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Abstract

Deactivation kinetics of chromium exchanged ZSM-5 (Cr-ZSM-5. Si/Al = 240) cataly<t by coking during the combustion of ethyl
zc~tate (EAC) and benzene (Bz) present ir the air stream is reported. Lumped coking deactivation model (LCDMi), monolaye. —multilayer
cokingdeactivation model (MMDM) and heterogeneous surface coking deactivatior, model {4SDM) are used for the analysis of deactivation
process. Coked Cr-ZSM-5 was prepared by exposing the catalyst 1o 32.000 ppm of each organic at gas hourly space velocity (GHSV) of
3800 h~! and temperature 400 °C for a period of 12 h. The aclivity data were obtained with 2000 ppm of each organic at 400°C and GHSV
of 78,900 h~'. HSDM accurately predicted progressive col content, activity with time-on-stream and profiles of activity—coke content
for both organics. In line with experiinental observations. the medel predicted [aster activity drop with low=s r2sidnai activity during the
combustion of ethyl acetate. The combustion reaction of ethyl acetate a.d benzene could take place over both coking sites (S.) and metal

sites (§;) but, the role of S, was more dominant especially i benzene combustion,

© 2004 Elsevier B.V. All rights reserved.
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1. Introducti~n

Catalytic combustion is the most plausible solution to
volatile osrganic camnpound (VOC) semoval due 1o its effi-
ciency and low operating costs [1,2]. Unfortunately, com-
bustion catalyst deactivates, more or less, primarily due to
the accumulation coke that tends to physically cover the cat-
alytic active surface and/or blocking pores. The chemical na-
ture of these carbonaceous deposits depends upon reaction
conditions and types of feed, and may amount to 15-20%
(w/w) of the catalyst [3]. The modeling of catalyst deactiva-
tion process by coking can provide valuable information on
the performance of the catalytic system after extensive hours
on stream when significant amount of coke has deposited.

One of the main problems in the estimation and inter-
pretation of deactivation by coking phenomena lies in the
choice of the most suitable model [4,5]. A wrong choice of
modei can result in misieading conciusions about the reac-
tion mechanism. A good model for coking should consider
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sufficient number of parameters while maintaining simplic-
ity to ensure good fit of the experimental data. The parameter
estimation must be based on either coke content or activity
cata [6].

Progressive formation of coke with time-on-stream is nor-
mally associated with corresponding decrease in the activity.
Thus, the modeling of deactivation by coking should incor-
porale two main aspects, i.e. coke formation rate and deac-
tivation kinetics. The adequacy of the separability concept
has been reported for various reaction systems by Rodriguez
et al. [4], Klemm et al. [7] and Gascén et al. [8). Generally,
the main challenge which often results in divergence be-
tween models proposed lies in relating the progressive coke
content with the activity function.

Reports on deactivation by coking in VOC catalytic com-
bustion, in which, support and metal sites play significant
role is quite scanty. In this application, coking can be seen
as lumped accumuiation of this carbonaceous deposit so
that deactivation is a direct function of its quantity {3]. This
approach provides simplicity and practicality in many appli-
cations especially in the case when only one type of active
site present on the catalyst. Further improvement to this ap-
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T proach has been proposed by Romeo et al. [9] and Gascon
Nomenclature et al. (8] treating coking as a combination of monolayer and
a dimensionless activity function multilayer-type coke deposition. Depending on the reaction
ar residual activity system, each type of coke has different influences on the
C coke content (g/gcat) activity of the catalyst and should be modeled separately.
Cp actual amount of coke in the monolayer Another approach is by assuming heterogeneous catalytic
(2/8car) surface on which sclective accumulation of coke on certain
Crnax maximum coke content independent of sites occurred while the other type of site is unaffected.
monolayer or muittlayer (g/gcat) iu reaciion systems where (nore than onc type of active
Cin max maximum amount of coke in monolayer sites is involved in the main reaction, this approach is more
(2/gcat) appropriate [4]. .
Cm actual amount of coke in multilayer In the present sludy. three models of deactivation by cok-
(&/gcat) ing adopting differcnt mechanistic approaches of coke for-
dC/ds rate of coke formation (g/gcy h) mation, viz. lumped coking deactivation model (LCDM),
f number of coking sites involved in monolayer—-multilayer coking deactivation model (MMDM)
coking reaction and heterogeneous surface deactivation model (HSDM}) are
Froc.in- studied. These models are used to simuiate the data related
Feocomt  VOC molar flow rates at the inlet and to the coke content and activity variation with the coke con-
outlet of the reactor, respectively (mol/s) tent. The parameters are estimated using experimenial coke
h number of active sites involved in the content and catalyst activity data. The experimental. data
controlling steps of coke formation were fitted to the best model on the consideration of three
j number of exporimental point factors: (a) profile of coke formation with time, (b) profile
ke coking reaction rate constant of aztivity with tinie and (c) pT’)ﬁL, of aclivity with coke
(8/gca hatm™) content. The best model was selected on the basis of good
kq Jeactivation constant fit of the experimental data and the physical meaning of the
km rate constant of monolayer coke formation kinetic paramcters.
(geal/gh) Chromium is reported to be the most active metal among
km rate constant of mu[[i]ayer coke formation the transition melals for VOC combustion due to its abllil) to
(g/gcar ) present at multiple oxidation states [10,11]. Chromium ex-
P number of parameters changed of ZSM-5 (Cr-ZSM-5) produced a catalyst of high
P. partial pressure of VOC (atm) activity and stability, and therefore, was used in the present
q number of chemisorbed molecules that react study. As for VOC model compounds, ethyl acetate and ben-
tc form ccke : zene were used for ihe purpose of comparison because of
re. v reacuon rates of VOC combustion at time ¢ differences in their chemical natures.
and Oh, respectively (mol/h gea)
fl' 3 :::czif:t;g‘;:t(l;; sites on Cr-ZSM-5 2. Experimental procedure
Wea weight of the catalyst (g) .
X0, X0 initial fractions of silesgS' and S; present on 2.1. Preparation of Cr-ZSM-5
fresh Cr-ZSM-5 . ) . )
Pobe weighted mean of the experimental Chromium exchanged ZSM-5 (Si/Al = 240) was pre-

o~

oy, a2
Y

Pa

Yc

§

observation

number of active sites involved in
controlling step in the main reaction
mechanism

Greek symbols

constants

deactivation kinetic order

intrinsic activity functions

intrinsic coking functions (h~")

ratio of initial rate ot the main reaction over
S\ sites (—rs,) to the initial rate of the main
reaction overS, sites (—rs,)

pared in two steps. In the first step, NH4* exchange of
Na-ZSM-5 (Si/Al = 240) was performed in 2.25M of
NH,4ClI solution for 6h. The metal exchange step was car-
ried out in acidified (1o pH 4) aqueous Cr(NO3)3 solution at
0.086 mol/, for 6 h followed by filtration, drying and calci-
nation at 500 °C for 6 h. Before used in the reactor, the cat-
alysts were palletized, crushed and sieved to particle sizes
of between 0.25 and 0.30mm.

2.2. Experimental setup

" The preparation of coked Cr-ZSM-5 samples was per-
formed in an 11 mm i.d. glass reactor charged with 0.2 g of
zeolite catalysts (Fig. 1). VOC-laden air stream as feed to
the reactor was generated by bubbling nitrogen gas through
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Fig. 1. Schematic diagram of the reactor cystem used.

the VOC saturators. Another flow of air was used 1o make
up the total flow rate to give the desired GHSV. The accu-
rate control of flow rate was achieved by means of Aalborg
(AFC 2600) mees Dov conwollers. In order to prepare coked
Cr-ZSM-5 samples, feeds containing 32,000 ppm of either
ethyl acetate or benzere were passed through the reactor at
reaction temperature of 400°C and GHSV of 3800h~" for
different times on stream of up to 12h. Before coliccting
the coked samples, nitrogen was passed through the cata-
tyst bed at the reaction temperature for 10 min tc remove
any non-coke species from the saraples. The feed and prod-
uct gases were analyzed using an off-line Shimadzu GC-8A
gas chromatograph. Porapak Q column was used for sepa-
ration of carbon dioxide and organic component< while the
separation of carbon monoxide was achieved by means of a
molecular sieve SA column.

2.3. Activity study

The reaction rates over the coked Cr-ZSM-5 samples were
measured by operating the reactor in differential mode at
GHSYV of 78,900h~!. The feed concentration for respective
organic was kept at 2000 ppm. The rate of reaction for coked
Cr-ZSM-5 was calculated as

_ Fvoc.in — Fuoc.out

T T SO W

where —ry is the reaction rate (mol/s gca1). Fuoc.ins Fuoc.out
the VOC molar flow rates at the iniet and outiet of the reactor
(mol/s), C the coke content of the catalyst (g/gcy), and Wy,
is the weight of the catalyst (g).

(n

4 ! g g T d ) n LY TRPO) z
2.4. Characterizativi of Ci-250i-5

The catalyst samples were characterized for surface
area and pore size measurements using Quantachrome
Autosorb-1, metal loading using Shimadzu AA-6650 atomic

o

absorption spectroscopy. acidity via temperature  pro-
grammed desorption of ammonia (NH3-TPD) using Quan-
tachrome Chembet 3000 and crystallinity using Siemens
D2000 X-ray diffractometer. The amount of coke accumu-
lated on the catalyst was determined using Perkin-Elmer
TGA7 thermogravimetry analyzer. in which the previously
dried sample (at 105 °C for 2 h) was heated under pure oxy-
gen flow at 20ml/min to 700°C and the weight loss was
determined. The kinetic parameters were estimaied using
non-linear regression with Polymath software.

3. Modeling
3.1. Lumped coking deactivation model (LCDM)

This model lumps coke formed during VOC catalytic
combustion into single type. VOC catalytic combustion is
normally operated in an oxygen-rich environment and the
rate of coke formation is reported tn be organic concentra-
tion dependent but incepundent of oxygen partial pressure
[1.2]). Generally, coking rate progrez<ively decreases with
the decrease in the number of the available coking site [3,7].
The rate of coking is given as

dC Crmax — CV
9 gepr [——~"“ ] @
dr max

where k. is the coking rate constant (unit varies with m),
P, the VOC partial piessure, m a temperature-independent
parameter. C and Cpax the progressive and maximum coke
content, respectively, and f is the number of coking sites in-
volved in coking reaction. Since f should be a positive inte-
ge:. exper.mental data fitting by Eq. (2) was performed on
trial-and-error basis using y values between 1 and 4. The best
fit was obtained with the value of f = 2 for the coinbustion
of ethy] acetate and benzene.
The catalyst activity is defined as

a= % 3)
rvo

where r, and r,g are the reaction rates of VOC combustion

at time 1 and Oh, respectively. Assuming the total coke de-

posited on the catalyst is responsible for the loss of activity

and relation between a and C is represented as an exponen-

tial function:

C
a = exp [—kd ra ] (4)

max

where kg is the deactivation constant.

3.2. Monolayer—multilayer coking deactivation model
(MMDM)

This model considers coking to initiate on the acid site to
form the primary or monolayer coke [12]. Subsequent cok-
ing can cither form on the new (different) acid site or on the
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nrimary layer to form the secondary coke, normally in the
form of multilaver coke [8,9]. Both types of coke will cause
lhe masking of active metal sites for VOC combustion lead-
ing to deactivation and their relative concentrations depend
on the reactions leading to their formation. At high conver-
sion during carly hours on stream, coke forms rapidly on
acidic sites (monolayer coke) while high amounts of coke
precursors are formed [13). Simultaneously, the multilayer
coke grows in weak interaction with, and anchored i inono-
layer coke. Thus. total coke content is s

C=Cn+Cwm )

and the overall rate of formation is
dC _ dCn, L dCm
dr e dr

where Cg, and Cyq are the amount of monolayer and multi-
layer coke, respectively.

The rate ol menolayer coke formation is considered to be
a function of available coking sites on the primary catalytic
surface and is calculated from Eq. (7):

acC
—a”lﬂ = km(Cm‘mnx — Cm)h @)

where kq is the rate constant of monolayer-type coke for-
mation (gca/g h), Cm.max the maximum amount of coke in
monolayer, Cp,, the actual concentration of coke in the mono-
layer, and h is the number of active sites involved in the
cortrolling swep of coke formation. The rate of formation of
multilayer coke is normally a constant at a given tempera-
ture [91 and given by

’d—;:tﬂ = KM ' (®)

(6)

where xp is th: rate constant of maltilayzr coke formation.
By definition, A should be a positive inwcger and values for h
from 1 to 4 were tlested one by one. It was found that when
h = 2, the best fit of Eq. (9) as the product of integration of
Egs. (7) and (8) to the experimental data wrs obtained:

k:ntcm.max

1+ kot

According 1o the mechanistic model, only monolayer coke
will promote deactivation [7,8). However, expsrimental
activity—time results proved that activity decreases with
time, even after complete monolayer has been formed. This

suggests that multilayer coke also deactivates. Thus, the
activity is represented as

C=Cn+Cu= + kmt, k:n = Kk Cn.max &)

a=exp(—a;Cp, —a2Cs) (10)

where @) and @ are the two constants independent of tem-
perature.

P goe s n s M St e P
3.3 Hefelugeneuu.s Aulfucc LUI'\lus deuciiviitivie imovdel

(HSDM)

This model considers two types of active sites (S, and
S¢) present on the surface of the catalyst. The main reaction

occurs simultancously on both sites, but only onc of them
(S.) deactivated by coke {4]. Significant activity of organics
combustion over H-form zeolites (Y, ZSM-5 and mordenite)
has been reported by Fonseca et al. [14,15]. Generally, the
oxidation reactions were attributed to Brensted acid sites
on the zeolites. These acid sites are also identified as the
coking sites during reactions involving organics over zeolite
catalysts [12,16,17]. However, by incorporation of active
uicial spucics in zeoiitcs such as Pd [1,2], Cu [18,13) and Cr
{10,11] was reported to significantly improve the conversion
of organics. As such, it can be considered that the roles of
S, and S, sites in Cr-ZSM-5 are played by chromium sites
and Bronsted acid sites, respectively.

Al certain time, these sites deactivate, but the catalyst will
maintain a constant residual activity due to the main reaction
continuing to occur on the §; sites. Simultaneously, the rate
of coke formation over S sites will decrease as the rcaction
progresses. The rate of coke formation is defined as

dc

C q
& e | —
ar qCmax e [ Cmax] (1

where g is the number of chemisorbed molecules that react
to torm coke and Cpax IS uie maxunum coke content :nde-
pendent of monolayer or multilayer coke. The value of ¢
should be a positive integer and the best fit of Eq. (11) with
the experimental data was obtained when g = 2. ¢, is de-
fined as the intrinsic coking function, therefore in Eq. (11)
it multiplies the driving force for coking (1 — C/Cpax)-
The rate of deactivation is defined by

da

-3 = @i(a — a)¥ (12)

where g, is the deactivation function, a, the residual activity,
and y is the deactivation kinetic order.
The activity, a is given as

a=[x.o+(M)xco] (13
\ CT\HK

where x¢ and xg are the fractions cf sites S, and S, respec-
tively, in the fresh catalyst and z is number xof active sites
involved in controlling step in the main reaction mechanism.
It was found that the best fit of Eq. (13) to the experimental

data was obtained when z = 2. In Eq. (12), ¢, is actually a
function of ¢, according to

0a = 2 (E+ YA 2g (14)

where the value of y is given by

+g—1 |
y=(%) (15)

and £ is the ratio of initial rate of the main reaction over S,
sites (—rs,) to the initial rate of the main reaction over S
sites (—rs,) or

_ (=rs)o
(=rs.)o

3 (16)
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Fig. 2. Schematic diagram of coking mechanism by the three models
proposed.

The value of residual activity in Eq. (12) is determined as

g = ' (17,
£E+1

The mechanism of coke formation considered in each model

is schematically shown in Fig. 2.

4. Results and discussion
4.1. Characteristics of the catalysts

The characteristics of Cr-ZSM-5 catalyst -prepared are
shown in Table 1. Chemical and thermal treatment dur-
ing chromium exchange process resulted in some degree of
ZSM-5 framework defects as indicated by lower crystallinity
and reduced total surface and micropore areas. Tota! acidity
of zeolite~ iz mostly contributed by Lewis and Brgnsted acid
sites {20]. In chromium exchange process, the masking cf
some of these acidic sites by extraframework species [21,221
and unexchanged chroniia deposit coupled by the dehydrox-
ylation of Brensted acid sites [23] led to a decreased total
acidity. The defects created during chromium exchange pro-
cess increased the concentration of silanols group terminat-
ing the framework, and together with extraframework phase

Table |

Characteristics of Cr-ZSM-5 catalyst as compared 1o its parent Na-form
Characteristics Na-ZSM-5 Cr-ZSM-5
Swir (mi/g) 393 366
Micropore area (m?/g) 321 272
Mesopore area (m?/g) 72 94
Chromium loading (%) = 0.98
Crystallinity* (%) 100 96
Acidity (mmol NHa/g.,,) 0.18 0.14

“ Relative 1o parent Na-ZSM-5.

or silica—alumina debris, Lewis acid sites that were relatively
weaker than Bransted acid sites were created [22].

4.2. Deactivation parameters estimation
The Kinctic parameters lor cach model were determined

by minimizing the following objective functions:

n

b
f = E(chpcrimcnlal - Cpredictcd)- (18}
i=1
or
n
-
f= Z(flexperimemal — dpredicted) (19)

i=l
The estimated values of kinetic parameters for all three de-
activating models under consideration are summarized in
Table 2.

LCDM predicted more coke accumulation in ethyl ac-
etate combustion as indicated by higher value of Cpax. With
almost similar values of m, it can be concluded that both
organics had almost similar dependence of ¢oke accumula-
tion on {eed concentration. Meanwhile, significantly higher
value of kq witn ethyl acetate suggested that coke formed in
the combustion of thic organic had .nore deactivating effect
on the activity of Cr-ZSM-5 compared to benzere,

In agreement with experimental data, MMDM predicted
faster accumulation of coke with ethyl acclate as suggested
by ligher value of kp,. Bazed on the values of kp, it can be
conciuded thai the specific rates of formation of multilayer
coke were lower compared to that of monolayer coke with
about four and three orders of magnituge for ethyl acsuate
and benzeie, respeciively. Both organics gave higher val-
w2 of oy compared to a2. This result indicated that mono-
layer coke had more deactivating effect on th> activity of
Cr-ZSM-5. This is in line with the theory as monolayer
coke covers catalytic active sites renders them unavailable
for the main reaction. The Jeactivating effect of multilayer
coke could be as a consequence of diffusion limitation of
the reactants to certain active sites.

HSCM predicted that the initial site fractions (xg and
xc0) are independent of the type of organic feed. In addition,
the S sites predicted to be outnumbered by S, sites with a
ratio of about 2.4-1. This model also predicted more coke
accumulation in cthyl acetale combustion as indicated by
higher value of Cyay for this organic. In terms of residual
activity (ap), lower activity is expected in the combustion of
ethyl acetate compared to benzene. Based on the values of
&, it can be concluded that the combustion ol both types of
organic can take place on both sites. However, the role of S,
was more dominant especially with benzene where higher
value of £ was obtained.

The discrimination of various models has been carried
out using the statistical criteria (S.D. and coefficient of de-
termination, k%) backed with physical interpretation of the
estimated parameters. In the case where similar values of R2
are obtained, the model selection criteria (MSC) was used
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Table 2
Estimated values of kinetic parameters for each model
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Model Ethyl acetate Benzene
Parameter value S.D. Parameter value S.D.
LCDM? (o = 2.93 /gy haim™!? 0.22 ke = 2.25 g/gea hatm™ M 032
mo=0.12 0.008 m=0.14 0.03
Cunax = 8.89 x 1077 /gy 092 x 1077 Cenax = 7.95 x 1072 /ey 1.10 x 1072
ky = 0.12 0.01 ky = 0.06 0.02
MMDM" ke = 5.70 gealgh 0.85 ke = 2.52gca/gh 0.38
kv = 3.61 x 107! g/gea b 0.58 x 107* kv = 110 x 1073 g/g e h 022 x 107
Cononax = 9.07 x 107 glgey 1.67 x 1072 Conmax = 9.71 x 1072 /gy 0.86 x 1072
o) =230g./8 0.21 o = 1.02gcalg 0.14
[ 2 :‘0,81 Rea/g 0.11 ar =0.33 gal/g 0.05
HSDM¢ o = 0.68 0.08 xg = 0.74 0.09
tw =032 0.03 xe0 =026 0.02
Conax = 9.82 x 1072 /g, 1.02 x 102 Crnax = 8.84 x 1072 g/g. 0.92 x 1072
a, = 0.61 0.07 ar = 0.71 0.08
£=155 0.22 £E=240 0.25
4 Parameters estimated using f = 2.
P Parameters estimated using h = 2.
¢ Paramelers estimated using ¢ = 2 and z = 2.
[8). The MSC is computed as HSDM model as shown in rig. 5(a). With th.; modei, 5.2%
; A of the variance was observed. LCDM, on the other hand,
MSC = In Z:;'=I(Y obs; — Yobs) _2p (20) demonstrated negative deviation at lower time-on-stream

I Zj-:l(yobszcalci)z J

where j is the number of experimental points, p the number
of parameters and Yobs is the weighted mean of the experi-
mental observations. The MSC is uceful as it takes into ac-
court the number of parameters of a given model and there-
fore allows a comparison of diiferent mocels {8].

4.3. Comparison berween experimental and simulated
values

4.3.1. Coke formation profiles
The changes in the coke content with time-on-sueam for
the combustion of ethyl acetate was accurately predicted by

but were on positive sign at longer time-on-stream. De-
spite accurately predicting the coke content at longer
time-on-stieam, MMDM failed to predict the evolution of
coke during early hours on stream. LCDM and MMDM
predicted higher coke content at longer time-on-stream
than experimental values during the combustion of benzene
(Fig. 3(b)). HSDM predicted vaiues comparable with ex-
perimental values of coke content with high values of R?
among the three models proposed.

By lumping coking as a single process, LCDM faiied to
fit the experimental data probably due to insufficient sets
of parameter put into consideration. The breaking down
of coking process into mounoiayer and multileyer coke
formation by MMDM seemed to improve the data fitting

10 8
8 1 - p———
—_— —_ 6 .
S B3
ERrS 2 ]
8 4] 8 .
@ R L 5
= ©  Experimental data :cs' < Experimental data
~ LCDM (R=0.762) 2 LCDM (R=0.836)
21 ———- MMDM (R=0.924) === MMDM R’=0.902)
: ——-— HSDM (R'=0.968) HSDM (R*=0.942)
o &—— . . . . — 0¥ — . , . . ;
0 2 4 6 g 10 12 0 2 4 6 8 10 12
(a) Time on stream (h) (b) Time on stream (h)

Fig. 3. Evolution

of coke with time as predicted by the models and experimental data during the combustion: (a) ethyl acetate; (b) benzene at 400°C.
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with both cthyl acelate and benzene especially at longer
time-on-stream. Next, the combination of the driving force
for coking (i.e. 1 — C/Cnay) and coking function (pc)
in HSDM improved the fitting particularly with ethyl ac-
etate at earlier time-on-stream where rapid coke formation
occurred.

The rate of coke formation during early hours on stream
was associated with high concentration of S (or acid sites)

in a fresh catalysi. As time passed, some of these siies were

coked and coke formation gradually slowed down. The ac-
cumulation of coke on these sites was more active when"
ethyl acetate was used as feed and this was successfully
predicled by HSDM for both organics. The meodel alse pre-
dicted higher Cp« for coking by ethyl acetate reaction; the
situation which was closely related with the types, density
and coverage of coke formed.

4.3.2. Activity profiles

. The simulated activity data of Cr-ZSM-5 with time-on-
stream for the combustion of ethyl acetate using three mod-
els are shown in Fig. 4{a). Significant deviation at early

©  Experimental data

0.98 LCDM (R=0.788)
—=== MMDM (K'=0.767)
HSDM (R'=0.926)
S 0.96
3
=
5
< 094 - S
e et
092
090 - r r . r r .
0 2 4 6 8 {0 12
(a) Time on stream (h)

time-on-stream for all three models was noted but in gen-
eral, HSDM predicted the experimental data well. At longer
time-on-stream, the activity was under predicted by LCDM
but over predicted by MMDM. In the casc of benzene com-
bustion, LCDM and MMDM failed to satisfactorily pre-
dict the activity of Cr-ZSM-5 especially at longer hours of
time-on-stream (Fig. 4(b)).

Cr-ZSM-5 demonstrated faster activity drop during the
conivusiion of cthyl acetate during carly hours on stream
compared to benzene. This phenomenon was ascribed 1o the
masking of S sites by coke compounds. Since the activity
of ethyl acelate combustion was relatively higher than that
of benzene on S, site< (based on values of § in HSDM),
the disappearance of these sites had deactivating effect of
higher magnitude on the combustion of ethyl acetate. The
lower value of £ in the combustion of ethyl acetate also
explained relatively lower residual activity achieved in the
process compared to that of benzene. Near complete deac-
tivation was not achieved in this study due to high inital
concentration of S, (or xy,) which constituted about 70% of
total active sites for erganic combustion
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Fig. 4. Activity of Cr-ZSM 5 as predicted by the models ana experimental data during the combustion: (a) ethyl acetate: (b) benzene at 400°C.
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Fig. 5. Profiles of activity with coke content of Cr-ZSM-5 as predicted by the models and experimental data during the combustion: (a) cthyl acelate:

(b) benzene at 400°C.
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Table 3
Model selection criteria (MSC) valves of MMDM and HSDM
Model - Model selection criteria

Ethy} acetate Benzene
MMDM 0.72 0.46
HSDM 0.88 0.59

4.3.3. Activity—coke profiles .
The profiles of activity against coke content for ethy

acetate and benzene are as shown in Fig. 5(a) and (b), re-
spectively. The three models proposed were used to predict
aclivity against total coke content data. LCDM showed clear
negative deviation at higher coke content while MMDM
and HSDM both gave better predictions for ethyl acetate.
With benzene, HSDM showed slightly better fit compared
to MMDM. Since both MMDM and HSDM gave predic-
tions comparable to the experimental data, model selection
criteria (MSC) was performed on the two models. Table 3
shows the comparison of the two models using model se-
lection crit~ria for both ethyl acetate and benzene. It is clear
from the table that HSDM was slightly better than MMDM
in describing the relation between activity and coke content
with higher values of model selection critzria for both ethyl
acetate and benzene.

5. Conclusions

Deactivation by coking of Cr-ZSM-5 during the com-
bustion of VOC can be modeled by separating the inter-
related coke formation function and the deactivation func-
tion. Heterogeneous surface deactivation model (HSDM)
was found to satisfactorily fit the experimenial data with
meaningful physical interpretation of the kineti~ param-
eters. The model predicted progressive coke content and
activity with time-on-stream and demonstrated best fit
of activity—coke content orofile for hotii ethyl acetate
and benzene. In line with experimental observations, this
model predicted faster activity drop with lower residual
activity during the combustion of ethyl acetate. Com-
bustion reaction of ethyl acetate and benzene could take
place over both coking sites (S;) and metal sites (S;) but,

the role of §; was more dominant especially in benzene
combustion.
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