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A chemical kinetic model for i-butane and n-butane catalytic cracking over synthesized HZSM-5 zeolite, with SiO2/Al2O3

484, and in a plug flow reactor under various operating conditions, has been developed. To estimate the kinetic parameters
of catalytic cracking reactions of i-butane and n-butane, a lump kinetic model consisting of six reaction steps and five
lumped components is proposed. This kinetic model is based on mechanistic aspects of catalytic cracking of paraffins into
olefins. Furthermore, our model takes into account the effects of both protolytic and bimolecular mechanisms. The
Levenberg–Marquardt algorithm was used to estimate kinetic parameters. Results from statistical F-tests indicate that the
kinetic models and the proposed model predictions are in satisfactory agreement with the experimental data obtained for
both paraffin reactants. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 2456–2465, 2012
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Introduction

Analysis and optimization of the catalytic processes
involved in transformation of light paraffins into more desir-
able light olefins, especially propylene, is a growing field of
research.1–4 Differences in market prices between light paraf-
fins and olefins, coupled with the high-energy requirements
of noncatalytic steam cracking reactions with low propylene
yields (which currently supply 67% of total propylene pro-
duction), have made catalytic processes for the production of
light olefins more attractive.5,6 Thus, determination of the
reaction mechanisms behind these catalytic processes is an
important area of research. Transformation of paraffins over
ZSM-5 catalysts proceeds via two well-known mechanisms:
(1) the protolytic (monomolecular) mechanism, which results
in the formation of smaller olefins and paraffins through pro-
tolytic cracking reactions and (2) the classical bimolecular
carbenium ion mechanism, which transforms paraffins into
their corresponding olefin via hydrogen transfer reactions.7–17

The protolytic mechanism is favored at high reaction tempera-
tures, low partial pressures of paraffin, and low conversions.
Moreover, with decreasing aluminum content in the zeolite
structure, the relative contribution of the protolytic mechanism
increases vs. the bimolecular mechanism.9

HZSM-5 is a medium pore size zeolite that reduces the
occurrence of the bimolecular mechanism in favor of the
protolytic mechanism due to steric constraints associated
with the formation of bimolecular transition states of the
classical chain mechanism and a lack of space near acidic

sites.7,8,14 This type of zeolite also enhances protolytic crack-
ing reactions over secondary reactions because of its special
shape selectivity, moderate acidic strength, and low capacity
for hydrogen transfer.2 Catalytic cracking of n-butane and i-
butane, two light paraffins, results in a simple product distri-
bution that uses only a single type of carbonium ion as a
reaction intermediate, which is formed by protonation over a
zeolite catalyst. Moreover, catalytic cracking of these two
alkanes mainly produces light olefins, particularly propylene,
in high yield, with a low selectivity toward heavy products.
Hence, many authors have investigated the mechanism and
kinetics behind the catalytic cracking of butanes.13–20

Kinetic modeling is a very useful tool to develop a better

understanding of catalytic cracking reactions. Several authors

have investigated the kinetics of paraffin catalytic cracking

over HZSM-5 zeolite catalysts, using microkinetic model-

ing.21–26 However, one of the problems associated with

detailed models, such as the microkinetic model, is the large

number of individual reaction steps involved, each with its

own rate constant that must be estimated. In addition,

because of the low number of carbon atoms in butanes, cata-

lytic cracking reactions for these paraffins are not complex

enough to require a detailed microkinetic model, which is

more appropriate for heavier paraffins. Recently, a lumped

kinetic model was proposed to predict the behavior of n-bu-
tane cracking over HZSM-5; a model consisting of a seven-

step kinetic scheme with five lump compounds properly pre-

dicted the product distribution.2

The objective of the present study was to present a simple
lumped kinetic model takes into account the effects of both
protolytic and bimolecular mechanisms, which suitably
describes the dependency of products yield on process
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variables for catalytic cracking of n-butane and i-butane.
Although previous studies have been reported for i-C4 and
n-C4 cracking, to the best of our knowledge, this is the first
report on the kinetic modeling of isobutane catalytic crack-
ing over HZSM-5 zeolite. The present work aimed at deter-
mining a kinetic model that allows quantifying product dis-
tribution by focusing on the light olefins in particular; C2

2�–
C4

2�. Several experiments conducted on HZSM-5 zeolites
using different Si/Al ratios, and the zeolite sample used in
the present study (with a Si/Al ratio ¼ 484) displayed the
highest selectivity toward light olefins, coupled with a very
low selectivity for heavy products.

Materials and Methods

Catalyst preparation

HZSM-5 zeolite with a SiO2/Al2O3 ratio of 484 was syn-
thesized by the following method: 0.311 g of NaAlO2 (com-
position: 53 wt % Al2O3, 44.5 wt % Na2O, and 2.5 wt %
H2O) was partially dissolved in 433.6 mL of 0.215 N so-
dium hydroxide by vigorous stirring, followed by slow addi-
tion of 41.078 g of tetra-n-propylammonium hydroxide (40
vol %, Merck) as a template. Silicic acid (SiO2�0.5H2O,
54.060 g) was then added to the above mixture under vigor-
ous stirring at �500 rpm. After �60 min, the pH of the mix-
ture was adjusted to 10.0 by the addition of �5 g of 98%
sulfuric acid. The resulting mixture had the following com-
position: 0.775 mol SiO2, 0.0016 mol Al2O3, 0.0485 mol
Na2O, 0.0808 mol (CH3CH2CH2)4NOH, and 25.854 mol
H2O. The mixture was placed in a PTFE lined vessel and
heated to 105�C at atmospheric pressure for 12 days under
reflux, at a stirring rate of �100 rpm. The resulting solid
product was cooled to room-temperature, removed, and
washed with 30 L of H2O. The product was then dried over-
night at 105�C. A portion of the resulting product was sub-
jected to X-ray analysis, which identified the ZSM-5 phase.
Ion exchange was performed four times, with 1 M NH4NO3

solution at 90�C for 4 h, followed by calcination at 560�C in
air for 10 h, to give H-form products. The zeolite powder
was pressed using a high-pressure piston for 10 min and
then crushed and sieved to a particle diameter between 0.4
and 0.3 mm.

Catalyst characterization

The structures of the above synthesized materials were
confirmed to be ZSM-5 zeolite by X-ray diffraction (Figure
1). The BET surface area (SBET) was measured using the N2

adsorption method (Quantachrome). Before adsorption–

desorption measurements, 0.533 g of fresh zeolite sample
was degassed at 300�C under N2 flow for 2 h. The acidity of
the sample and the concentration of acid sites on the catalyst
surface were measured by temperature-programmed desorp-
tion of ammonia (NH3-TPD, Micromeritics), equipped with
an on-line thermal conductivity detector (TCD). The physi-
cochemical properties of the zeolite under investigation are
presented in Table 1.

Scanning electron microscope (SEM) images of the ZSM-
5 crystals were acquired using a TESCAN microscope
(Model, VEGA). To prepare samples for SEM, a drop of
dilute colloidal solution of ZSM-5 was placed onto the SEM
sample stud surface and dried at room-temperature. Shortly
before SEM image acquisition, the sample was coated with
gold. An SEM image of a dried sample is shown in Figure
2. As indicated, the particles have cubiclike morphologies.
Average particle sizes for the zeolite sample were estimated
based on the SEM images and are reported in Table 1.

Catalyst performance

n-Butane and i-butane cracking reactions were performed
in a stainless steel tubular fixed-bed reactor with an inner di-
ameter of 10 mm. All runs were performed under a total pres-
sure of 104 kPa and a reactant partial pressure of 20 kPa.
This was obtained by accurate mixing of the paraffin with N2

as a diluent gas, using two MFCs in steady-state flow mode.
A schematic diagram of the experimental setup is shown in
Figure 3. The reactor was heated and kept under isothermal
conditions using a vertical furnace equipped with three electri-
cally heated thermal zones, and maintained at the desired tem-
perature by controlling the internal temperature of the reactor
using a TIC and type K thermocouple inserted into the middle
of the catalyst bed. Reactions were performed at 470–530�C
and a butane space velocity of 0.24–2.65 gC4� (h gcat)

�1. The
length of the reactor was more than adequate to provide the
desired temperature for inlet gases before the reaction over

Figure 1. X-ray diffraction pattern of the HZSM-5 zeo-
lite sample.

Table 1. Physicochemical Properties of the Zeolite Samples

SiO2/Al2O3 molar ratio 484
Total acidity (mmol of NH3)g

�1 0.199
Surface area (m2 g�1, SBET) 346.223
Total pore volume, Vp (cm

3 g�1) 0.15\ Vp \ 0.4
Average pore diameter, dp (nm) 2\ dp \ 20
Mean crystallite size, S (lm) 1\ S\ 12

Figure 2. The SEM image of HZSM-5 sample.
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the catalyst bed. Catalyst (1.00 g) diluted with 1.00 g of
quartz was loaded into the reactor.

Product samples were withdrawn periodically at regular
intervals from the outlet of the reactor for on-line gas chro-
matography (GC) analysis. The gas chromatograph (Varian
CP, model 4900) was equipped with Star Toolbar software
and a TCD, and had four capillary columns for separating
heavy C5–C7 paraffins, light C1–C4 paraffins, C2–C7 olefin,
CO, CO2, He, and H2. Possible heavy products were sepa-
rated using a decanter and condenser, with the temperature
of the cooling side adjusted to 1�C before transferring the
products for on-line GC analysis. A small portion of the liq-
uid phase was transferred to the gas chromatograph (Varian
CP model 3800), which was equipped with a TCD and FID,
and had a capillary column for separating C7

þ hydrocarbons.
For each run, the first sample was analyzed 1 h after the
reactant was introduced into the reactor. During a typical
run, subsequent GC analyses were conducted at 1 h inter-
vals. Butane conversion and selectivity for all species
remained stable during each run.

Catalytic activity tests

Butane conversion, product selectivity, and yield were
defined as follows

conversion ð%Þ ¼ Fo � Fe

Fo

(1)

selectivity i ð%Þ ¼ ni � Fie

4� ðFo � FeÞ (2)

yield i ð%Þ ¼ selectivity i� conversion (3)

where Fo, Fe, and Fie are the inlet and outlet butane molar flow
rates, and the exit molar flow rate of compound i, all in mol
h�1, respectively. The selectivity value for each compound i
was based on the number of carbon atoms for that compound,
ni (i.e., CH2 basis). The term ‘‘gas hourly space velocity
(GHSV)’’ is the inverse of the contact time and is defined as
the mass flow rate of C4 in g h�1 over the total mass of
catalyst, i.e.

GHSV ¼ ðFoÞ
W

gC4

gcat:h

� �
(4)

where W is the weight of the catalyst in grams. GHSV values
were wide ranging from 0.24 to 2.65 h�1.

n-Butane cracking

Products in the present study were classified based on
type and carbon number into the following lumps: (1) ole-
fins, ethylene, propylene, and butene; (2) paraffins, ethane,
propane, and butane; (3) heavy products, olefin, and paraffins
with five or more carbons, and (4) methane. Figure 4 shows
the product selectivity for n-butane cracking at 530�C as a
function of GHSV. As can be seen, an increase in GHSV
led to lower n-butane conversion. In addition, the selectivity
for light olefins was enhanced, whereas the selectivity for
light paraffins was lowered. Furthermore, the selectivity for
methane remained relatively unchanged, whereas the

Figure 3. The schematic of the experimental setup.

Figure 4. Effect of GHSV on product distributions from
n-butane cracking at 530�C.
[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

2458 DOI 10.1002/aic Published on behalf of the AIChE August 2012 Vol. 58, No. 8 AIChE Journal



selectivity for heavy products significantly increased with
increasing GHSV.

The variation in n-butane conversion as a function of
GHSV at three different temperatures is presented in Figure
5, which demonstrates that the decrease in n-butane conver-
sion with increasing GHSV is more significant at higher
temperatures. Figure 6 shows the variation in light olefin
yield as a function of contact time at three reaction tempera-
tures. The contact time, s, is defined as the inverse of the
GHSV value

s ¼ 1

GHSV

ðgcat:hÞ
gC4

� �
(5)

Although the selectivity for light olefins is increased with
increased GHSV, light olefin yields were decreased with
decreased contact time due to a decrease in n-butane
conversion with increasing GHSV.

On the basis of the above experimental observed behav-
iors and the use of the monomolecular and bimolecular
mechanisms in this study, one may conclude that results of
this research are indeed consistent with those of Haag and
Dessau.7 In other words, these observations were in agree-
ment with the mechanistic interpretation of Haag and Des-
sau. Products yield and n-butane conversion remained rela-
tively constant and stable with time-on-stream, indicating
that the zeolite used in this investigation catalyzed n-butane
cracking with minimal coke formation; and, thus, minimal
catalyst deactivation. Stable performance was even observed
at low GHSV values and high temperatures. Figure 7 shows
the evolution of products selectivity and feed conversion
with time-on-stream at 530�C, at an n-butane partial pressure
of 20 kPa and GHSV ¼ 0.24 h�1. Similar data at 470�C
were obtained, reported as the supplementary data and might
be obtained from the AIChE Journal.

i-Butane cracking

Catalytic cracking of i-butane was also conducted at three
temperatures and GHSV values up to 2.03 gi-C4� (h gcat)

�1.
The partial pressure of i-butane and total pressure were 20
and 104 kPa, respectively. Figure 8 shows the product selec-

tivity for i-butane cracking at 530�C as a function of GHSV.
Selectivity toward propylene was significantly higher from
catalytic cracking of i-butane vs. n-butane, whereas selectiv-
ity for ethane was substantially decreased. Moreover, in con-
trast to n-butane cracking, selectivity toward heavy products
from i-butane cracking decreased with increasing GHSV.

Figure 9 shows the variation in i-butane conversion as a
function of GHSV at different temperatures. Figure 10 illus-
trates the variation in the yield of various light olefins with
contact time at 530�C. As can be seen, increased i-butane
contact time is associated with a significant enhancement in
the yield of light olefins, especially propylene and ethylene.
In addition, the yield of total light olefins also increased
with increasing reaction temperature. One major difference
in the distribution of products from i-butane catalytic crack-
ing vs. n-butane is the significantly higher yields of light ole-
fins (in particular of propylene) for i-butane at the expense
of light paraffins. Similar to n-butane, after 6 h, the evolu-
tion of i-butane conversions with time-on-stream remained
steady, indicating that catalyst deactivation was not signifi-
cant. However, the coke content of the spent catalyst from i-
butane was slightly higher than that from n-butane cracking.

It is well-known that the yield is the product of conversion
and selectivity and as conversion by itself usually increased
with temperature, consistent with the findings of Haag and
co-workers,7,12 the selectivity also increased with tempera-
ture. This latter findings of Haag and co-workers are also
emphasized in Figures 4 and 8 of the present work for n-bu-
tane and i-butane; respectively. Furthermore, the yield of
light olefins according to the work of Haag and colleagues
should increase with temperature, which is indeed what has
been shown in Figures 6 and 11 in this article as well. These
results all are indicative of the consistency between the pres-
ent investigation and that of Haag and co-workers as well as
other researchers following their paths.8–11,13–17

Similar to n-butane, the catalyst deactivation rate for i-bu-
tane cracking occurred slowly, even at low GHSV values
and high temperatures. The attenuation of conversion after
nearly 3 h was low for all runs. Figure 12 shows the evolu-
tion of the compound conversion and selectivity as a func-
tion of time-on-stream for 3 h at 530�C at GHSV ¼ 0.31 gi-

Figure 5. Effect of GHSV on n-butane conversion at dif-
ferent temperatures.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Effect of contact time on light olefin yields
from n-butane cracking at different tempera-
tures.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

AIChE Journal August 2012 Vol. 58, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 2459



Cr� (h gcat)
�1. The apparent trend at the lowest GHSV values,

for which the largest amount of heavy products were pro-
duced, indicate that catalyst activity remained steady even at
high temperatures. Similar data at 470�C were obtained,
reported as the supplementary data and might be obtained
from the AIChE Journal.

Proposed Kinetic Model

The main objective of this study was to develop a kinetic
model with a reasonably low number of reaction steps and
kinetic parameters, but which is precise enough to enable a
quantitative description and analysis of the key features of i-
butane and n-butane cracking reactions. Instead of creating a
detailed kinetic model containing all individual compounds
and possible reaction steps in butane cracking, we analyzed
several kinetic schemes used in previous studies by incorpo-
rating the reaction conditions and product distributions of
the current study. A simple kinetic scheme was developed
based on five lump components, which showed the highest
precision (see Figure 13). This kinetic scheme includes six

reaction steps that represent the major reaction pathways
during butane cracking reactions, including cracking of bu-
tane into light olefins, methane, paraffins, and heavy prod-
ucts, as well as intermediate olefins, and transformation into
heavy products and paraffins.

The presented scheme considered both monomolecular
and bimolecular mechanisms that occurred simultaneously.
Bimolecular mechanism involved the production of heavy
components and some of paraffins-like propane, as indicated
by Reactions 2, 4, 5, and 6. On the other hand, monomolec-
ular mechanism involved the formation of light components
such as light olefins including ethylene, propylene, and
methane, as depicted by Reactions 1 and 3.

Furthermore, it should also be noted that the product dis-
tribution not only is directly affected by the prevalent mech-
anism but also has a great dependency on the acidity of the
catalyst or its Si/Al ratio used in the synthesis of zeolite.8

On the other hand, by changing the zeolite properties, this
distribution may change completely. In turn, the different
product distributions would lead to some minor or major
modifications in the backbone of the kinetic scheme or may

Figure 7. Evolution of product selectivity (left axis) and
feed conversion (right axis), Pn-C4

5 20 kPa,
GHSV 5 0.24 h21, at T 5 530�C.
[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Effect of GHSV on product distribution from i-
butane cracking at 530�C.
[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Effect of GHSV on i-butane conversion at dif-
ferent temperatures.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Variation of light olefin yield with contact
time at 530�C.
[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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even necessitate a complete replacement of it. In general, to
select or alter a kinetic scheme in the cracking reaction of
paraffin gases over zeolites, the following items should be
carefully considered:

A. Physical justifications and rationalizations for achiev-
ing a suitable kinetic scheme including
1. Product distribution
2. Acidity of the catalyst samples used
3. Operating variables and
4. Prevalent kinetic mechanism (monomolecular or

bimolecular), which may be inferred from the
items above (1–3)

B. Statistical justifications including
1. Identifying all necessary statistical functions relat-

ing to determination of variance and parameters
indicating significance of the model

2. Calculating such parameters and rationalizing the
obtained values

Initially, the kinetic scheme provided by Mier et al.2 was
used in the present study; however, the results were not
promising and that model’s predictions did not fit the experi-
mental data obtained in this research. Next, in spite of
changing the reactions order of that scheme,2 this disagree-
ment was repeated. It was recognized that reasons for such
disputes might have been due to different factors including
acidity of the catalyst (Si/Al ratio), partial pressure of the
feed, and also feed contact time between the present study
and those of Mier et al. This led to the idea of the necessity
to change the kinetic scheme.

Based on the aforementioned determinant factors and
according to Table 2, which is derived from Nguyen et al.21

work, important reactions were classified into the following
categories.

Rows 1 and 2 in Table 2 are the characterization of the
primary products based on the monomolecular mechanism
and Rows 3 and 4 are the consequences of bimolecular
mechanism. Therefore, Reactions 1 and 3 in the proposed ki-
netic scheme, Figure 13, might be rationalized to take place
in the same category as those of Rows 1, 2, and 3 of Table
2, leading to methane and light olefins production according
to the protolytic cracking (i.e., attack of zeolite active sites
on CAH or CAC bond of butane) and bimolecular mecha-
nism. Reactions 4 and 5 of the proposed kinetic scheme in
the present model, however, might be explained through
hydrogen transfer reactions due to Row 3 of the table. Reac-
tion 6 in the kinetic scheme of the present study might be
considered in the same category as that of Row 4 of the

Figure 11. Effect of contact time on light olefin yields
in i-butane cracking at different tempera-
tures.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Evolution of feed conversion (right axis) and
product selectivity (left axis) with time-on-
stream, GHSV 5 0.31 gi-C4

(h gcat)
21, at T

5530�C.
[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 13. Kinetic scheme with five lumps: butane (i-
or n-butane as reactant), olefins (ethylene,
propylene, and butene), paraffins (ethane,
propane, and i- or n-butane: isomer of the
reactant), heavy products (C5–C7).

Table 2. Different Reaction Categories for i-Butane and
n-Butane Cracking over the HZSM-5 Zeolite

1 C4 ! C4
2� þ H2 Protolytic cracking CAH bond of

butane over zeolite acid sites
2 C4 ! Cn

2� þ C4�n Protolytic cracking of CA C
bond of butane over zeolite
acid sites 2 � n

3 C4 þ Cn
2� ! C4

2� þ Cn Hydrogen transfer between butane
and light or heavy olefins and
formation of paraffins and butane

4 Cn
2� þ Cm

2� ! Cnþm
2� Olefin oligomerization 2 � n,m � 6,

n þ m � 8

AIChE Journal August 2012 Vol. 58, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 2461



table. Ultimately, as paraffins are formed through combina-
tion of reactions in Rows 2 and 3 of the table, Reaction 2 in
the present kinetic scheme was considered as a separate step
to distinguish it from the olefin production and butane con-
sumption steps, hence no interference with Reaction 1 or 4
occurred. This collective view yielded the presented kinetic
scheme which took into account all aspects of both mono-
molecular and bimolecular mechanisms.

Ultimately, it should be reminded that, when the kinetic
model describing a process becomes a lumped one, the ki-
netic scheme does not provide elementary reactions at every
proposed step anymore. This is due to the fact that each step
of the lumped model is now due to a group of several reac-
tions possibly taking place from reactants under considera-
tion. Thus, the order of the reaction with respect to such
reactants is best determined by fitting of the experimental
data. Hence, reaction orders and stoichiometry are not
directly related to the lumped modeling. Nevertheless, the
goodness of the fit with experimental data is the determining
factor.

Estimation of Kinetic Parameters

Because the temperature difference along the bed was less
than 1�C, the fixed-bed reactor was considered to be an iso-
thermal plug flow reactor. The total reaction rate of each
lump i, expressed by ri, was calculated as the sum of all
reaction rates at different steps in which lump i was
involved

ri ¼ dXi

dðrÞ ¼
Xnr
j¼1

ðviÞjrj
ðmoliÞCH2

g:h
(6)

where

r ¼ W

Fo

(7)

In Eqs. 6 and 7, Xi is the mole fraction of lump i in the reaction
medium (based on CH2 units), s is the butane contact time in
gcat h gCr

�1, rj is the rate of reaction step j, nr is the number of
reaction steps, and (mi)j is the stoichiometric coefficient of
lump i in reaction step j. To simplify the calculations, the mole
fraction Xi in the rate equations was expressed as the molar
fraction of lumped ion (CH2 unit basis). By definition, Xi can
be readily related to the partial pressure of the corresponding
lump. Integration of the resulting set of differential equations
was performed using the Adams–Bashforth–Moulton method
and a program in MATLAB (R2010-a).27 Kinetic parameters
for the proposed model were estimated by minimizing the
following error objective function, established as the sum of
the squares of the differences between the experimental and
calculated mole fraction of different lumps28

OF ¼
Xnl
i¼1

Xm
k¼1

ðXik � Xik
calÞ2 (8)

where nl is the number of lumps, m is the number of
experimental points excluding repetitions, Xik

cal is the
calculated mole fraction of lump i for experimental condition
k, determined by solving the mass balance of Eq. 6 using a
CH2 basis (i.e., corresponding to a given value of contact time
and temperature), and Xik is the experimental mole fraction of

lump i for experimental condition k. Estimated kinetic
parameters were obtained by nonlinear regression using the
Levenberg–Marquardt algorithm in MATLAB.29 Kinetic
parameters to be optimized included Arrhenius parameters
for the rate constant for each reaction step j. To reduce the
correlation between the frequency factor and activation
energy, reparameterization was applied.2,30–32 The Arrhenius
equation of the rate constant was as follows

kj ¼ Aj exp � Ej

RT

� �
(9)

After introduction of the mean temperature, Tm, rate
coefficients for the formation of primary products can be
written

Kj ¼ exp lnAj � Ej

RTm

� �
� Ej

R

1

T
� 1

Tm

� �� �
(10)

The expression for kj thus becomes

Kj ¼ Kj
� exp �Ej

R

1

T
� 1

Tm

� �� �
(11)

Consequently, at Tm ¼ 500�C, the parameters to be optimized
are the kinetic constant at a reference temperature and the
activation energy for each reaction step j.

To test the fit between the model and experimental
points, a traditional statistical F-test was used to examine
the significance of parameters in a regression model. This
tes involved partitioning the sum of squares of residuals
(SSresidual) into two components, ‘‘pure error’’ and ‘‘lack of fit’’

SSresidual ¼ ðSSpure errorÞ þ ðSSlack of fitÞ (12)

The sum of squares of pure error (SSpure error) is the sum of
squares of the differences between each experimental mole
fraction and the average of all experimental mole fractions
under the same operating condition. The sum of squares of
lack of fit (SSlack of fit) is the weighted sum of squares of the
differences between the average of replications of the mole
fraction for each lump i corresponding to the same operating
condition and fitted mole fraction. The weight for each
experimental point is simply the number of replications of the
mole fraction for point j. The variance for the lack of fit and
pure error is defined as the ratio of the sum of squares over the
degrees of freedom. The degrees of freedom are the number of
independent points available to estimate a parameter. Statis-
tical functions and definitions for the degrees of freedom
corresponding to those functions are provided elsewhere.2,33,34

To evaluate the significance of the model, the variances of
pure error and the lack of fit were compared. For this
comparison, an F-ratio test statistic was calculated, which
provides a measure of testing the null hypothesis or the
statistical significance of the lack of fit, defined as the ratio of
the variance of lack of fit over the variance of pure error

F ¼ r2LF
r2PE

(13)

To verify that the kinetic model was appropriate, that lack of
fit was not statistically significant, and that the null hypothesis
was established, the test statistic value also had to satisfy the
following expression
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F\f ða; mLF; mPEÞ (14)

where f(a, mLF, mPE) is the critical value of the Fischer
distribution function for given values of degrees of freedom,
mLF and mPE and a is the significance level, usually 0.01 or
0.05. In the present case, a 95% confidence level (i.e., 100(1 �
a)%) or a ¼ 0.05 was chosen. Critical values of the Fischer
distribution function could be obtained from Fischer distribu-
tion tables,35 or from the command finv(100(1 � a), mLF,mPE)
included in MATLAB.

Modeling of n-butane cracking

Based on the kinetics scheme proposed in the section 5
and our n-butane cracking experimental data, chemical
kinetics constants for the six reaction steps of this process
were determined. Thus, assuming a second-order reaction for
reaction steps involving olefins (i.e., regardless of whether
the olefin was produced or consumed) and unity for other
reaction steps resulted in the following rate expressions

rn�C4
¼ �k1Xn�C4

2 � k2Xn�C4
� k3Xn�C4

� k5Xn�C4
(15)

rolefins ¼ k1Xn�C4

2 � k4Xolefins
2 � k6Xolefins

2 (16)

rmethane ¼ k3Xn�C4
(17)

rparaffins ¼ k2Xn�C4
þ k4Xolefins

2 (18)

rheavy products ¼ k5Xn�C4
þ k6Xolefins

2 (19)

The 95% confidence interval of the estimated parameters of
the best fit including the kinetic constants at reference
temperature Tm and activation energies for the six reaction
steps are presented in Table 3.

Statistical parameters and variance analysis for the n-bu-
tane cracking kinetic model corresponding to the functions
are given in Table 4.

The predicted and experimental mole fractions of various
lumps from the catalytic cracking of n-butane as a function
of contact time are shown in Figures 14a, b for different
reaction temperatures and indicate very satisfactory agree-
ment between these values. Furthermore, the value of the
objective function (see Eq. 8) was 0.0174, highlighting the
accuracy of the present model. Finally, results of variance
analysis indicate the validity of the proposed kinetic scheme.

Table 4. Values of Error Objective Function and Variance
Analysis of the Kinetic Model for n-Butane Cracking

Statistical Variable n-Butane i-Butane

OF 0.0174 0.0118
M 24 18
nl 5 5
SSLF 0.0106 0.0076
SSPE 0.0064 0.0042
mLF 108 78
mPE 30 30
np 12 12
r2LF 9.82 � 10�5 9.74 � 10�5

r2PE 2.13 � 10�4 1.4 � 10�4

F 0.461 0.695
f(a,mLF, mPE) 1.690 1.714
Significance test Valid Valid

Table 3. Optimized Values of Kinetic Constants and Activation Energies for n-Butane Cracking

Reaction Step, j kj* Ej (J mol�1) Units for kj*

1 (8.50 � 1.41) � 10�2 (1.13 � 0.49) � 105 molCH2
gcat

�1 h�1 (moln-C4
/ mol)�2

2 (5.66 � 2.01) � 10�2 (4.00 � 0.18) � 104 molCH2
gcat

�1 h�1 (moln-C4
/ mol)�1

3 (7.20 � 0.74) � 10�2 115 � 2.00 molCH2
gcat

�1 h�1 (moln-C4
/ mol)�1

4 0.536 � 0.211 155 � 26.1 molCH2
gcat

�1 h�1 (mololefins / mol)�2

5 (2.30 � 0.728) � 10�2 (1.70 � 0.35) � 105 molCH2
gcat

�1 h�1 (moln-C4
/ mol)�1

6 (4.00 � 2.30) � 10�4 (1.34 � 0.19) � 10�4 molCH2
gcat

�1 h�1 (mololefins / mol)�2

Figure 14. Comparison between the experimental data
(depicted as symbols) and predicted values
(depicted as lines) for n-butane cracking,
partial pressure 5 20 kPa: (a) 470�C and (b)
530�C.
[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Similar data at 500�C were obtained, reported as the sup-
plementary data and might be obtained from the AIChE
Journal.

Modeling of i-butane cracking

A similar approach to that used for n-butane cracking was
used to model the kinetics of i-butane cracking. The follow-
ing rate expressions were determined

ri�C4
¼ �k1Xi�C

2
4 � k2Xi�C4

� k3Xi�C4
� k5Xi�C4

(20)

rolefins ¼ k1Xi�C
2
4 � k4X

2
olefins � k6X

2
olefins (21)

rmethane ¼ k3Xi�C4
(22)

rparaffins ¼ k2Xi�C4
þ k4X

2
olefins (23)

rheavy products ¼ k5Xi�C4
þ k6X

2
olefins (24)

Table 5 shows the chemical kinetic constants and activation
energies for the six reaction steps in i-butane cracking. Based
on the results of variance analysis of the kinetic model for i-
butane cracking (shown in Table 4), the validity of the model
was confirmed by Fischer’s test. The adequacy of the fit is
illustrated in Figures 15a, b where the predicted and
experimental mole fractions of various lumps for this process
as a function of contact time are presented at different reaction
temperatures, indicating very satisfactory agreement between
these values.

Similar data at 500�C were obtained, reported as the sup-
plementary data and might be obtained from the AIChE
Journal.

Conclusion

An HZSM-5 zeolite with a high SiO2/Al2O3 ratio was syn-
thesized to obtain high selectivity toward light olefins during
catalytic cracking of n-butane and i-butane. For both reactants,
this catalyst displayed low selectivity for the production of
heavy products, which may be due to the low aluminum con-
tent in the zeolite structure. Our results also indicate that selec-
tivity toward light olefins increases with increasing temperature
and decreasing contact time, whereas selectivity toward paraf-
fins and heavy products decreases. A lumped kinetic model
consisting of five lumps and six reaction steps is proposed,
and the corresponding chemical kinetic parameters were esti-
mated. The proposed model is simple, and yet accurately pre-
dicts product conversions and distributions from catalytic
cracking of both reactants. Second-order reactions were found
to be the best for reactions involving light olefin production or
consumption, whereas first-order reactions were better for all
other reactions. The agreement between experimental and pre-
dicted mole fractions of different lumps was very satisfactory
for both reactants. Ultimately, this study paved down the roads
for similar studies to be done toward the joint reaction of
coupled methanol and paraffin into olefins.

Notation

Aj ¼ frequency factor of Arrhenius equation for reaction j
dp ¼ average pore diameter, nm
Ej ¼ activation energy for reaction j, kJ mol�1

F ¼ test statistics or F ratio, defined as ratio of variance of
lack of fit over variance of pure error, Eq. 12

Table 5. Optimized Values of Kinetic Constants and Activation Energies for i-Butane Cracking

Reaction Step, j kj* Ej (J mol�1) Units for kj*

1 0.101 � 0.010 (1.15 � 0.91) � 105 molCH2
gcat

�1 h�1 (moli-C4
/ mol)�2

2 (3.03 � 1.39) � 10�2 (4.65 � 0.78) � 104 molCH2
gcat

�1 h�1 (moli-C4
/ mol)�1

3 (8.20 � 2.29) � 10�2 (8.78 � 0.72) � 104 molCH2
gcat

�1 h�1 (moli-C4
/ mol)�1

4 0.223 � 0.083 352 � 181 molCH2
gcat

�1 h�1 (mololefins / mol)�2

5 (5.90 � 1.90) � 10�2 49.2 � 5.40 molCH2
gcat

�1 h�1 (moli-C4
/ mol)�1

6 (6.00 � 4.00) � 10�5 (3.28 � 0.27) � 104 molCH2
gcat

�1 h�1 (mololefins / mol)�2

Figure 15. Comparison between the experimental data
(depicted as symbols) and predicted values
(depicted as lines) for i-butane cracking,
partial pressure 5 20 kPa: (a) 470�C and (b)
530�C.
[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Fo ¼ inlet butane molar flow rate, mol h�1

Fe ¼ outlet butane molar flow rate, mol h�1

Fie ¼ exit molar flow rate of compound i, mol h�1

f(a,mLF,mPE) ¼ critical value of the Fischer distribution function for the given
values of degrees of freedom and significance level, a

GHSV ¼ gas hourly space velocity, gC4
(h gcat)

�1

kj, kj* ¼ kinetic constants for step j, at any temperature, and that
corresponding to the reference temperature (units are
those corresponding to the kinetic equation)

m ¼ number of experimental points excluding the repetitions
ni ¼ number of carbon atoms for compound i
nl ¼ number of lumps
np ¼ number of kinetic parameters to be optimized
OF ¼ error objective function, Eq. 7
R ¼ universal gas constant, kJ (mol K)�1

Rj ¼ number of repetitions under given experimental
conditions

ri ¼ total reaction rate of lump i
rj ¼ reaction rate of step j in the kinetic scheme

SBET ¼ BET surface area, m2 g�1

SSLF, SSPE ¼ sum of squares for the lack of fit and for pure
experimental error

T, Tm ¼ temperature and reference temperature, K
Vp ¼ total pore volume, cm3 g�1

W ¼ weight of the catalyst used, g
Xi ¼ molar fraction of lump i, in CH2 equivalent units
Xik ¼ experimental composition of lump i for the experimental

condition k
Xij ¼ average composition of lump i determined from

experiments repeated under the same experimental
condition j

Xcal
ij ¼ calculated composition of lump i for the experimental

condition j

Greek letters

a ¼ significance level
(ti)j ¼ stoichiometric coefficient of component i in step j in the

kinetic scheme
s ¼ butane contact time, h gcat gC4

�1

r2LF, r
2
PE ¼ variances for the lack of fit of the kinetic model, and

pure error
mLF,mPE ¼ degrees of freedom for the lack of fit and for pure error
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