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Abstract

The alkylation and disproportionation of ethylbenzene (EB) in the presence of aromatios kel p-xylene isomers have been studied
over a pore-size regulated HZSM-5 catalyst. The industrial feed having different compositions of ethylbenzene and xylene isomers were used
for the experimentation. Hence, they were expected to hinder the movement of reactant molecules both on the external surface and within
zeolite channels. It was observed that irrespective of the different feed compositions the concentration of the xylene isomers were intact in the
product. There is no other byproducts formation likethylmethyl benzene. The effect of varying the concentration of aromatic compounds
in the feed on ethylbenzene conversion and product distribution over the parent and modified HZSM-5 catalyst have been discussed. The
effect of catalysL/D (length of the catalyst bed/inner diameter of the reactor) ratio across the reactor on the ethylbenzene conversion and
selective formation op-diethylbenzene-DEB) is also discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nigue. This approach has opened up a new domain, “precise
pore-size control” which can be used to design a zeolite for a
Selective disproportionation of ethylbenzene produces specific applicatioid—6]. Presentlyp-DEB is produced ei-

commercially importanp-diethylbenzenept DEB). p-DEB ther by separation from mixed isomers of DEB or by alkyla-
is used as a desorbent in the separatiop-g&flene from tion or by disproportionation of EB on selective zeolites. The
Cg aromatics mixturdl]. As the purity ofp-DEB required latter process is the most convenient and economical one.

for this application is very high (>95%), selective dispro- Selectivation of zeolites is carried out through CVD of sili-
portionation can be used as a direct single-step process taon containing compounds suchasho-silicates onto high
produce the chemical of desired purity. silica zeolites such as ZSM-5. Though this method is very
A unique feature of HZSM-5 zeolite is its shape selectiv- good, it has certain deficiencies and practical problems. Al-
ity which has been effectively made use of in various pro- ternatively, liquid phase deposition (LPD) oftho-silicates
cesses like xylene isomerisation, benzene alkylation, toluenecan also be done, since this requires much lower temperature
disproportionation, etf2]. The shape selectivity of the zeo- and the scale up of the liquid phase reaction is much easier
lite can be further enhanced by treating with suitable modi- than that of CVD. A lot of reports are present in literature on
fying agents and used for the synthesis of very high purity the use of CVD modified catalysts for reactidiis12], but
p-dialkylbenzenes via monoalkylbenzene alkylat{8h A there are very few references on the use of LPD modified cat-
new dimension in zeolite modification has emerged with the alysts[13—-16] During alkylation only part of ethylbenzene
recent efforts on fine tuning of pore opening of HZSM-5 zeo- was alkylated and unconverted ethylbenzene required sep-
lite by means of the chemical vapour deposition (CVD) tech- aration from the product mixture which consist of diethyl-
benzenes and other aromatics in order to recycle it back into
mspondmg author. Tels91-20-5893300x2011; _the reactor. During separation th_ere was _always a possipil-
fax: +91-20-5893761. ity of ethylbenzene being contaminated with other aromatic
E-mail address: bokade@cata.ncl.res.in (V.V. Bokade). products of alkylation in order to convert these contaminated
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ethylbenzene to some valuable product ikBEB. In view reaction the catalyst was activated at 773K for 10 h in air
of this, the present work was aimed at studying the effect of to drive off moisture and adsorbed hydrocarbon, if any. The
the presence of various compositions of ethylbenzene on itsreactant of different compositional xylene mixed EB feed
alkylation and disproportionation over pore-size controlled for disproportionation and blend of theses xylene mixed EB
HZSM-5 zeolite. The catalydt/D (length of the catalyst feed with ethanol for alkylation, were fed through ISCO,
bed/inner diameter of the reactor) ratio were also studied in USA syringe pump into the reactor at the desired reaction
view of the maximum reactor efficiency with respect to EB temperature.
conversion ang-DEB selectivity.

In this paper, we report the use of LPD modified ZSM-5
zeolite for .th'e alkylation and disproportiona}tion of mixed 4 product analysis
feed containing EB, probably for the first time. Hence, a

new liquid phase method is developed, in which the silicon  he liquid products of EB alkylation and disproportion-

deposition is carried out in the liquid phase. In this paper, aiion were analyzed in a HP6890 Series, using flame ion-
(1) silica deposition and its effect on activity and selectiv- ,ation detector (FID), in the presence of nitrogen as a car-
ity of HZSM-5 catalyst, (1) the influence of various com-  yier gas. The DBWAX capillary column was used for the
positions of ethylbenzene feed viz. 64% EB and 36% Xy- gnalysis. The gaseous products were analyzed in a Chemito
lene isomersytxylene: 8.24%mrxylene: 20.41%o-xylene: Gas Analyzer 1000 Series, using temperature control detec-

7.35%), 70% EB and 30% xylene isomepsdylene: 6.87%, o (TCD). The Spherocarb column of 8in. lengthl/8in.
m-xylene: 17.01%gp-xylene: 6.12%), and 95% EB and 5%  §iameter was used for the analysis.

xylene isomersg-xylene: 1.15m-xylene: 3.85%) on alky-
lation and disproportionation reactions and (lIIl) the catalyst
L/D ratio on EB disproportionation over pore-size regulated

HZSM-5 catalyst, are reported. 5. Result and discussion

5.1. Catalyst characterization

2. Material d method
aterials and methods The XRD patternsKig. 1) of the parent and modified

NaZSM-5 catalyst with Si@/Al,0; ratio of 250 was syn- silylated HZSM-5 zeolites indicate that the structure of the

thesized as per the established procedirgkand analyzed zeolite remained intact after the silylation. 'I_'hus, _silylation
by XRF. The hydrogen form of the sample was obtained by affech only the external surface of the zeolite, without de-
ammonium exchange with 1 M ammonium nitrate solution stroying the parent HZSM-5 structure.
followed by drying and calcination at 823 K. The calcined
samples were refluxed in a mixture of 20% TE@35%
MeOH + 45% toluene at 353K for 12 h. Methanol, used (a)
since on acid sites, generates dimethyl ether and water whiclr __ HZSM-5 (parent)
helps in the hydrolysis of TEOS at 353K. After 12h, the @
sample was washed to remove any loosely adsorbed TEOS
on the surface and dried in an oven for 2 h at 393K and cal- ~
cined at 823K to obtain 4% silica deposited on the sample. Z‘
The same procedure was repeated twice and three times t
obtain samples with 8% and 12% silica loading.

The weight of silica deposited was obtained by the for- €
mula: [(weight of the sample after silylation — weight of the

ntens

sample before silylation)/weight of the sample before sily- 10 20 %0 10 %0
lation] x 100. (b)
The catalysts were characterized by XRD for crystallinity HZSM-5TS

and TPD of ammonia for acidity.

3. Experimental procedure

The ethylbenzene alkylation and disproportionation reac-
tions were carried out in a8cmi.d. x 30 cm length, having
a volume of 30 cc, glass continuous down flow fixed bed re- ' T j T j T j T ' T
actor, at atmospheric pressure. Each experiment was carrieu
out with a 2 g of fresh catalyst sample. Before the start of the Fig. 1. XRD pattern of parent and modified HZSM-5 catalysts.

Intensity (CPS)
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Fig. 2. TPD of parent and different silylated HZSM-5 catalysts.

The NHsTPD spectra of the parent and modified silylated and 21.98%, respectively. The apparent increase in acidity
HZSM-5 catalysts are shown iRig. 2, and the amount of  of the lanthanum exchanged catalyst may be due to the in-
desorbed ammonia (total acidity) and decrease in acid sitesteraction of the ammonia with lanthanum itself.
concentration after modification are summarizedable 1
The TPD profile consists of two peaks—one at low temper-
ature and the other at high temperature—corresponding to . ) _ )
weak and strong acid sites. There is a decrease in the amour: P& formance comparison with and without pore-size
of both weak and strong acid sites on silylation. The single, "égulation
twice and thrice cycle silylation for HZSM-5 catalyst led to

a decrease in the concentration of acid sites by 23.64, 42.78 A comparison of the performance of HZSM-5 zeolite with

and without pore-size regulation for the ethylbenzene dis-
proportionation as a test reaction is presentedable 2
Each reaction was carried out for a period of 5h on stream.
The stable fourth hour data are included in all the tables for
comparison. The catalyst was observed to be stable for a
S.no.  Catalyst Total aclidity Decrease pf acid sites period of 5 h, without any coke formation.

(mmolg™) ?:;ﬁgg:;'g?;;ter The change in reduction of pore opening size after sily-

lation was monitered by a xylene mixed EB disproportion-

Table 1
Total acidity of the samples investigated

1 HZSM-5 (Parent) 0.423 - . . Th . . .

5 HZSM-5-FS 0323 23.64 ation reaction. The reactant mixture containing maximum

3 HZSM-5-TS 0.242 42.78 xylene isomers (64% EB and 36% xylene isomers) was used
4 HZSM-5-LTS 0.330 21.98 for the reaction. The pore-size regulated zeolite exhibited

HZSM-5-FS: first silylated; HZSM-5-TS: twice silylated; HZSM-5-LTS: enhanced para selectivity Of_ 86.43% at the conversion level
twice silynated and lanthanum exchanged. of 16.84%. Benzene formation was also lower than that on
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Table 2

Performance comparison with and without pore-size regulation = 100
< —~
Product composition (%) HZSM-5 Pore-size regulated % 80
catalyst HZSM-5 catalyst (8%) 2 60 7
= ——EB conv.
Benzene 6.77 3.26 S 40 A —=—p-DEB sel.
Toluene 1.07 1.10 o
Ethylbenzene 49.98 53.22 $ 207 TTT———
3" Xylenes 36.44 36.00 0 . . .
p-DEB 1.89 5.54 0 4 8
m-DEB 3.76 0.43 % silica deposition
0-DEB - -
> " DEB 5.65 6.41 Fig. 4. Effect of silica deposition on ethylbenzene disproportionation.
Performance
EB conversion 21.90 16.84
p-DEB selectivity 33.45 86.43

respectively, with increased silylation from 0 to 8%. In the
Reactions conditions: temperature 583K; LHSV 11; feed xylenes mixed case of EB alkylation with ethanol, the negligible amount of
EB feed (64% EB and 36% xylene isomers). The stable fourth hour ethylene by dehydration of ethanol was observed in the gas
data are included in the Table. EB conversion (%): [(EB in fee&B product. It is reported that, the water formed during the EB
gro?jrl?gtgtg(EEBBis”;n:i?g)i]nxprlt?;tc%}?ElEz)os.eleCtMty (%): [o-DEB in alkylation, prolong the life of the catalyst, without affecting
the catalyst activity11]. These results can be explained on
. ] ] the basis that, in the beginning, silica covered only the cat-
the unmodified zeolite. The literatufes] reported that, the 5 4ic sites located on the external surface, thereby reducing
deposition of silica narrows the pore opening size and si- \he conversion slightly. With increase in silica deposition,
multaneously, deactivates the external surface, because thg,qo pore openings narrowed and the silica layers covered
inert silica coats the external surface. The para selectivity is 5| the external surfaces. Due to this, the diffusional con-
enhanced either by narrowing the pore opening size or by giraints on the reactant and product increased. EB conver-
inactivation of the external surface. This modification by sil- 51 decreases while the para product increases as the iso-
ica deposition creates additional diffusional constraints for .,arization on the external surface decreases. The para iso-
the reactant molecule. mer formed selectively inside ZSM-5 channels, while iso-
merization proceeded just on the external surfaces and the
improvement in para selectivity by the modification was due
7. Para selectivity and silica deposition to the inactivation of the acid sites on the external surfaces
[19]. In contrast, the improvement in para selectivity by the
The effect of progressive silylation (extent of pore-size modification of HZSM-5 with oxides was due to the sup-

regulation) on EB conversion and selectivitieptDEB, by pression of the isomerization of the primarily produced para
ethylbenzene alkylation and disproportionation, are reported jsomer[20]. It has also been reported that selective poison-
in Figs. 3 and 4respectively. ing of the external surface of zeolite crystallites will im-

As the % Silylation increases from 0 to 8%, the EB con- prove the Shape Se|ectivity of the para isortm]_ In the
version was observed to decrease from 21.53 to 18.22% anq)resent case, the EB a|ky|ation and disproportiona’[ion were
from 23.09 to 16.75%, for EB alkylation and disproportion- opserved to be the well comparable reaction routes, in or-
ation reactions, respectively. TpeDEB selectivity was ob- der to get maximunp-DEB selectivity. The presence of xy-
served to be increased with increase in % silylation. The |ene isomers was intact in the product. These observations
p-DEB selectivity increased from 41.03 to 87.36% and from 3|so concluded that, the present catalyst could withstand its
42.44 to 86.44%, for EB alkylation and disproportionation, activity, without forming any byproduct ||ke_ethy|methy|

benzene from xylene isomers. The optimum silica depo-
sition on HZSM-5 catalyst was 8%, as 12% silica depo-

100 - sition further lower down the ethylbenzene conversion by
S 80 marginally increasingp-DEB selectivity (not shown). The
° further experiments were carried out on 8% silica deposited
g 607 HZSM-5.
e ——EB conv.
g 401 —=—p-DEB sel.
S 20 A —— - ) o )

8. Effect of different compositions of xylene mixed
0 0 ' 4 ' 8 ' ethylbenzene feed on catalytic activity

o il .
% silica deposition The experiments were carried out for the different feed

Fig. 3. Effect of silica deposition on ethylbenzene alkylation. compositions of EB and xylene isomers viz., 64% EB and
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Table 3
Effect of feed composition for EB alkylation
GC product distribution (wt.%) Catalyst | Catalyst I Catalyst Il
Feed | Feed Il Feed IlI Feed | Feed Il Feed IlI Feed | Feed Il Feed IlI

Benzene 3.57 5.03 4.88 4.96 2.86 4.54 3.43 1.77 2.82
Toluene 0.95 0.86 0.59 1.17 0.78 0.12 1.15 1.02 0.19
Ethylbenzene 50.22 56.64 82.32 51.77 57.85 84.78 52.34 59.62 84.55
> Xylenes 33.40 28.54 4.25 32.89 29.67 2.69 33.53 27.91 3.65
>~ C9Aromatics 0.70 0.37 - 0.81 - - 0.74 0.97 0.17
m-DEB 5.82 4.22 3.82 2.68 2.34 1.99 1.06 0.92 0.45
p-DEB 4.05 3.56 3.80 4.82 5.98 5.25 7.33 7.22 7.72
HBF 1.06 0.69 0.34 0.53 0.52 0.53 0.42 0.57 0.37
Performance

EB conv. 21.53 19.08 13.34 19.10 17.36 10.75 18.22 14.82 11.00

p-DEB Sel. 41.03 45.76 49.86 64.26 71.87 72,51 87.36 88.69 94.49

Reactions conditions. temperature 598 K; LHSV 2.5, mole ratio (aromatics/EtOH= 4/1); catalyst I: 0% silylated HZSM-5 (plane); catalyst II: 4%
silylated HZSM-5; catalyst Ill: 8% silylated HZSM-5; feed I: 64% ethylbenzen86% xylene isomers; feed Il: 70% ethylbenzene30% xylene
isomers; feed Ill: 95% ethylbenzenre 5% xylene isomers; HBF: higher boiling fractions.

36% xylene isomers, 70% EB and 30% xylene isomers, m-xylene can diffuse inside the pore only to a negligible ex-
and 95% EB and 5% xylene isomers feed. All these feed tent[22]. The presence gf-xylene in the feed may hinder
compositions were tested for the different % of silylated the movement of ethylbenzene inside the channel, which de-
HZSM-5 catalysts. The results are tabulatedTables 3 creases the yield g DEB. This was observed in the present
and 4 for EB alkylation and disproportionation reactions, case.
respectively. In the case of EB disproportionation, as the % silylation
In the case of EB alkylation, as the % silylation of the on HZSM-5 catalyst increases, the decreasing trend of EB
catalyst samples increases, the decreasing trend of EB coneonversion and increasing trend mDEB selectivity were
version were observed for all the studied feed composi- observed with all the studied feed. The 95% EB feed, has
tions. The EB feed containing maximum xylene isomers shown a maximunp-DEB selectivity of 94.88% (over 8%
(64% EB and 36% xylene) has shown more EB conver- silylated HZSM-5 catalyst) as against 88.74%, with maxi-
sion. It is reported that, as the ethylbenzene to alcohol ra-mum xylene containing EB feed over the same catalyst, at
tio increased, the ethylbenzene conversion decreased. Ethyla lower conversion level of 4.66% as compared to 12.75%
benzene conversion and the yield@DEB increase with for maximum xylene mixed feed. The activity trends of EB
the enhancement im-xylene concentration. The alcohol alkylation and disproportionation were observed to be sim-
available for alkylation is found more inside the channel as ilar. The presence aftxylene, which cannot diffuse inside

Table 4
Effect of feed composition for EB disproportionation
GC product distribution (wt.%) Catalyst | Catalyst I Catalyst Il
Feed | Feed Il Feed IlI Feed | Feed Il Feed IlI Feed | Feed Il Feed IlI

Benzene 3.47 4.69 3.75 3.28 3.68 3.24 3.80 3.6 2.36
Toluene 0.49 0.81 0.13 0.32 0.89 0.14 0.55 0.66 0.12
Ethylbenzene 53.90 59.89 87.28 55.41 60.80 89.00 55.84 61.53 90.57
> Xylenes 36.00 27.68 5.21 34.82 30.45 5.23 34.89 28.39 5.14
>~ C9Aromatics 0.25 0.22 - 0.51 - - 0.17 0.42 -
m-DEB 3.13 3.50 1.79 2.44 1.35 0.39 0.52 0.54 0.09
p-DEB 2.36 2.65 1.49 3.01 2.47 1.62 4.10 4.64 1.67
HBF 0.37 0.53 0.32 0.21 0.36 0.37 0.13 0.22 0.05
Performance

EB conv. 15.78 14.44 8.13 13.40 13.14 6.31 12.75 12.11 4.66

p-DEB Sel. 42.98 43.09 45.42 55.20 64.66 80.50 88.74 89.57 94.88

Reactions conditions: temperature 598K; LHSV 2.5H; catalyst I: 0% silylated HZSM-5 (plane); catalyst Il: 4% silylated HZSM-5; catalyst 1Il: 8%
silylated HZSM-5; feed I: 64% ethylbenzene 36% xylene isomers; feed Il: 70% ethylbenzene30% xylene isomers; feed lll: 95% ethylbenzene
+ 5% xylene isomers.
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the pore of modified HZSM-5, mainly acts as a diluent.
The p-xylene inside the pore may create more hindrance to
p-DEB, which decreases theDEB selectivity.

9. Effect of catalyst L/D ratio

The effect of catalydt/D (length of the catalyst bed/inner
diameter of the reactor) ratio was studied by using the same
reactor as mentioned above. The EB disproportionation route
was used to study this effect, as this route has shown sim-
ilar activity as compared with EB alkylation route and this
route is more difficult than the alkylation route. The maxi-
mum xylene (36%) containing EB feed was used, in order
to see the effect of xylene presence with the increase in
catalystL/D ratio. The catalyst bed was varied in the reac-
tor from 2 to 10g, which corresponds to the cataly4D
ratio of 1.29-3.89. The fresh catalyst was loaded for each
experiment. Then each reaction was carried out at identical
reaction conditions of 583K and LHSV of th, in order
to establish similar reaction environment and activity com-
parison inside the reactor. The reactions were carried out
at lower operating conditions to get better experimental re-
sults in the kinetic control regime. The results are tabulated
as Table 5 The fourth hour stable data were used for the
comparison.

The increasing trend of EB conversion from 15.45 to
21.09% was observed with increase in catalydd ratio
from 1.29 to 3.11 and decrease in EB conversion was ob-
served at catalydt/D ratio of 3.89. In the present case, the
catalystl /D ratio of 3.11 was observed to be optimum. The
p-DEB selectivity was observed to be identical at around
90%, for all the catalysL/D ratio. This catalyst./D ratio

study helps for further reactor design, process scale up, cat-

alyst diffusion study, etc.

Table 5
Effect of catalystL/D ratio on reactor efficiency

GC product distribution (wt.%) L/D

129 156 233 311 389

Benzene 296 235 407 470 313
Toluene 1.02 098 114 119 101
Ethylbenzene 54.11 52.96 51.48 5050 52.09
> Xylenes 36.63 36.92 36.20 35.93 36.46
>~ C9Aromatics 039 024 046 0.27 0.66
m-DEB 037 062 062 068 051
p-DEB 449 593 572 6.01 577
HBF — - 0.11 026 0.22
Performance

EB conv. 1545 17.23 19.56 21.09 18.6

p-DEB Sel. 92.29 90.53 90.16 89.81 91.92

Reaction conditions: temperature 583K; LHS\&= 1h~1; feed 64% EB;
36% xylene isomers;catalyst 8% silylated HZSML5is the length of the
catalyst bedD is the inner diameter of the reactor.
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10. Conclusion

The effect of % silylation on HZSM-5 catalysts for the
alkylation and disproportionation reactions by using vari-
ous compositional xylene mixed ethylbenzene feed, are pre-
sented. Thep-DEB selectivity was observed to be maxi-
mum with 95% EB feed by EB disproportionation (94.88%)
and by EB alkylation (94.49%). The EB conversion was ob-
served to be 11.00 and 4.66%, for EB alkylation and dispro-
portionation, respectively. The presence of xylene isomers
in the feed, does not lead to any byproduct formation like
p-triethylmethyl benzene. The presencenekylene in the
feed enhances the EB conversion, both by alkylation and dis-
proportionation route, as only negligible amountekylene
can diffuse inside the pore. This increases the EB and alco-
hol concentrations inside the catalyst pore. The presence of
p-xylene was observed to have adverse effect orptb&EB
selectivity. This may be due to the hindrance peDEB to
come out of the pore.

The effect of catalyst/D ratio was also studied, in or-
der to study the reactor efficiency with respect to catalyst
volume. The maximum xylene (36%) containing EB feed
by EB disproportionation route was used, in order to see
the effect of xylene presence with increase in the catalyst
L/D ratio. The present study observed that the reactor of
30cc volume require cataly$t/D ratio of 3.11, in order
to get maximum catalyst as well as reactor efficiency. This
study will also help to design the reactor, process scale
up, etc.
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