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ABSTRAK: Kajian kelakuan dan kinetikpengkokan mangkin Cr-ZSM-5 (Si/Al=240)
semasa proses pembakaran etil asetat (EAc) dan benzena (Bz) dilaporkan. Model
kinetikpengkokan yang melihatproses pengkokan sebagaigabungan pengumpulan
kok jenis monolapisan dan 'whisker' telah diuji. Pengkokan Cr-ZSM-5 dilakukan
dengan cara mendedahkan mangkin itu terhadap kepekatan suapan VOC yang
berbeza-beza antara 2, 000 ppm dan 32, 000ppm bagisetiap bahan organik tersebut
pada GHSV3,800jam 1 di antara 200°C dan 600°C sehingga 12/am. Pembentukan
kok didapatibergantung kepada kepekatan suapan dan mencapai tahap maksimum
pada suhu sekitar 300°C dan 400°C masing-masing bagi etil asetat dan benzena.
Pada suhu yang lebih tinggi, data ujikaji boleh diramalkan dengan tepat oleh model
pengkokan. Berbandingpemalar kadar bagipengkokan jenis 'whisker'(kw), pemalar
kadar bagipengkokan jenis monolapisan (km) untuk etil asetat didapati lebih peka
terhadap perubahan suhu. Namun, ia adalah sebal!knya bagibenzena. Modelkinetik
pengkokan ini mencadangkan yang pengkokan dan pembakaran bahan organik
berlaku pada tapak aktifyang berlainan.
ABSTRACT: The coking behaviour and kinetic study of Cr-ZSM-5 (Si/Al=240)
catalyst during ethyl acetate (EAc) and benzene (Bz) combustion are reported. Coking
kinetic model seeing the process as a combination of monolayer-type and whiskertype coke accumulations was tested. Coked Cr-ZSM-5 was prepared by exposing
the catalyst to different feed concentrations from 2,000 ppm to 32,000 ppm of each
organic at a GHSV of 3,800 h· 1 between 200°C to 600°C for up to 12 h. Coke formation
was feed concentration-dependent and was at its maximum at around 300°C and
400°C for ethyl acetate and benzene, respectively. Above these temper_
atures, the
experimental data fitted the coking model. Compared to the whisker-type coking
rate constant (kw), the monolayer-type coking rate constant (km) for ethyl acetate
was found to be more sensitive to temperature change while it was vice versa for
benzene. The kinetic model also suggested that coking and organic combustion
occurred at different active sites.
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INTRODUCTION
Catalytic combustion is the most potential solution to volatile organic compounds (VOCs)
pollution due to its efficiency and low operating costs (Becker and Forster, 1998 ; Gandia el
al., 2001 ). Unfortunately, all combustion catalysts deactivate, more or less, primarily due to
the accumulated coke that tends to physically cover the catalytic active surface and block
pore entrances. Coke is carbonaceous 'material of polyaromatic nature with very low H/C
ratio. The chemical nature of this deposit depends upon reaction conditions and types of feed,
and may amount from 15% to 20% (w/w) of the catalyst (Forzatti and Lietti, 1999).
Coke deposition on zeolite based catalysts is localised around acid sites (Antunes el al.,
2000; Sahoo el al., 2001 ). These acid sites will catalyse the formation of carbonium ion
intermediates that play the role as precursors for coke formation. The reactive intermediates
can further combine, rearrange and dehydrogenate into coke-type structures (Antunes el al.,
2001 ), or crack to form small fragments that can subsequently participate in coke-forming
process as hydrogen transfer agents (Forzatti and Lietti, 1999). Initially coke forms monolayer
coverage over which subsequent growth of whisker-type coke can anchor (Romeo el al.,
1999). Further propagation of coke, especially in ZSM-5 catalysts is constrained by the steric
hindrance that limits the condensation of aromatic rings in the internal channels of the crystals
(Aguayo el al., 1997).
Coke formation mechanism is complex and varies with type of feed, reaction temperature and
type of catalyst in use. Therefore, the determination of the specific rate constant or activation
energy of every single mechanism involved in coking is not feasible. Often, kinetic models
that lump several coking steps into one are used to represent this process (Forzatti and Lietti,
1999; Bulushev el al., 2001 ). Romeo el al. (1999) and Longya el al. (2000) showed that
apparent rate constants and activation energies could be satisfactorily used to represent the
coking process. However, these sets of apparent rate constant and activation energy are feed
and catalyst specific and should not be used beyond their system.
In this study, kinetic model of coke formation that incorporates the contribution of monolayer
coke and whisker-type coke into the overall coking process is investigated. The main objective
is to find justifications on the relevance and accuracy of this model in describing coking process
during the combustion of VOC over chromium exchange ZSM-5 catalyst (Cr-ZSM-5). Chromium
is the most active metal among the transition metals (Chintawar and Greene, 1997; Atwood
el al., 1998 ; Kim and Ihm, 1999) and chromium exchanged of ZSM-5 (Cr-ZSM-5) produced
a catalyst of high activity, high stability and less coking tendency. Ethyl acetate and benzene
were used as model VOC compounds of different chemical natures, reactivities and producing
different combustion products.
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MATERIALS AND METHODS

Preparation of Cr-ZSM-5
Na-ZSM-5 (Si/Al=240) sample was obtained from Sud-Chemie and was used as received.
Chromium exchanged ZSM-5 was prepared in two steps. In the first step, NH/ exchange of
Na-ZSM-5 was performed in 2.25 M NH4 CI solution for 6 h. The chromium exchange step was
done in acidified (to pH 4) aqueous solution of 0.086 M Cr(N03 }3 for 6 h followed by filtration,
drying and calcination at 500°C for 6 h. Before use in the reactor, the catalysts were palletised,
crushed and sieved between 0.25-0.30 mm.

Experimental set up
The preparation of coked Cr-ZSM-5 and activity study was performed using an 11 mm i.d.
glass reactor (Figure 1). VOC-laden air stream as feed to the reactor was generated by bubbling
nitrogen gas through the voe saturators. Another flow of high purity air was used to make up
the total flow rate to give the desired gas hourly space velocity (GHSV). The accurate control
of flow rate was achieved by means of Aalborg (AFC 2600) mass flow controllers. The reactor
was operated at atmospheric pressure and the reaction temperature of the catalyst bed was
. monitored using K-type thermocouple temperature probe. The feed and product gases were
analysed using an off-line Shimadzu GC-8A gas chromatograph. A Porapak Q column was
used for separation of carbon dioxide and organic components while the separation of carbon
monoxide was achieved by means of a Molecular Sieve SA column. All the experiments were
conducted under oxygen-rich condition.

GC
TP
t>l<:i
~

: Gas chromatograph
: Temperature
:Value
: Mass flow controller

Tubular
furnace

GC

Figure 1. Schematic diagram ofreactor system

3

Ahmad Zuhairi Abdullah, Mohamad Zailani Abu Bakar and Subhash Bhatia

Preparation of coked Cr-ZSM-5
Feed containing either ethyl acetate or benzene at between 2,000 ppm and 32,000 ppm was
passed through the reactor at a GHSV of 3,800 h· 1 and reaction temperatures of between
After reaching the qesired reaction times, the coked catalysts were taken
and
1
out for analysis and activity study.

soo·c.

oo·c

Activity study
The reaction rates were measured by operating the reactor in differential mode at a GHSV of
78,900 h· 1 • The feed concentrations for both organics were kept at 2,000 ppm. The rate of
reaction was calculated as below;

-r=

Fvoe, .m -Fvoe, out

(1)

( 1 - C)~at
in which,

-r

reaction rate (mol/s-gcat).

F.oc, in • F.oc, out

VOC molar flow rates at the inlet and outlet of the reactor,
respectively (molls),

c

coke content of the catalyst (g/g 031),

wcat

weight of the catalyst (g).

Catalyst characterisation
The catalyst samples were characterised for surface area using a Quantachrome Autosorb-1
while acidity was determined via thermal programmed desorption of ammonia (NH 3 -TPD)
method using a Chembet 3000 system. Crystallinity was determined using a Siemens 02000
X-ray diffractometer by comparing the intensity of the four most intense peaks with that of
parent ZSM-5 which was considered to be 100% crystalline (Chintawar and Greene, 1997).
Thermogravimetry experiments on coked catalysts were performed using a Perkin Elmer TGA7
thermogravimetry analyser under 20 ml/min of pure oxygen flow and at a temperature ramping
for 3 h.
rate of 10°C/min. Prior to the analysis, the catalyst samples were oven dried at 1

os·c

The weight loss upon heating to 700°C was taken as the coke content of the sample.
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MODELLING OF COKING PROCESS
Coking process can be modelled with some insight into the mechanism involved. In zeolites,
coking initiates on the Br0nsted acid sites to torm the primary or monolayer coke (Sahoo et
al., 2001 ). Subsequent coking can either form on the new (different) acid sites or on the
primary layer to form the secondary, normally in the form of whisker-like coke (Romeo et al.,
1999). These two types of coke play different roles in the activity and selectivity, and their
relative concentrations depend on the reactions leading to their formation. At an early stage of
the reaction, while the organic conversion is still high, coke forms rapidly on acidic sites
(monolayer-type coke) while high amounts of coke precursors are formed. These sites will
gradually self-deactivate and lead to a decrease in the rate of its formation. Simultaneously,
the whisker-type coke grows in weak interaction with and anchored on monolayer coke. Thus,
total coke content and the overall rate of coke formation can be written as;

c

(2)

=

dC
dCm
dCw
-=--+-- ·
dt
dt
dt

(3)

The rate of monolayer coke formation is considered to be a function of available coking sites
on the primary catalytic surface and is calculated as;

(4)

where km stands for the constant rate of monolayer-type coke formation, cm.max is the maximum
amount of coke in rrionolayer, Cm is the actual concentration of coke in the monolayer, and h
is the number of active sites involved in the controlling step of coke formation. The rate of
formation of whiskers is assumed to be constant (,t) at a given temperature;

(5)

Several values for hwere tested on trial-and-error basis and it was found that the best results
were obtained with 11=2. Thus, integrating Equations 4 and 5 yields;

(6)

Parameters Cm,max, km and k. w can be estimated by non-linear regression of the experimental
data obtained in the TGA analysis.
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Moreover, from the derivation of Equation 6, the rate of coke formation can be expressed as,

r
c

=

c

m,max

k'

+ k

m

(1 + k'm,)2

(7)

w

The activity (a)can be related with the coke content using the equation below (Rodriguez et
al., 1995),

a = :; = [( Cm.max O

in which,

Cm)JP

(8)

cm.max

-r;, and -t; are reaction rates at zero and !time (h) on stream respectively, and pis a

constant.

RESULTS AND DISCUSSION

Characterisation of the catalysts
The characteristics of Cr-ZSM-5 catalyst prepared in the present study are shown in Table 1.
Chromium exchange was found to reduce the micropore area of the catalyst by about 15%
while mesopore area increased by 31 %. Chromium exchange also led to a 4% drop in
crystallinity. Coking resulting from ethyl acetate combustion seemed to be more severe
compared to the effect from the exposure to benzene under the same operating conditions.
The chromium exchange process was found to have negligible effect on the acidity of ZSM-5
but the decrease upon coking with both organics was significant, especially when ethyl acetate
was used as the feed.
Chemical and thermal treatment during chromium exchange created some degree of structural
defects in the zeolite framework as suggested by more mesopore area, coupled with lower
crystallinity of Cr-ZSM-5 compared to that of Na-ZSM-5. Due to the presence of defects in the
pore system of the zeolite, reduced BET surface area and micropore area resulted. These
reductions were further contributed by the blockage of the pore entrance by extra framework
species (Becker and Forster, 1998). Mesopore area could also be contributed by extra
framework species that formed secondary pores (Sahoo et al., 2001 ), especially at the external
surface of Cr-ZSM-5 crystals. Minimal reduction in acidity upon chromium exchange suggested
that chromium exchange sites were unlikely to localise around acid sites. The reduction could
be due to the emergence of weaker acid sites with the presence of extra framework species
(Triantafillidis et al., 2001) or through the dehydroxylation of stronger Br0nsted acid sites to
give weaker Lewis acid sites (Chen et al., 1994).
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Table 1. Characteristics of Cr- ZSM-5 catalysts as compared to its parent Na-form
Catalyst
Characteristics
Na·ZSM-5

Cr-ZSM-5

bCr-ZSM-5(EAc)

cCr-ZSM·5(Bz)

SeeT (m2/g)

393

366

326

338

Micropore area (m 2/g)

321

272

183

213

Mesopore area (m 2/g)

72

94

143

125

Chromium loading (%)

-

0.98

0.98

0.98

"crystallinity (%)

100

96

78

85

Acidity (mmol NHJgca,)

0.28

0.25

0.10

0.16

-

-

7.6

6.4

Coke content (wt. %)

• Relative to parent Na-ZSM-5
b Exposed to 32,000 ppm of ethyl acetate for 12 h at 400°C.
c Exposed to 32,000 ppm of benzene for 12 h at 400°C.

Coking activity is concentrated around acid sites and these sites will be masked upon deposition
of coke (Antunes et al., 2001 ). The blockage of pore mouth by coke also rendered some unmasked
acid sites inaccessible for ammonia adsorption in acidity determination. The effect was observed
as reduced acidity of coked Cr-ZSM-5. Coking with ethyl acetate caused more loss in the acidity of
the catalyst as compared to that of benzene reaction. This was attributed to higher amount of coke
accumulated with ethyl acetate reaction that caused the masking of more acid site.

Effect of feed concentration on coking
The total amount of coke accumulated with time on stream was found to be strongly dependent on
ethyl acetate and benzene feeds concentration as shown in Figure 2(a) and 2(b), respectively.
More coke accumulation with higher feed concentration was ascribed to the presence of higher
concentration of reactant as starting material toward the formation of coke. The effect was also
observed as higher coking rate (or steeper slope in Figure 2) at lower time on stream with higher
concentration of feed organics.
More compounds in the product stream provide more reaction pathways toward the formation of
coke. In ethyl acetate combustion, products of incomplete combustion detected in the outlet stream
were acetic acid, acetaldehyde, formic acid, formaldehyde and carbon monoxide. The concentration
of these intermediates was higher with higher feed concentration as the oxidation process was
less complete. In contrast, benzene produced only carbon monoxide as the carbon-containing
compound in the product stream. Therefore, the starting material to form coke should be the
benzene molecule itself, as short-lived intermediates could not participate in slow coke formation
reactions.
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Figure 2. Evolution of coke accumulated as a function of time on
stream during (a) ethyl acetate, and, (b) benzene combustion at
different feed concentrations (reaction temperature =400 °C)

For both organics, higher coking rates were observed during early hours of time on stream
due to the availability of higher concentration of acid sites. Deposition of coke poisoned these
sites, making them unavailable for further coke forming reactions. The effect manifested as
gradual decrease in coking rate with time on stream. Relatively slower coking rate at longer
time on stream signified the exhaustion of coking sites that actively participate in coking reaction.
These sites might have been poisoned by earlier formed coke or the blockage of certain
channels making them unavailable for subsequent coking reactions.

Effect of reaction temperature on coking
The amount of coke accumulated after 12 h on stream for ethyl acetate and benzene is shown
in Figure 3. Reaction temperature of 300°C and 400°C were found to be the most favourable
for coke formation for ethyl acetate and benzene, respectively. In general, ethyl acetate
accumulated more coke than benzene at all reaction temperatures. Low coke formation at
lower temperatures was due to low activity so that higher fraction of the feed organic passed
through the reactor unreacted. Therefore, less coke precursors were formed to participate in
coking reactions. At higher temperatures, lower coke· content was obtained with increasing
reaction temperature.
Lower coking activity as the reaction temperature increased was ascribed to several
mechanisms. Rodriguez et. al. (1995) suggested reversible coke formation with negative
dependence of coking with reaction temperature. In an oxygen-rich environment, the coke
might undergo oxidisation in conditions of its formation as elaborated by Antunes et. al. (2001)
and Bulushev et. al. (2001). Guisnet et. al. (1999) and Ivanov et. al. (2003) suggested that

8

Behaviour of Coking Process in Catalytic Combustion of Ethyl Acetate and
Benzene in Air over Cr-ZSM-5 Catalyst

higher reaction temperature resulted in higher mobility and faster diffusion of coke precursors
to avoid condensation ·and subsequent coke growth. Again, the presence of coke precursors
at high temperature was short-lived and could not participate in rate-limiting steps to further
weaken the rate of coke formation on the catalyst.
14.0 . . . . . - - - - - - - - - - - - - - - ,
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Figure 3. Profiles of coke content at the end of 12 h time on stream
with reaction temperature for ethyl acetate (EAc) and benzene (Bz)
combustion. (Reaction temperature=400 °C, GHSV=3,800 h·1).

Coking kin.etic modelling
i) Dependence of km and kw on feed concentration
The estimated km and k,, values were found to increase with an increase in organic feed
concentration as shown in Figure 4(a) and Figure 4(b), respectively. The increase was
attributed to higher concentration of feed reactants and/or intermediates in the reaction
system. For both organics, an increase in feed concentration had more significant effect
on km than on kw. As the feed concentration was increased from 2,000 ppm to 32,000 ppm,
the values ofkm quadrupled while that of kw only doubled. Values of these two parameters
for benzene were found to be lower than that of ethyl acetate.
The values of km were generally about two orders of magnitude larger than their corresponding
k,, values. This result suggested that the formation of monolayer-type coke on acid sites
proceeded at higher rate to be the main contributor to overall coking while whisker-type coke
grew at lower and constant rate on the primary coke until all the coking sites on the monolayer
were exhausted. Then the overall coking activity prevailed at a much lower rate which was
equal to !(,,.
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Figure 4. Changes in a) km and b) kw with feed partial pressure of
ethyl acetate (EAc) and benzene (Bz) (Reaction temperature= 400°C}

ii) Dependence of km and

~

on reaction temperature

Plotting of km and *w values with reaction temperature resulted in curves with maxima at 300°C
and 400°C for ethyl acetate and benzene, respectively (Figure 5). The trend observed was
similar to that demonstrated by coke content with reaction temperature that was previously
shown in Figure 3. At lower temperatures, increases in km and *w for ethyl acetate were of
higher magnitude compared to that of benzene. Therefore, an increase in coke accumulation
process during ethyl acetate combustion in this temperature region was attributed to both
accelerated monolayer and whisker-type coke formation.
By linearising the Arrhenius relationship, pre exponential factors and activation energies, km
and *w were estimated and summarised in Table 2. The values of c m.max reported in the table
were the average values obtained from non-linear regression at different temperatures and
feed concentrations. By using these results, the values of km and kw at different reaction
temperatures could be calculated. Based on the trend observed in Figure 5, two different sets
of kinetic parameters were established with the temperatures at which the maximum coking
occurred were taken as borderline temperatures. Satisfactory fittings with coefficients of
correlation exceeding 0.9 were obtained at reaction temperatures above 3oo·c and 4oo·c for
ethyl acetate and benzene, respectively. Below these temperatures, the model poorly
represented coking behaviour of Cr-ZSM-5. Based on this finding , for subsequent kinetic
analysis, only these regions were considered.
Deviation from the model at lower temperatures was ascribed to several reasons. At lower
temperatures where reactivity of the organic was low, chemical reaction was not the
controlling factor for coking. Significant fractions of the reactant passed through the reactor
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Figure 5. km and kw values as a function of reaction temperature for
ethyl acetate (EAc) and benzene (Bz) combustion (Cvoc=32,000 ppm)

unreacted. It could also be due to the limitations of the kinetic model or the existence of
many simultaneous processes involved in the coke formation and growth, which were not
considered in the model. In zones best represented by the model, negative values of
activation energies obtained clearly suggested the negative dependence of coking with
reaction temperature. Again, the km value for ethyl acetate was found to be more sensitive
to temperature change as it had larger value of activation energy. As for benzene, it was
the reverse.

Table 2. Summary of kinetic parameters with 32,000 ppm of feed organics
Ethyl acetate
Parameters

Benzene

,2

Parameters

<300' C

<400' C

cm.max= 7.87 x 10-2 g/gca,

cm.max =8.75 x 10-2 g/gcat

km =1 .43 exp (-950/T) 9ca/g-h

0.780

km =2.04x10·1 exp (-666/T) 9ca/g-h

kw = 1.33x10·2exp(-622/T)g/gcat·h

~ =2.12x1Q·3

p=0.16

>300' C

>400' C

c m.max =7.87 x 10-2 g/gcat

cm.max =8.75 x 10-2 g/gca,

km =2.40x10

0 .968

km =5.54x1Q·3 exp (850/T) 9ca/g-h

kw =1.16x1 o·• exp (866/T) g/gcat-h

kw =2.32x10·6 exp (2561/T) g/gca,-h

P= 0.05

p=0.04

11

0.825

exp (-222/T) g/ 9ca,-h

p=0.12

3 exp(1024/T)gca/g-h

,2

0.980
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iii) Effect of coking on activity of Cr-ZSM-5
The activity of Cr-ZSM-5 catalyst in the combustion of 2,000 ppm of ethyl acetate or benzene
was satisfactorily predicted by the model as shown in Figure 6. The accumulation of coke
during early hours of time on stream (when the coke content was below about 2%) caused
rapid drop in the activity of the Cr-ZSM-5 catalyst. This drop was attributed to active and
preferential accumulation of coke at pore intersections to create diffusion limitation to the
active sites. Due to geometrical constraint in the internal channels, several layers of coke
formed to produce site covering while further propagation of coke was retarded. Multilayer
coke also formed especially on the external surfaces or in the mesopores but they did not
deactivate the catalyst.
The values of pin Table 2 which were lower than 1 suggested that coking and combustion
of the organics occurred at two different sites. Initial sharp drop in activity was therefore
due to physical phenomena rather than chemical. The activity upon coking was attributed
to the masking of metal (chromium) sites adjacent to acid sites by coke. However, at
longer time on stream, about constant residual activity remained with no regards to the
coke content. Coke resulting from ethyl acetate reaction was found to be more toxic to the
activity with about 7% drop in activity once the coke content reached 5 wt. %.
1.00 ,....__ _ _ _ _ _ _ _ _ _ _ _ _ _ _.......,
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s
II

0

IO

+ io.oo
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6
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Coke content ( wt. %)

8

10

Figure 6. Predicted (line) and experimental (marker) activity of
Cr-ZSM-5 as a function of coke content. (Cvoc=32,000 ppm,
reaction temperature=400 °C).
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CONCLUSION
Chromium exchange process of Na-ZSM-5 was found to cause the material to lose about
15% of its micropore area, 4% drop in crystallinity but the effect on its acidity was negligible
Catalyst coking was found to reduce all the above characteristics especially when ethyl acetate
was used as the organic feed. Higher concentration of feed resulted in more coke accumulation.
Coke formation process was found to be at its maximum at around 3oo·c for ethyl acetate
and 4oo·c for benzene. Above these temperatures, kinetic model that assumed the coking
process to be a combination of monolayer-type and whisker-type cokes accumulation
satisfactorily fitted the experimental data. Compared to the whisker-type coking rate constant
(k), the monolayer-type coking rate constant (km) for ethyl acetate was found to be more
sensitive to temperature change with a higher apparent activation energy but it was vice versa
for benzene. The higher values of Cm.max, averaged at 8. 75 x 10-2 g/gcat for benzene, compared
to 7.87 x 10-2 g/gcat for ethyl acetate, reflected the higher density of coke resulting from the
combustion of the former substance. This kinetic model also suggested that coking and catalytic
combustion of voe molecules occurred at two different active sites.
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NOTATION

a

activity

C

coke content (g/gcai)

Cm

actual amount of coke in the monolayer (g/g 0a1)

cm.max

maximum amount of coke in monolayer (g/gcat)

Cvoc

concentration of ethyl acetate or benzene in the feed (ppm)

'=c

activation energy of coking reaction (kJ/mole)

F.oc,in, F.oc,out

molar flow rate at the inlet and outlet of the reactor, respectively (mol/h)

h

number of active sites involved in the controlling steps of coke formation

km

rate constant of monolayer-type coke formation (g 0 a/ g-h)

~

rate constant of whisker-type coke formation (g/g0a1-h)
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voe in feed (atm)

P.,

partial pressure of

p

constant

R

gas constant (=8.314 J/mol-"C)

~

,;,, ,;

the rate of coke formation (g/gcat-h)
initial reaction rate and reaction rate at time on stream at which the coke content
was determined, respectively

r2

coefficient of determination

T

absolute temperature (K)

t

time on stream (h)

Wcat

weight of the catalyst (g).
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