity are best described by 
percolation and absolute reaction rate theories, 
respectively. This submicroscopic approach allows 

the explanation of phenomena of ionic membrane 
permselectivity. However, since is not taking into 
account heterophase structure, the model may 
lead to inaccuracies. 

The third class of models studies membrane 
inhomogeneity on the microphase scale. A mem-
brane is considered as a system of two or several 
phases, and conductivity properties are found as a 
function of corresponding phase properties. 
Zabolotsky and Nikenko [13] proposed a micro-
heteogenous model presenting the membrane as a 
system consisted at least of two phases, as a “gel” 
phase being an uniformly grainy phases of fixed 
and mobile ions with the polymer matrix in-
cluded, and an electroneutral solution phase fill-
ing the “intergel” spaces. Inter-gel spaces are in-
ner parts of pores, channels and cavities. The gel 
phase is considered to be quasi-homogeneous. It is 
supposed that the NP equations are valid for each 
phase and for the membrane as a whole, the effec-
tive conductance coefficient for the membrane 
being a function of the respective quantities for 
each phase.   Tugas et al. [14] proposed a three-
phase membrane model that incorporates co-ion 
leakage, comprising hydrophobic polymer, active 
ion exchange zone and interstitial sorbed zone. 
The apparent coefficient is accounted using 
Nernst-Einstein relation. By applying this micro-
scopic membrane approach, the detail coefficient 
transport in heterogenous phase can be depicted. 

All the kinetic structure models proposed are 
implemented in the small range of low electrolyte 
concentration. The advantage of this approach is 
the detail coefficient transport inside the struc-
ture membrane can be observed. However, this 
approach generates quite complicated task of 
modeling and measurement local structure coeffi-
cients to validate the model. 

 
 

3. Three Layer Model  
 
The three layer model taking into account 

boundary diffusion layers adjoining the mem-
brane which useful for describing the role of the 
concentration polarization in the membrane 
transport. A variation in the interfacial concen-
trations obtained leads to a variation in the flux 
or in the effective transport number which is the 
charge transported by ion. This type of model per-
mits to consider coupling of the membrane trans-
port with different effects of the concentration 
polarization: limiting current density, water dis-
sociation, homogenous chemical reaction and a 
space charge macroscopic region [15].  

Tanaka [5] developed model which considers 
the limiting current density effect. The membrane 
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assumed is homogenous. By applying the limiting 
current density and extended NP equations, solu-
tion velocity in the boundary layer, thickness of 
the boundary layer, concentration distribution in 
the boundary layer, ionic flux in the boundary 
layer, electrical current density in the boundary 
layer and potential gradient in the boundary 
layer can be determined.  

Zabolotsky et al. [16] proposed mathematical 
model which consider the deviation from the local 
electroneutrality in space charge region near the 
depleted solution/membrane interface. The com-
petitive electro-transport of two counter-ions 
through an ion exchange membrane is described 
by the NP and Poisson equations. It is shown that 
the space charge region grows with the voltage 
applied. 

Nikonenko et al. [17] proposed model taking 
into account coupled homogenous chemical reac-
tions in the external diffusion boundary layers 
and internal pore solution. A mechanism of com-
petitive transport of anion single electron and 
anion double electron of weak electrolytes 
through anion-exchange membranes is described 
on the basis of the NP and Donnan equations. 
The model supposes local electroneutrality as well 
as chemical and thermodynamic equilibrium. It is 
exhibited that the pH of the depleting solution 
decreases and that of the concentrating solution 
increases during ED process. 

Tanaka [18] proposed a model considering wa-
ter dissociation phenomena in ED process. Water 
dissociation reactions have been analyzed by NP 
and pH equations. This phenomena base on the 
equilibrium reached between H2O, H+ ions and 
OH− ions consist of a forward reaction and a re-
verse reaction. The forward reaction rate in-
creases along with the increase of electrical poten-
tial difference in the water dissociation layer. By 
applying this model proposed, the forward reac-
tion rate constant of the water dissociation reac-
tion, thickness of the water dissociation layer; 
and concentration distribution of H+ and OH− 
ions and electrical potential gradient in the water 
dissociation layer is exerted. 

This approach is still works on homogenous 
membrane assumption. The complicated task of 
model will obtained, if the heterogenous structure 
of membrane is coupled. 

 
 

4. Coupling hydraulic in electrodialysis us-
ing  2D and 3D convective-diffusion model  

 
In this model the transport by convection and 

diffusion in two and three dimensions is consid-
ered in the solution circulated between the mem-
branes in dilute DC and concentration compart-
ments CC. The convective-diffusion model per-
mits to calculate current-voltage curves for an ED 
cell pair, the distribution of the concentrations 
and potential in DC and CC, and the longitudinal 
distribution of the current density and the distri-
bution of velocity and pressure in all compart-
ments.  

Shaposhnik et al. [19] proposed 2D model 
where the solution flow condition assumed is plug 
flow and laminar. Kinetic in membrane structure 
is neglected. Velocity profiles obtained, in accor-
dance with the solution of Navier-Stokes equa-
tions, have the form of Poiseuille distribution. 
The analytical solution obtained allows one to 
calculate concentration fields before, and after the 
overlapping of diffusion boundary layers 

Tanaka [20] proposed 2D model which was 
demonstrated to consider the nonuniformity solu-
tion velocity and the current density due to the 
pressure distribution in ED stack. The KK equa-
tion is implemented for accounting the ion trans-
port through homogenous membrane. Using the 
Fanning equation, static head difference are ex-
pressed by the function of friction head. Friction 
factor relates to the Reynolds number. The 
changes of the static head, the velocity head and 
the friction head in an entrance duct and an exit 
duct are given using the Bernoulli theorem. By 
implementing this model the solution friction fac-
tor, distribution coefficient of solution velocity 
and current density may be obtained. 

Heranz et al. [21] proposed 2D model where 
the flow condition is pulsated. The model presents 
the effect of pulsation frequency, pulsation ampli-
tude and fluid velocity on the wall shear stress of 
the inner cylinder of an annular duct composed by 
an anionic membrane in laminar flow. The mass 
transfer across the anionic membrane is calcu-
lated numerically for different pulsation parame-
ters (frequency, amplitude and fluid velocity), 
solving the mass balance equation.  As a conse-
quence of the pulsation, the shape and thickness 
of the concentration boundary layer change with 
time, and vortices are developed through a pulsa-
tion period due to the instability of the concentra-
tion boundary layer caused by the pulsating flow. 
The mass transfer enhancement across an ion 
exchange membrane in pulsating flow may be due 
to the periodic renewal of the liquid in the wall 
boundary layer as can be concluded by the forma-
tion of the vortices and their dispersion in the 
bulk of the solution. 
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Tanaka [22] developed 3D convective-diffusion 
model which is obtained due to coupling with 
natural convection phenomena. Mass transport 
with natural convection in a boundary layer near 
the surface of a vertical membrane is a three-
dimensional process. The ionic flux in a boundary 
layer is divided into the fluxes of diffusion, migra-
tion and convection. The solution velocity in a 
boundary layer is divided into the velocities of 
electro-osmosis, concentration-osmosis and natu-
ral convection. They are consistent with the equa-
tion of continuity. The 3D convective-diffusion 
model permits to determine velocity convection on 

three components direction. The convective-
diffusion model is the coupling hydrodynamic sys-
tem with membrane and three layer models. 
Thereby, the whole system of ED can be repre-
sented.  The summary of the model discussed are 
summarized in Table 1.  

 
 

5. Conclusion 

The three main scale: the membrane; a 
three-layer system being the membrane with two 
adjoining diffusion layers; and coupling of 
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TABLE 1. Summary – models applied in ED process. 

N
o 

Model Model class Geometrical 
scale 

Reference 

1 Nernst – Planck (NP) Irreversible thermodynamic Membrane Buck, R.P, 1984 
2 Nernst – Enstein (NE) Irreversible thermodynamic Membrane Pourcelly, et al., 1996 
3 Nernst – Planck ex-

tended 
Irreversible thermodynamic Membrane Tanaka, 2003 

4 Kedem – Katchalsky 
(KK) 

Irreversible thermodynamic Membrane Kedem and Katchal-
sky, 1963 

5 Maxwell -Stefan  (MS) Irreversible thermodynamic Membrane Wesselingh, et.al., 
1995 

6 Donnan , membrane gel Homogenous structure Membrane Lakshminara-
yanaiah, 1969 

7 NP, membrane tortuos-
ity 

Homogenous structure Membrane Higa and Kira, 1994 

8 MS , membrane tortuos-
ity, Marshall void frac-
tion 

Homogenous structure Membrane Wesselingh, et al, 
1995 

9 NP-Poisson, quasi homo-
genous phase. 

Submicroscopic structure Membrane Selvey and Reiss, 
1985 

10 Percolation and absolute 
reaction rate theories, 
cluster channel network. 

Submicroscopic structure Membrane Hsu and. Gierke, 
1983 

11 NP, membrane two 
phases (gel – intergel) 

Microscopic structure Membrane Zabolotsky and Ni-
kenko, 1993 

12 NE, membrane three 
phases 

Microscopic structure Membrane Tugas, et al. 1993 

13 Extended NP Limiting current density at 
double layers 

Three layer Tanaka, 2003 

14 NP- Poisson Space charge deviation at 
double layers 

Three layer Zabolotsky et al, 2002 

15 NP- Donnan, chemical 
equilibrium 

Homogenous chemical reac-
tion at double layer 

Three layer Nikonenko et al, 2003 

16 NP- pH equation Water dissociation at double 
layers 

Three layer Tanaka, 2002 

17 Convective – diffusion, 
Navier - Stokes 

2D uniform flow Hydraulic 
coupled 

Shaposhnik et al, 
1997 

18 Convective – diffusion, 
Fanning and Bernoulli 
theorem 

2D nonuniform flow Hydraulic 
coupled 

Tanaka, 2004 

19 Convective – diffusion, 
pulsation factor 

2D pulsed flow Hydraulic 
coupled 

Heranz et al, 1999 

20 Convective – diffusion, 
continuity 

3D- natural convection cou-
pled 

Hydraulic 
coupled 

Tanaka, 2004 



 

hydraulic flow in an ED of two-dimensional (2D) 
and three-dimensional (3D) exhibited in cell have 
been  reviewed and their basic concepts  was 
discussed. It is found that most of the previous 
work implemented NP equations since relatively 
easily coupled with other equations describing 
hydrodynamic conditions and ion transport in the 
surrounding solutions, chemical reactions in the 
solutions and the membrane, boundary and other 
conditions. However, it is limited to point ionic 
transport in homogenous and uniformly - grainy 
phases of structure. From the review above, 
developing model which can depict a whole ED 
process considering the membrane structure, 
three layer and hydrodynamic condition in the 
larger range of concentration and flow velocity is 
still needed. 
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Introduction 

Crude oil, a restricted and non renewable en-
ergy source, is the main source of energy and fuel  
in indonesia. In additional, Indonesian crude oil  
consist of heavy fraction in a high precentage 
( about 60%) so  an efficent conversion of crude oil 
into liquid fuel is so important. Catallytic reactions 
consist of cracking and hydrocracking became im-
portant to the refinery processing. In order to mini-
mize energy consumed during the process, best 
characters of  solid catalyst such as high surface 
area and thermal stability, high conversion and 
selectivity into gasoline product, are needed. Sev-
eral investigation are focused on optimization in 
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Abstract   
 

Research on synthesis and characterization of ZrO2-Montmorillonit  and its application as catalyst in heavy 
fraction of crude oil (HFCO) conversion has been investigated. Synthesis of catalyst was done by pillariza-
tion of ZrO2 into silicate interlayer of montmorillonite structure. The success in synthesis is shown by XRD 
and BET surface area measurement in that basal spacing d001 was  increase after pillarization. Activity 
test of material was showed that ZrO2 dispersion affected catalytic activity in liquid production and the ac-
tivity was increased asn increasing temperature in the range of 473K-673K. Composition of liquid product 
indicated that ZrO2-Montmorillonit tend to produce kerosene related to metal oxide distribution in synthe-
sis. © 2008 CREC UNDIP. All rights reserved. 
. 
Keywords: montmorillonite; cracking; crude oil  

catalyst synthesis, mainly in the form of metal and 
metal oxide dispersed onto the stable solid support. 
As well as synthetic silica alumina materials, natu-
ral montmorillonite, a kind of smectite class of 
clay, is  a potential  mineral to contribute as solid 
support for metal oxide catalyst. The lack of ther-
mal stability of clays could be eliminated by pillari-
zation process. This process cosist of two important 
steps : intercalation of silica sheet of smectite layer 
with  polyoxocation  of metal and calcination stable 
metal oxide. Research process to the polyoxocation 
to form a stable oxide. 

Research on preparation and characterization of 
pillared clays has grown continously with the aim 
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to improve physicochemical properties and cata-
lytic activity in several important reaction. Sev-
eral metal oxides have been reported for this pur-
pose, such as Al, Zr, Ti, Cr, and mixed metal: such 
as Ga-La, Cr-Al in order to gain designed charac-
ter of materials.  Although the Al polyoxocation is 
by far the most studied pillaring agent in both 
scientific and patent literature, in the term of 
cracking catalyst,  zirconium oxide pillared cata-
lyst became important related to its high thermal 
stablity properties and Lewis acidity that play 
important role in the cracking mechanism ( Mo-
reno et.al., 1999, Olezska, 2004). By far,  pillari-
zation of montmorillonite by ZrO2 reported by 
several author showed the potential application 
in such high temperature reaction. Zirconium ox-
ide pillared clays exhibit a significantly high d
(001) value to ~20Å and high surface areas 
(mostly 200-300 m2/ g)  depending on several 
preparation variables (Bartley and Burch, 1989, 
Kloprogge, 1999, Gil et.al, 2000). 

In this investigation, synthesis, characteriza-
tion and utilization of zirconium oxide pillared 
montmorillonite in heavy fraction of crude oil was 
conducted. Physicochemical properties of pillared 
montmorillonite synthesized were characterized 
by evaluate XRD pattern of materials (by X ray 
Diffraction (XRD)), BET surface area analyzer, Zr 
content (X-ray Fluorescence) and thermal stabil-
ity (DTA-TGA). Catalytic activity of material in 
heavy fraction of crude oil was determined by the 
selectivity profile to produce kerosene, gasoline 
and gas oil fraction in cracking reaction  

 
Experimentals 

Catalysts preparation and characterisation 
Techniques  

Natural montmorillonite sample was taken  
from Boyolali, Central of Java and heavy fraction 
of oil derived by vacum fractional distillation to 
crude oil taken from Conoco Philip Co., Gresik, 
East Java. Preparation of zirconium pillared 
montmorillonite in this study is refer to previuos 
research (Fatimah and Wijaya, 2004) as modifica-
tion to as reported by Bartley and Burch (1981), 
Wenyang et.al (1991) and Maes et.al. (1997). Pre-
paration was started by preparation of Zr4+ Keg-
gin ion. This polyoxocation was obtained by re-
fluxing ZrOCl2.8H2O precursor with ethylene gly-
col solution for 4 h.As produced, slow titration of a 
solution into montmorillonite suspension and sti-
rred for 3 days. The following processes are neu-
tralization (until Cl- free) and drying. Material 
resulted by this step was designated as ZrO2-M 

pre calc. Then sample was  calcined at 400oC for 3 
h and designated as ZrO2-M.  

Physicochemical characterisation of the 
samples included surface area analyzer- (nitrogen  
adsorption at 77 K) using NOVA1000 , X-ray dif-
fraction (XRD-Shimadzu X6000), and Zr content 
determination by X-ray Fluorescence. Identifica-
tion. X-ray powder diffraction patterns were ob-
tained by using a Shimadzu X6000 diffractome-
ter, at 40 kV and 30 mA, and employing Ni filte-
red Cu Ka  radiation.  

 
Activity Test 

Catalytic performance of  Zirconium oxide 
pillared montmorillonite was evaluated in crac-
king of heavy fraction of crude oil (HFCO). Reac-
tion was carried out in a fixed bed stainless steel 
reactor with inner diamm. of 1.5 cm and 25 cm in 
length.                                             

 The pelletized catalyst (0,2 g, 200 mesh) 
was placed in catalyst holder within the reactor  
and mass ratio of catalyst to feed is 0.2.   An ultra 
high purity of N2 gas was used as feed vapor ca-
rrier.  Result of reaction was analyzed by gas 
chromatography –mass spectrometry(GC-MS Shi-
madzu QP-5000).  
 
 
Results and Discussion 

Physicochemical characters of raw mont-

morillonite used in this research are presented in 
Table 1.  

In order to identify basal spacing d001 in-
crease, XRD measurement was performed to raw 
montmorillonite, Zr-intercalated montmorillonite 
before calcination/pre calcined ( ZrO2-M pre calc) 
and ZrO2-montmorillonite(ZrO2-M). XRD patern 
of these materials is presented in  Fig.1 . 

The patterns shows specifics reflection cor-
respond to the montmorillonite mineral identitiy; 
d001 reflection at around 5-6o and other reflection  
at around 20o. The third reflection at around 23o 
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Table 1. Characterization Data of raw Montmorillo-
nite  

No. Properties Results 

1 Cation Exchange Capacity 
(CEC) 

62,3 mmol/100g 

2 Specific surface area 59,782 m2/g 
3 Basal spacing d001 14,47 Å 

4 SiO2 content (gravimetry) 26,14 % (b/b) 

5 Al2O3 (spectrophotometry) 5,68 %(b/b) 
6 Surface acidity (pyridine 

adsorption method)) 
0,389 mmol/g 



 

correspond to the silica sheet in the structure. 
High intensity of d001 reflection indicate that there 
is high crystallinity and content of montmorillonite 
mineral in the sample, and furthermore, d001 value  
is equal to  14,47 Å. As silica sheet thikness is 
equal to 9.6Å, theoritic silicate interlayer space in 
raw montmorillonite is equal to 4.87Å.  There is a 
shift  of d001 reflection into lower angle correlate to 
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the increase of d001 as effect of intercalation and 
pillarization process.  Although depicting reflection 
of d001 at 5,87o (15,18Å), intensity of relection of 
ZrO2-M is lower than do raw montmorillonite sam-
ple. The intensity is also lower compared to precal-
cinated sample(ZrO2-M precalc) as indication that 
there is a thermal and chemical reaction effect  to 
the montmorillonite structure, in other hand this 
change correlated to the increasing of d001 reflec-
tion;  15,05Å in ZrO2-M pre calc and 15,18Å in 
ZrO2-M. Refer to several publication in synthesis of 
metal oxide pillared clays, this data is an evidence 
that there is a thermal transformation involving 
dehydration reaction to the intercalating species 
during calcination(Hutson et.al, 1998, Canizares 
et.al, 1999, Gil et.al, 2000). 

Material was designed as cracking catalyst 
application, therefore thermal stability  character 
is so important to identify. DTA profile of ZrO2-M 
is presented in Fig.2. Three significant peak of 
DTA are shown  at the temperature of  206.19 oC, 
238.38oC and 418.30oC. First peak at 206.19 oC 
predicted as indication of crystal water dehydra-
tion followed by heat release (exoterm) of 3.15 J/g, 
the second peak probably indicate the phase trans-
formation of Zr(OH)x into ZrO2 as dehydroxylation 
reaction and the third probably caused by ZrO2 

Figure 1. XRD patterm of raw montmorillonite,Zr-
intercalated montmorillonite before calcination 
(ZrO2-M pre calc) and ZrO2-montmorillonite
(ZrO2-M). 

Figure 2. DTA profile of ZrO2-M 
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decomposition.  BET surface area analysis data of  
the materials is presented  in Table 2.  

The surface area of the pre calcined and 
calcined zirconium oxide pillared montmorillonite 
seems to be not related to the crystallinity of ma-
terials. It may caused by pore distribution of ma-

terials in that there is a modal pore produced as 
indication the metal oxide agregation in surface 
or called as house-of cards formation as reported 
in previuos publication. It can  be detected from 
higher pore radius in ZrO2-M than do in raw 
montmorillonite.  

 
Catalytic Activity 

 Catalytic activity of materials in HFCO 
cracking first evaluated by precetage of product 
distribution. Product distribution as fucntion of 
reaction temperature by using thermal condition, 
raw montmorillonite and ZrO2-M as catalyst is pre-
sented in Figure 3.  

Effect of  catalyst is shown by liquid pro-
duction in catalytic cracking using both of raw 

montmorillonite and ZrO2-M catalyst. Its indicate 
that there is a cationic mechanism during reac-
tion as alternate step to the radical mechanism in 
thermal reaaction. This assumption is also proven 
by high percentage of gas production in all tem-
perature by thermal condition. Percentage of Liq-
uid yield was increase as the use of raw mont-
morillonite and    ZrO2-M catalyst respectively as 
indication that there was a positif  effect of ZrO2 
distribution in materials. Active site in surface 
tend to produce liquid product and decrease gas 
product as the change of mechanism involved. 
Temperature was also affected the liquid produc-
tion. It could be concluded that ZrO2-M catalyst 
was play an important role in the cationic mecha-
nism and activated by temperature.  

Furthermore, from GC-MS analysis of the 
liquid products, selectivity of catalyst were evalu-
ated. Selectivity to the special product are 
devided into kerosene, gasoline and gas oil prod-
uct. Data in the histogram is presented in Figure 
4. 

Activity of the catalyst is required to deter-
mine the ability of the catalysts to convert a reac-
tant into a desired product in a certain reaction. 
More intensive analysis to the liquid product re-
sulted selectivity data that defined as persentage 
weight of specific fraction in the liquid.   

Composition of liquid were obtained from 
peak area distribution in GC-MS analysis and 
expressed as peak area of selected fraction 
devided to total peak area of liquid product. Ac-
cording to Fessenden and Fessenden(1986), liquid 
petroleum distillates were grouped into gasoline 
(C5-C10), kerosene (C11-C12), gas oil (C13-C17), and 
heavy gas oil (C18-C25).  

It can be seen from Figure 4 that selectivity 
of ZrO2-M  is not significantly different with selec-
tivity of raw montmorillonite, but from both of 
heavy fraction selectivity data, it concluded that 
at relative low temperature (473K), there is a 
high conversion of heay fraction into kerosene 
fraction. Gasoline was higher distributed in liquid 
product by using raw montmorillonite than do 
ZrO2-M catalyst in all varied temperature and 
was increased in elevated temperature. In the 
same catalyzed liquid production, kerosene distri-
bution was  not affected by temperature. In con-
trast, by using ZrO2-M catalyst, kerosene produc-
tion was increased by  increasing temperature. 
This data indicated that ZrO2-M catalyst tend to 
produce kerosene fraction in a  high selectivity. 
This data was in agreement with as reported by 
Wenyang et.al (1991) in that lower gasoline dis-
tribution was produced in higher content of Zr in 
Zr-Al-pillared montmolrillonite. Pore size distri-
bution is main factor controlling this mechanism. 
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Table 2. BET surface area analysis data of raw mont-
morillonite, ZrO2-M pre calc and ZrO2-M  

Parameter Raw 
Mont 

ZrO2-M 
pre calc 

ZrO2-
M 

Specific surface area 
(m2/g) 

74,70 69,86 79,05 

Pore Volume (cm3/g) 50,88 58,95 62,50 

Pore radius (Å) 13,62 16,88 15,81 

Figure 3. Product distribution of HFCO cracking at 
varied temperature (a) thermal  condition (b) using 
raw montmorillonite as catalyst (c) using ZrO2-M as 
catalyst  



 

When the pillaring agent was added in excess, the 
amount of pillaring agent in the clay layers became 
denser, the pores became smaller, and the cracking 
activity decreased. The dense aggregate produce in 
a house of cards formation in this synthesis and 
reported before was important consideration to op-
timize physicochemical character of ZrO2-
montmorillonite in further research.  

 
 

Conclusions 

Pillarization of montmorillonite with zirco-
nium oxide was produce active catalyst in HFCO 
cracking. Higher basal spacing d001 of montmoril-
lonite resulted in synthesis was not linear with 
specific surface area indicate that there is a metal 
oxide aggregation as house of cards represented. 
Due to this character, although there is a positive 
effect of ZrO2 dispersion in montmorillonite struc-
ture to the liquid production, selectivity of catalyst 
to produce kerosene fraction was higher than to 
produce gasoline fraction. 
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Pendahuluan 
Akibat ketergantungan manusia terhadap 

minyak bumi tak terbarukan dewasa ini yang 
semakin meningkat, menjadikan minyak bumi 
sebagai kebutuhan primer. Diperkirakan beberapa 
tahun ke depan cadangan minyak bumi akan habis 
sehingga membuat para peneliti berlomba untuk 
membuat bahan bakar alternatif pengganti 
minyak bumi. Selain karena berkurangnya 
cadangan minyak bumi, hal lain yang mendorong 
penelitian tersebut dilakukan adalah peristiwa 
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Abstract   
 

Process of the transesterification reaction of palm oil with methanol by using ash of palm empty fruit 
bunches (EFB) as base catalyst has been conducted. The studied variables were effect of weight ash of EFB 
(5, 10, 15, 20, 25 g) and the molar ratio (3:1; 6:1; 9:1; and 12:1) of methanol to palm oil. Sample of ash was 
prepared through heating, screening, and reashing. A certain amount of ash was extracted in methanol 
with mixing for about 1 h at room temperature and the product was used as catlayst for transesterification 
process. The composition of the methyl esters (biodiesel) was analyzed using GC-MS and 1H NMR, whereas 
characters of biodiesel were analyzed using ASTM methods. The results of AAS analysis showed that potas-
sium carbonate content in ash of EFB was 25.92% w/w. The main components of biodiesel were mixture of 
methyl palmitate and methyl oleat as the major compounds. The increasing of EFB ash weight (catalyst 
concentration) in reaction of transesterification enhanced the biodiesel conversion of  53.0; 76.9; 88.2; 90.5 
and 97.8% (w/w) respectively. The increasing of the molar ratio of methanol to palm oil, the biodiesel con-
version enhanced too, that were 74.0; 90.5; 92.3 and 98.8% (w/w) respectively. The properties of biodiesel 
were relatively conformed with specification of biodiesel (ASTM D 6751). © 2008 CREC UNDIP. All rights 
reserved. 
. 
Keywords: biodiesel conversion, transesterification, palm oil, palm empty fruit bunch    

pemanasan global akibat emisi gas-gas rumah 
kaca yang salah satunya berasal dari pembakaran 
minyak bumi.  
Biodiesel  merupakan  bahan  bakar  yang  ramah  
lingkungan dan dapat diperbaharui serta bersifat 
biodegradable (1), sehingga dapat dijadikan sebagai 
sumber  energi   alternatif   pilihan.  Konsep   
bahan  bakar bersih  antara  lain  meliputi:  
pengurangan kadar belerang, penambahan 
senyawa-senyawa oksigenat, pengurangan 
senyawa aromatik, dan peningkatan angka cetan 

Copyright © 2008, BCREC, ISSN 1978-2993 



 

atau oktana (2).  
Biodiesel pada umumnya disintesis melalui 

transesterifikasi dengan alkohol ringan 
menggunakan katalis basa konvensional. 
Literatur mengenai penggunaan katalis 
konvensional seperti NaOH, KOH, K2CO3, dan 
lain-lain sebagai katalis basa telah banyak 
dipublikasikan. Tetapi masih sedikit literatur 
yang mengkaji pemanfaatan abu tandan kosong 
sawit (abu TKS) sebagai pengganti katalis 
konvensional. Selama ini, TKS yang merupakan 
hasil produk samping pengolahan sawit hanya 
digunakan sebagai bahan bakar boiler dan abu 
hasil pembakaran tersebut dimanfaatkan sebagai 
pengganti pupuk (3). Abu hasil pembakaran TKS 
mempunyai kadar kalium yang tinggi (45-50 %) 
(4). Bila abu ini dilarutkan dalam air akan 
diperoleh larutan alkalis (5).  

Beberapa literatur telah melaporkan kajian 
mengenai pemanfaatan abu TKS sebagai katalis 
basa dalam sintesis biodiesel. Peneliti 
sebelumnya melaporkan kajian pemanfaatan abu 
TKS sebagai sumber katalis K2CO3 untuk sintesis 
biodiesel dari minyak kelapa (6). Peneliti lainnya 
melaporkan pula kajian pengaruh abu TKS 
terhadap transesterifikasi minyak sawit menjadi 
biodiesel (7). Berdasarkan kedua laporan tersebut 
dijelaskan bahwa preparasi abu dilakukan 
dengan cara dipanaskan dalam oven pada 
temperatur 110 oC. Untuk proses ekstraksi 
katalis dilakukan melalui perendaman abu TKS 
dalam media metanol dan didiamkan (tanpa 
mendapat perlakuan) selama 48 jam pada 
temperatur kamar.  
      Dalam penelitian ini penulis mengkaji 
transesterifikasi minyak sawit dengan metanol 
menggunakan katalis abu TKS. Untuk lebih 
dapat meningkatkan efisiensi pemanfaatan 
kalium dalam abu TKS, maka perlu dilakukan 
proses reashing dan ekstraksi yang disertai 
pengadukan. Hal ini dilakukan untuk 
mengoptimumkan jumlah katalis yang dapat 
terekstraksi dan mempersingkat waktu ekstraksi 
sehingga diharapkan pembuatan biodiesel (metil 
ester) menjadi lebih efisien. Pengembangan 
bahan bakar biodiesel sendiri dapat pula 
mengurangi ketergantungan masyarakat pada 
bahan bakar fosil.  
 
 
Bahan dan Metode Penelitian 
 
Preparasi abu tandan kosong sawit 
      Abu TKS (dari pabrik minyak sawit-Jambi) 
dipanaskan menggunakan oven pada temperatur 
110 oC selama 2 jam untuk menghilangkan air 
kemudian disaring dengan ayakan 100 mesh. 

Selanjutnya abu diabukan kembali (reashing) 
sampai temperatur 700 °C untuk menghilangkan 
sisa-sisa karbon. Penentuan kadar kalium dalam 
abu TKS dilakukan dengan spektrometer serapan 
atom (AAS, Varian FS 220) serta untuk 
mengetahui keberadaan ion karbonat dilakukan 
uji alkalinitas. 
 
Transesterifikasi minyak sawit 
      Sejumlah tertentu abu TKS diaduk dalam 75 
mL metanol teknis (Brataco Chemika) (BM = 
32,04) selama 1 jam pada temperatur kamar. 
Setelah disaring, ekstrak yang diperoleh 
dicukupkan volumenya sehingga diperoleh rasio 
molar metanol/minyak tertentu yang akan 
digunakan untuk melakukan reaksi 
transesterifikasi terhadap 250 g minyak sawit 
(dari pasar tradisional di Jogjakarta).  
      Reaksi transesterifikasi dilakukan selama 2 
jam. Setelah reaksi berjalan 2 jam, pengadukan 
dihentikan, campuran yang terbentuk dituang 
dalam corong pisah, dibiarkan terjadi pemisahan 
selama 2 jam pada temperatur kamar.  Lapisan 
metil ester yang terbentuk dipisahkan dari 
lapisan gliserol, selanjutnya didistilasi sampai 
temperatur 74 °C untuk menghilangkan sisa 
metanol.  Penghilangan sisa katalis dan gliserol 
dalam metil ester dilakukan dengan pencucian 
menggunakan air berulang kali, sampai diperoleh 
lapisan air yang jernih. Kemudian metil ester 
dikeringkan dengan penambahan Na2SO4 
anhidrat p.a. (Merck).  
 Prosedur proses transesterifikasi tersebut 
dilakukan dengan variasi berat abu untuk 5, 10, 
15, 20 dan 25 g (rasio molar metanol/minyak 6:1, 
waktu reaksi 2 jam, temperatur kamar, dan 
kecepatan pengadukan dijaga konstan), dan 
variasi rasio molar metanol/minyak untuk 3:1, 
6:1, 9:1 dan 12:1 (berat abu terpilih, waktu reaksi 
2 jam, temperatur kamar, dan kecepatan 
pengadukan dijaga konstan). 
 
Analisis hasil Transesterifikasi 
 Komposisi metil ester minyak sawit dianalisis 
menggunakan kromatografi gas-spektrometer 
massa (GC-MS, Shimadzu QP-2010S). Berat 
molekul minyak sawit ditentukan berdasarkan 
nilai rerata dari seluruh berat molekul komponen 
minyak sawit dalam bentuk trigliseridanya. 
Berat molekul masing-masing trigliserida adalah 
tiga kali berat molekul metil esternya dikurangi 
4,032 yang merupakan selisih jumlah proton 
antara trigliserida dan metil esternya.  
 Untuk mengetahui persentase konversi metil 
ester yang diperoleh digunakan spektrometer 
resonansi magnetik kulit proton (1H NMR, JEOL-
MY60) (60 MHz, solvent CDCl3). Dengan 1H-
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NMR, puncak proton-proton metoksi dari metil 
ester tampak pada δ = ± 3,7 ppm, puncak proton-
proton α-metilen pada δ = ± 2,3 ppm yang terdapat 
dalam semua senyawa asam lemak, dan puncak 
proton-proton gliseril pada trigliserida pada δ = ± 
4,2 ppm(8).  

Konversi metil ester (%) ditentukan dengan 
persamaan 1.  

                            (1) 
Keterangan: 
CME  = konversi metil ester, (%) 
IME   = nilai integrasi puncak metoksi pada metil 

ester,     (%), dan 
ITG   = nilai integrasi puncak gliserol pada 

trigliserida, (%). 
         
 Trigliserida yang tidak terkonversi ditentukan 
dengan persamaan 2. 

                                            (2) 
Keterangan: 
CTG  =  trigliserida yang tidak terkonversi, (%), dan 
CME  =  konversi metil ester, (%). 
 

Sisa trigliserida (% b/b) dapat ditentukan 
dengan persamaan 3.     

 

                   (3) 
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+
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Keterangan: 
BMTG  =  berat molekul trigliserida, g.mol-1, 
BMME  =  berat molekul metil ester, g.mol-1, 
dTG      =   berat jenis trigliserida, kg.m-3, dan 
dME      =   berat jenis metil ester, kg.m-3.  
  
 Faktor 5 dan 9 pada persamaan 1 adalah 
menunjukkan jumlah proton yang terdapat pada 
gliserol dalam molekul trigliserida mempunyai 5 
proton dan tiga gugus metoksi pada tiga molekul 
metil ester yang dihasilkan dari satu molekul 
trigliserida mempunyai 9 proton (8).  
 Kualitas biodiesel selanjutnya diuji dengan 
beberapa metode uji standar ASTM untuk 
menetapkan kesesuaian biodiesel yang dihasilkan 
dengan spesifikasi biodiesel ASTM D 6751.   
 
Hasil dan Pembahasan 
 
Analisis Bahan Baku Minyak Sawit 
 Sebelum minyak sawit digunakan sebagai 
bahan baku pembuatan biodiesel, terlebih dahulu 
minyak sawit dianalisis dengan menggunakan GC-
MS untuk mengetahui komposisi asam-asam 
lemak yang terkandung didalamnya dan untuk 
menghitung berat molekul minyak sawit (dalam 
bentuk trigliserida). Sampel yang akan dianalisisis 
menggunakan GC harus memiliki titik didih yang 
rendah atau mudah menguap. Oleh karena itu, 
minyak sawit yang memiliki titik didih relatif 
tinggi harus dibuat senyawa turunannya (senyawa 
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Tabel 1. Komposisi asam lemak minyak sawit yang digunakan sebagai bahan baku 

Nama trivial (sistematik); akronim  

Kadar asam lemak, (%) 
Minyak sawit Minyak biji sawit 

Bahan baku Darnoko dan 
Cheryan (9) Kurata et al. (10) 

Asam kaprat  (asam dekanoat); C10:0 - - 11,7 
Asam laurat  (asam dodekanoat); C12:0 0,08 0,35 69,3 
Asam miristat (asam tetradekanoat); C14:0 1,23 1,08 9,7 
Asam palmitat (asam heksadekanoat); C16:0 39,79 43,79 2,3 

Asam palmitoleat (asam heksadekenoat); C16:1 0,17 0,15 - 

Asam margarat (asam heptadekanoat); C17:0 0,11 - - 
Asam stearat  (asam oktadekanoat); C18:0 5,75 4,42 0,3 
Asam oleat  (asam oktadekenoat); C18:1 52,21 39,90 2,2 
Asam linoleat (asam oktadekadienoat); C18:2 - 9,59 0,4 

Asam linolenat (asam oktadekatrienoat); C18:3 - 0,17 - 
Asam arakidat (asam eikosanoat); C20:0 0,44 0,38 - 
Asam gadoleat (asam eikosenoat); C20:1 0,17 - - 
Asam-asam lainnya        0,05 tidak ada data 4,1 
                                                               Total 100,00 99,83 100,0 



 

ester) terlebih dahulu supaya memiliki titik didih 
relatif rendah sehingga mudah menguap.     
 Berdasarkan hasil analisis GC-MS, 
komponen asam lemak yang dominan dalam 
sampel minyak sawit yang digunakan pada 
penelitian ini adalah asam palmitat dan  asam 
oleat. Komposisi minyak sawit dalam bentuk 
asam  lemaknya disajikan dalam Tabel 1.  
  Berdasarkan data komposisi metil ester 
minyak sawit maka dapat ditentukan bahwa 
berat molekul minyak sawit (dalam bentuk 
trigliseridanya) adalah 852,97 g.mol-1, sedangkan 
berat molekul metil esternya adalah 857,002 
g.mol-1.  
 
Analisis Kadar dan Tingkat Pelepasan 
Kalium dari Sampel Abu TKS 

Berdasarkan hasil analisis AAS diperoleh 
bahwa kandungan kalium pada abu TKS yang 
digunakan dalam penelitian ini adalah sebesar 
25,92% (b/b). 

Uji alkalinitas dilakukan dengan metode 
titrasi asidimetri yang bertujuan untuk 
mengetahui bentuk senyawa kalium yang 
terdapat dalam abu TKS. Kalium yang terdapat 
pada abu TKS dalam bentuk senyawa karbonat 
(6). Selama pembakaran TKS dalam boiler berada 
pada temperatur di bawah 900 oC, senyawa yang 
terdapat dalam abu TKS dimungkinkan dalam 
bentuk senyawa karbonat (7). Pada Tabel 2,  
dalam  abu TKS  terdapat  anion-anion karbonat 
dan bikarbonat yang mana konsentrasi ion 
karbonat adalah yang paling besar sehingga 
dapat disimpulkan bahwa kalium yang terdapat 
dalam abu TKS adalah dalam bentuk senyawa 
kalium karbonat (K2CO3). 

Preparasi abu dapat mempengaruhi 
konsentrasi ion karbonat yang terkandung 
didalamnya. Hal ini dapat dilihat dari hasil 
penelitian yang dilakukan oleh peneliti 
sebelumnya yang melakukan preparasi terhadap 
abu TKS dengan cara hanya dipanaskan dalam 
oven pada temperatur 110 oC (6,7). Dari hasil uji 
alkalinitas diperoleh bahwa konsentrasi ion 
karbonat di dalam abu sebesar 196,627 g/kg. Bila 
dibandingkan dengan hasil penelitian ini (abu 

TKS dipanaskan dalam oven dan direashing dalam 
furnace), konsentrasi ion karbonat hampir dua kali 
lebih besar dibandingkan konsentrasi ion karbonat 
dari abu TKS yang hanya dipanaskan dalam oven 
saja.  

Dalam penelitian ini abu TKS telah diaduk 
dengan persentase berat terhadap minyak 
berturut-turut 2, 4, 6, 8 dan 10% (b/b) dalam 75 
mL metanol teknis selama 1 jam pada temperatur 
kamar. Ekstrak hasil pengadukkan dianalisis 
kadar kaliumnya dengan AAS dan diperoleh hasil 
seperti dalam Tabel  3. Tampak bahwa jumlah 
kalium yang terekstraksi meningkat dengan 
peningkatan persentase berat abu yang diaduk 
pada kondisi tersebut. 

 
Pengaruh Persentase Berat Abu TKS 
Terhadap Minyak Pada Produk Biodiesel 

 Seperti yang telah diuraikan di atas bahwa 
senyawa yang terdapat dalam abu TKS adalah 
berupa kalium karbonat. Oleh karena itu, dalam 
penelitian ini dilakukan pembuatan biodiesel 
dalam media metanol dengan menggunakan 
kalium karbonat konvensional guna memastikan 
bahwa senyawa tersebut dapat digunakan sebagai 
katalis basa dalam pembuatan biodiesel. Kondisi 
reaksi transesterifikasi dilakukan selama 2 jam 
pada temperatur kamar dengan persentase berat 
katalis 1% (b/b) terhadap berat minyak dan rasio 
molar metanol/minyak 6:1. Hasil transesterifikasi 
kemudian dianalisis menggunakan 1H NMR untuk 
mengetahui persentase konversi biodiesel. Hasil 
analisis menunjukkan bahwa tingkat konversi 
metil ester (biodiesel) yang diperoleh adalah 
sebesar 95,3% (menggunakan persamaan 1). 
Dengan demikian dapat dinyatakan bahwa K2CO3 
dapat digunakan sebagai katalis basa dalam 
reaksi transesterifikasi.  

Berdasarkan pada Tabel 4, tampak bahwa 
semakin besar persentase berat abu terhadap 
minyak, maka persentase konversi biodiesel yang 
dihasilkan juga semakin besar. Semakin besarnya 
persentase berat abu ini berarti persentase berat 
K2CO3 juga semakin besar. Katalis disini dapat 
mempercepat reaksi dengan cara menurunkan 
energi aktivasi sehingga laju pembentukan metil 
ester menjadi lebih cepat. Pada persentase berat 
abu 10% (b/b) akan menghasilkan spesies ion 
metoksida lebih banyak sehingga tumbukan 
terhadap molekul-molekul trigliserida semakin 
meningkat dan persentase konversi biodiesel 
semakin besar.  

 Konsentrasi katalis yang semakin besar 
tidak menyebabkan bergesernya reaksi ke kanan 
(ke arah pembentukan metil ester), namun 
menyebabkan kualitas pertemuan antar reaktan 
semakin meningkat yang dapat menurunkan 
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Tabel 2. Konsentrasi anion yang terdapat 
dalam abu  TKS hasil uji alkalinitas 

Alkalinitas Konsentrasi dalam abu (g/kg) 
HCO3- (bikarbonat) 

  
CO3=  (karbonat) 

43,75 
  

375,86 



 

energi pengaktifan. Tampak pada Tabel 4 bahwa 
reaksi transesterifikasi tanpa menggunakan 
katalis tidak dihasilkan biodiesel (persentase 
konversi nol %). Meskipun tanpa katalis, 
dimungkinkan reaksi tetap terjadi namun lajunya 
sangat lambat akibat energi aktivasi yang terlalu 
tinggi dan produk yang dihasilkan pun sangat 
sedikit sehingga tidak dapat terdeteksi oleh alat.  

Pada Tabel 5 disajikan hasil analisis karakter 
fisik dengan metode standar ASTM terhadap 
produk-produk biodiesel hasil transesterifikasi 
minyak sawit dalam media metanol pada rasio 
molar metanol/minyak berat abu TKS terhadap 
minyak. Data menunjukkan 6:1 dengan 
melakukan variasi persentase bahwa pada 
persentase berat abu 8 dan 10% (b/b) terhadap 
minyak sawit telah dihasilkan viskositas yang 
sesuai dan begitu pula sifat fisik lainnya juga telah 
memenuhi standar ASTM D 6751. 

 Selain metanol, viskositas dipengaruhi 
juga oleh panjang rantai (jumlah atom C) dan 
derajat kejenuhan dari komponen penyusun bahan 
baku biodiesel. Semakin meningkat panjang rantai 
dan derajat kejenuhan maka viskositas akan 
semakin besar. Viskositas akan semakin rendah 
dengan adanya ikatan rangkap dalam komponen 
penyusun bahan baku biodiesel. Namun 

konfigurasi ikatan rangkap trans akan 
memberikan viskositas yang lebih besar dari  
konfigurasi ikatan  rangkap cis, sedangkan letak 
ikatan rangkap hanya sedikit berpengaruh 
terhadap  viskositas. Keberadaan  rantai cabang  
juga tidak atau sedikit berpengaruh terhadap 
viskositas (11).  

 Mono- ataupun digliserida mempunyai 
viskositas yang mirip dengan viskositas biodiesel, 
sehingga keberadaan monogliserida dan 
digliserida sebagai hasil dari reaksi yang kurang 
sempurna tidak mempengaruhi viskositas (12). 
Berbeda halnya dengan trigliserida yang 
mempunyai viskositas yang lebih tinggi dari metil 
ester (biodiesel), tidak sempurnanya reaksi 
dimana trigliserida yang tidak terkonversi menjadi 
metil ester menyebabkan viskositas produk yang 
dihasilkan masih relatif tinggi dan persentase 
konversinya pun menjadi rendah.  

 
Pengaruh Rasio Molar Metanol/Minyak 
terhadap Produk Biodiesel 

Berdasarkan data pada Tabel 6, tampak 
bahwa persentase konversi biodiesel meningkat 
seiring dengan semakin besar rasio molar metanol/
minyak. Dengan menggunakan metanol berlebih 
maka reaksi dapat digeser ke kanan (ke arah 
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Tabel 3   Kadar kalium dalam ekstrak abu TKS 
dengan    metanol teknis  

Berat abu, g Kalium terekstraksi, g Kalium terekstraksi 
sebagai K2CO3, g 

5,0328 0,1871               0,6620 
10,0241 0,2541 0,8991 
15,0413 0,3723 1,3174 
20,0265 0,4572 1,6178 
25,0176 0,4960 1,7551 

Tabel 4.  Persentase konversi biodiesel hasil  
transesterifikasi pada variasi persentase 
berat abu terhadap minyak sawit 

Kode B e r a t 
abu TKS,  
g 

Berat K2CO3 dalam TKS 
terhadap minyak, % b/b 

Konversi, 
% 

TK/6:
1 

- - 0,00 

2/6:1 5,0161 0,2648 53,0 

4/6:1 10,0028 0,3596 76,9 
6/6:1 15,0344 0,5270 88,2 
8/6:1 20,0186 0,6471 90,5 
10/6:
1 

25,0227 0,7020 97,8 

Tabel 5. Pengaruh persentase berat abu TKS terhadap minyak pada beberapa sifat fisik biodiesel  

Sifat Metode ASTM MG TK/6:1 2/6:1 4/6:1 6/6:1 8/6:1 10/6:1 
Viskositas kinematik, 40°C, mm2 s-1        D 445 40,7 39,9 16,7 7,7 7,4 5,9 5,7 

Densitas, kg m-3  D 1298 914,9 912,2 898,5 884,6 882,6 879,9 878,0 
Titik nyala (closed cup), °C        D 93 270 208 140 176 176 141 136 
Titik kabut, °C  D 2500 26 26 20 17 17 16 15 
Titik tuang, °C        D 97 21 21 17 15 14 14 12 
Gliserol total, % (b/b) * 100,0 100,0 47,4 23,6 12,1 9,8 2,3 



 

pembentukan produk) untuk menghasilkan 
konversi yang maksimum. Apabila digunakan 
rasio molar yang terlalu tinggi akan 
menyebabkan pemisahan gliserol menjadi sulit 
karena peningkatan kelarutan. Peningkatan 
kelarutan gliserol dalam metil ester akan 
mendorong reaksi berbalik ke kiri dengan 
membentuk monogliserida (1), sehingga konversi 
metil ester menjadi berkurang.  

Pada Tabel 6 tampak juga bahwa mulai rasio 
molar metanol/minyak 6:1-12:1 peningkatan 
konversi biodiesel relatif tidak signifikan. 
Transesterifikasi dengan katalis basa sebaiknya 
pada rasio molar alkohol/minyak 6:1, apabila di 
atas perbandingan tersebut tidak meningkatkan 
hasil konversi alkil ester secara signifikan (13).  

Rasio molar alkohol/minyak juga 
berpengaruh terhadap distribusi katalis di antara 
lapisan alkil ester dan gliserol. Rasio molar 
metanol/minyak 3:1, katalis lebih tertarik ke 
dalam lapisan gliserol, sedangkan dengan 
penggunaan alkohol berlebih, katalis akan 
terdistribusi merata dalam lapisan alkil ester dan 
gliserol (1). 

Produk-produk biodiesel yang dihasilkan 
pada transesterifikasi dengan variasi rasio molar 
metanol/minyak telah diuji sifat fisiknya dengan 

metode standar ASTM, seperti yang disajikan 
dalam Tabel 7. Data menunjukkan bahwa 
sebagian besar sifat fisik dari biodiesel minyak 
sawit telah memenuhi standar ASTM D 6751. 

 
Kondisi Optimum Reaksi 

Berdasarkan pada hasil penelitian ini dapat 
ditentukan bahwa kondisi optimum reaksi 
dicapai pada persentase berat abu TKS 8% (b/b) 
terhadap minyak dengan rasio molar metanol/
minyak 6:1. Pada kondisi tersebut diperoleh 
tingkat konversi biodiesel sebesar 90,5%. 

Apabila dibandingkan dengan hasil 
penelitian yang dilakukan oleh peneliti-peneliti 
sebelumnya yang menggunakan minyak kelapa 
dan minyak sawit, kondisi optimum reaksi yang 
dicapai dalam penelitian yang menggunakan 
minyak kelapa adalah pada persentase berat abu 
TKS 4% (b/b) terhadap minyak dengan rasio 
molar metanol/minyak 12:1 dan pada kondisi 
tersebut diperoleh tingkat  konversi  biodiesel  
sebesar  81,5% (6). Kondisi optimum reaksi dalam 
penelitian yang menggunakan minyak sawit 
dicapai pada persentase berat abu TKS 6% (b/b) 
terhadap minyak dengan rasio molar metanol/
minyak 9:1 dan pada kondisi tersebut diperoleh 
tingkat konversi biodiesel sebesar 84,1% (7). 
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Tabel 6.  Persentase konversi biodiesel hasil transesterifikasi minyak sawit pada variasi rasio molar 
metanol/minyak 

Kode Rasio molar metanol/minyak Konversi, % 
8/3:1 3:1 74,0 
8/6:1 6:1 90,5 
8/9:1 9:1 92,3 
8/12:1 12:1 98,8 

Tabel 7. Pengaruh rasio molar metanol/minyak terhadap beberapa sifat fisik biodiesel  

Sifat Metode ASTM 8/3:1     8/6:1 8/9:1    8/12:1 

Viskositas kinematik, 40 °C, mm2.s-1         D 445 10,3 5,9 5,5 5,1 
Densitas, kg. m-3         D 1298 890,3 879,9 877,0 875,6 

Titik nyala (closed cup), °C         D 93 176,0 141,0 168,0 158,0 

Titik kabut, °C         D 2500 16 16 14 15 

Titik tuang, °C         D 97 13 14 11 13 
Gliserol total, % (b/b) * 26,4 9,8 7,9 1,2 

Keterangan: 
                         * = hasil perhitungan berdasarkan persamaan 3  



 

   Pada hasil penelitian-penelitian tersebut dapat 
diketahui terdapat perbedaan kondisi optimum 
reaksi meskipun sama-sama menggunakan abu 
TKS sebagai katalis basa, hal ini dikarenakan abu 
TKS yang diperoleh berasal dari tempat yang 
berbeda sehingga komposisi kimia didalamnya 
juga berbeda. Selain itu, perbedaan minyak yang 
digunakan sebagai bahan baku pembuatan 
biodiesel juga berpengaruh terhadap kondisi 
optimum reaksi yang dicapai. Minyak sawit dan 
minyak kelapa memiliki komponen penyusun 
utama yang berbeda. Untuk penggunaan minyak 
yang sama belum tentu memiliki komponen 
penyusun utama yang sama. Hal ini dibuktikan 
dari hasil analisis komponen penyusun utama 
minyak sawit yang digunakan oleh peneliti 
sebelumnya berupa asam palmitat (7), sedangkan 
pada penelitian ini komponen penyusun utamanya 
berupa asam palmitat dan asam oleat.  
 
Kesimpulan 

Logam kalium sebagai kalium karbonat 
merupakan komponen terbesar dalam abu TKS 
(25,92% (b/b)) dan dibuktikan bahwa abu TKS ini 
mempunyai potensi untuk digunakan sebagai 
sumber katalis basa dalam proses transesterifikasi 
minyak sawit. Peningkatan jumlah abu TKS yang 
digunakan dalam reaksi    transesterifikasi,   akan    
meningkatkan   konversi. biodiesel yang diperoleh. 
Pada masing–masing persentase berat abu TKS 
terhadap berat minyak diperoleh persentase 
konversi biodiesel berturut-turut: 2% = 53,0%, 4% 
= 76,9%, 6% = 88,2%, 8% = 90,5%, dan   10% = 
97,8%. 

Peningkatan rasio molar metanol/minyak, 
akan meningkatkan konversi biodiesel. Pada 
masing-masing variasi mol metanol/minyak 
diperoleh persentase konversi biodiesel berturut-
turut: 3:1 = 74,0%, 6:1 = 90,5%, 9:1 = 92,3%, dan 
12:1 = 98,8%. 

Semakin besar persentase konversi biodiesel 
yang dihasilkan  baik  pada  variasi  persentase  
berat abu TKS terhadap minyak maupun pada 
variasi rasio molar metanol/minyak maka sifat 
fisik biodiesel makin mendekati atau sesuai 
dengan spesifikasi Biodiesel ASTM D 6751.  
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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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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 CH4 and CO2 conversions, CO and H2 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. 
. 
Keywords: fixed-bed; mass and energy balances; CORM; RWGS; simulation; Rh/Al2O3    

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 



 

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/Al2O3 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/La2O3 catalyst [6]. 

In this paper, the modelling of a lab scale 
fixed-bed reactor for CORM over Rh/Al2O3 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 H2 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. 

 

   (1) 

   (2) 
The side reaction possibly occurred is the reverse 
water gas shift reaction (RWGS) as written in 
Equation (2). The symbols of r1 and r2 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, ∆Ho 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 

-1o
2982222 mol kJ  41    H r  OH CO  CO  +=∆+⇔+H
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CH4 and CO2 components are shown in Equations 
(3) and (4): 

 

  (3) 

               (4) 
 
The rates of disappearance of CH4 and CO2 

according to both reactions are written as Eqs (5) 
and (6): 

 

    (5) 

    (6) 
 
The kinetic studies were conducted over the 

Rh/Al2O3 catalyst, resulting in the net rate of 
CORM and RWGS reactions as the following equa-
tions, respectively [3]: 
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  (8) 
 
The reaction rate constants of k1 and k2 are 

strongly dependent on temperature and merely 
independent on the species concentration. The re-
action rate constants (Eqs. (9) and (10)) are written 
as follows, in mol g cat-1 s-1 and mol Pa-1 g cat-1 s-1 
units, respectively [3]. 
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(a) (b) (c) 

Figure 1. Schematic diagram of reactor configuration (a), element of reaction take place (b) and con-
trol volume for model building (c) 



 

          (10) 
 
The adsorption equilibrium constants for 

CH4 and CO2 are KCH4 and KCO2, respectively, and 
described in Eqs. (11) and (12) expressed in Pa-1 
unit [3]. 

 

           (11) 

 (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] . 

 

     (13) 
where: 
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Numerical Solution 
 

The set of ordinary differential equations 
come from mass balances of CH4 and CO2 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: 

 

  
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/Al2O3 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 (rb = rp (1-eb)) [7]. The 
catalyst bed height (L) is calculated from its rela-
tion to the catalyst weight (W), bulk density of 
catalyst (rb) and cross sectional area of bed (At) by 
the correlation of L = W/(At.rb). 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.  

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: CH4 
and CO2 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-

0COCH TT   ;0xx  0,z at
24

====
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Table 1. Parameters value used for reactor simu-
lation  

Parameters Values Unit 

kq 0.15 at 973 K Jm-1s-1K-1 
Rin 0.0045 m 
Rou 0.0055 m 
eb 0.6 - 
rp 3.0x106 g m-3 

Wcat 0.5 g 
s 5.67x10-8 Wm-2K-4 
dp 0.326x10-3 m 

R 8.314 Pa m3 mol-1 K-



 

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/Al2O3 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 (rb) 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 CH4 and CO2 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 CO2 and 
CH4 conversions, respectively. The CO2 conversion 
is higher than CH4, indicating that more CO2 has 
reacted compared to CH4. It is corresponding to the 
fact that CO2 can react not only in the CORM reac-
tion (Equation (1)) but also in the RWGS reaction 
(Equation (2)). 

Figure 3 describes the profiles of predicted 
both CO and H2 yields along the axial catalyst bed 
at the reaction temperature of 1073 K. This figure 
shows that CO yield is higher than H2 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 H2/CO ratio. This 
phenomenon causes higher CO2 conversion than 
that of CH4 as depicted in Figure 2. The result in 
Figure 3 shows that the reforming reaction of CO2 
and CH4 over Rh/Al2O3 catalyst produces syngas of 
CO and H2 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 CH4 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 CO2 is lower than that of 
CH4 due to the RWGS reaction. The molar flow 
rates of CO and H2 products increased along the 
axial bed of the catalyst due to the increasing CH4 
and CO2 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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Figure 2. Profile of predicted methane and carbon 
dioxide conversion along the axial catalyst bed at 
1073 K of reaction temperature  

Figure 3. Profile of predicted CO and H2 yields 
along the axial catalyst bed at 1073 K of reac-
tion temperature 



 

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. 

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]: 

 

            (17) 
in which K can be calculated from its relation to 
the standard Gibbs-energy change as described in 
Equation (18). 

2

o

RT
H  

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

Figure 5. Profile of predicted mole fraction of each 
species along the axial catalyst bed at 1073 K of 

Figure 6. Profile of predicted internal reactor 
temperature along the axial catalyst bed at 

Figure 7. Profile of van’t Hoff diagram for the 
adsorption-equilibrium constants for CORM 
and RWGS reactions  



 

   (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 ∆Ho. 

 
 

Influence the Various Reaction Tempera-
tures (700 – 1200 oC) 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 oC (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 H2 yields with the re-
actor bed length, respectively. Low reactor tem-
perature gives low CH4 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 
CO2 conversions of 96 % and 98 %, respectively, 
were achieved at reactor temperature of 1223 K. 
Indeed, at higher reactor temperature of 1200 oC 
(1423 K), the CH4 and CO2 conversions were al-
most complete at 99 % and close to 100 %, respec-

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ∆−
=

RT
Gexp K 

o 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 H2 yields as shown 
in Figures 9 (a) and (b), respectively. The CO yield 
is close to 100 % at temperature of 1200 oC (1423 
K), while H2 yield achieves 99 %. The profiles of 
CH4 and CO2 conversions, yields and selectivities 
of H2 and CO, reactor temperature as well as H2/
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 H2/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 H2/
CO ratio dropped drastically to 0.70 at the centre 
of the reactor bed length. Different behaviour is 
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Figure 8. Effect of different reaction temperatures 
(700-1200 oC) on CH4 (a) and CO2 (b) conversions 
along axial bed of catalyst  

Figure 9 Effect of different reaction tempera-
tures (700-1200 oC) on the predicted CO (a) 
and H2 (b) yields along axial bed of catalyst  



 

shown at higher temperature (above 1223 K) for 
the predicted H2/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 is more favourable at low temperature. It is 
consistent with the study that CORM reaction can 
proceed above 640 oC 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 oC [10], as revealed by Equation (18) [8]. In-
creasing the reaction temperature to above 820 oC 
resulted in a higher H2/CO ratio due to the sup-
pression of H2 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 CO2 reforming of methane to syn-
thesis gas over Rh/Al2O3 catalyst system. In this 
modelling and simulation, the profiles of reactor 
performance can be simulated along the axial bed 
of catalyst in terms of CH4 and CO2 conversions, 
CO and H2 yields, molar flow rate and mole frac-
tion of all species, reactor temperature and also 
equilibrium constants. In addition, the effect of 

different reactor temperature on the CH4 and CO2 
conversion along the axial bed of the catalyst was 
also simulated as well as its influence on the CO 
and H2 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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kq thermal conductivity of quartz, J m-

1 s-1 K-1 
L bed length of reactor, m 

Pi partial pressure of species i, Pa 

r1 net intrinsic reaction rate of CORM, 
mol g cat-1 s-1 

r2 net intrinsic reaction rate of RWGS, 
mol g cat-1 s-1 

R gas constant, Pa m3 mol-1 K-1 

Rout outer radius of reactor, m 

Rin inner radius of reactor, m 

RCH4 rate of CH4 disappearance, mol g 
cat-1 s-1 

RCO2 rate of CO2 disappearance, mol g 
cat-1 s-1 

T reactor temperature, K 

Tf furnace temperature, K 

U heat generated by furnace, J s-1 

W weight of catalyst, g cat. 
xCH4 CH4 conversion, % 

xCO2 CO2 conversion, % 

X1,X2 conversion of CO2 from reaction (1) 
and (2), respectively 

Ω cross sectional area of reactor, m2 

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

ρp density of the catalyst particle, g m-

3 cat. 
ηCH4 effectiveness factor for CORM reac-

tion 
ηCO2 effectiveness factor for RWGS reac-

tion 
∆H heat of reaction, J mol-1 

∆HR,T1 heat of reaction for reaction (1), J 
mol-1 

∆HR,T2 heat of reaction for reaction (2), J 
mol-1 

Θi stoichiometric ratio of species i 

∆Cp1, Cp2 sum of heat capacities for reaction 
(1) and (2), respectively, J mol-1 K-1 

∆G Gibbs energy of reaction, J mol-1 

σ Stefan-Boltzmann constant, W m-2 
K-4 

At cross sectional area of catalyst bed, m2 
Cpi heat capacity of species i, J mol-1 K-1 
FoCO2 initial molar flow rate of CO2, mol s-1 
K1 equilibrium constant for CORM reac-

tion 
K2 equilibrium constant for RWGS reac-

tion 
k1 rate constant for CORM reaction, mol 

g cat-1 s-1 
k2 rate constant for RWGS reaction, mol 

atm-1 g cat-1 s-1 
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