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Abstract

The industrially important cymene synthesis was carried out by toluene isopropylation over cerium-exchanged NaX zeolite. The modification of
NaX zeolite by cerium exchange was found to enhance the catalytic activity of the zeolite to a considerable extent. The reactions were carried out
in a fixed-bed flow reactor at atmospheric pressure with nitrogen as the carrier gas. The reaction conditions were optimized by varying temperature,
reactants mole ratio and space-time. It was observed that in the isopropylation of toluene, the isopropyltoluene fraction contained bothpara and
meta isomers. There was noortho-cymene in the product stream. Alkylation studies at 433–513 K showed a decrease inp-cymene selectivity with
increase in reaction temperature and increased formation of diisopropyl toluene at lower temperature. A systematic and detailed kinetic study
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was carried out for the alkylation reaction. From the product distribution pattern, a kinetic model for the reactions was proposed by
Langmuir–Hinshelwood approach. The kinetic and adsorption parameters of the rate equation were determined by non-linear regress
The apparent activation energy for the main reaction was found to be 48.12 kJ/mol.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Alkylation of toluene with isopropyl alcohol to produce
cymenes is an industrially important reaction. Cymenes, spe-
cially the para and themeta isomers, are important starting
materials for the production of a range of intermediates and end
products, such as cresols, fragrances, pharmaceuticals, herbi-
cides, heat transfer media, etc.[1–3]. Cymenes can be produced
by alkylation of toluene with either propylene or isopropyl alco-
hol. A variety of Friedel–Craft catalysts, such as FeSO4-HCl,
AlCl3, BF3 or H2SO4 have been used for toluene isopropylation.
However, over these catalysts, the proportion of the undesired
ortho isomer is up to 5% and multialkylation cannot be pre-
vented.

Besides the homogeneous Friedel–Craft catalysts, the solid
acid catalysts are also used to producep-cymene via alkylation
of toluene with isopropyl alcohol[4–12]. This helps eliminate
the corrosion and waste disposal problems associated with con-
ventional Friedel–Craft catalysts. In 1989, Fraenkel and Levy
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[5] studied toluene isopropylation with isopropyl alcohol on p
tonic forms of medium pore zeolite ZSM-5 and large pore ze
Y and proposed a reaction mechanism. Parikh et al.[6,7] stud-
ied the same reaction over zeolites having varying pore sys
crystal size and silylation extent and proposed a more rea
mechanism on Al-ZSM-5. In 1994, Cejka et al.[8] investigated
the factors controllingiso-/n- andpara selectivity in the alkyla
tion of toluene with isopropyl alcohol over molecular sieve
varying acidity (Al- and Fe-silicates) and structural type (Y, m
denite and MFI structure). The effect of zeolite structural
on n-propyl toluene formation during C3-alkylation of toluene
had also been reported[9]. Reddy et al.[10] studied toluene iso
propylation and reported selective formation of cymenes
large pore zeolites. Witchterlova et al.[11] investigated th
selective formation ofp-cymene on Al and Fe silicates. Medin
Valtierra et al.[12] studied thepara selectivity in the alkylation
of toluene with isopropyl alcohol on MCM-41/�-Al2O3 cata-
lyst. There is, however, no information in the literature on
use of more versatile zeolite X for cymene synthesis. More
replacement of Na ions of synthetic zeolites (e.g., X and Y)
polyvalent cations from rare earth metals (La, Ce, etc.) has
reported to give materials of superior catalytic activity[13–16].
It was, therefore, thought desirable to investigate the kineti
1385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2005.08.014
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Nomenclature

A isopropyl alcohol
DIPT diisopropyl toluene
F total feed rate (kgmol/h)
IPA isopropyl alcohol
k1 kinetic constant (kgmol/kg atm2 h)
mcy m-cymene
P total pressure (atm)
pcy p-cymene
pA partial pressure of IPA (atm)
pmcy partial pressure ofm-cymene (atm)
ppcy partial pressure ofp-cymene (atm)
pT partial pressure of toluene (atm)
T toluene
τ space-time of isopropyl alcohol (kg h/kgmol)
XA fractional IPA conversion
Xexp experimental fractional conversion of IPA
Xmcy mole fractional ofm-cymene
Xpcy mole fractional ofp-cymene
Xpred predicted fractional conversion of IPA
W mass of the catalyst (kg)
W water

this commercially important reaction over zeolite NaX modified
by exchanging sodium ions with cerium ions.

2. Experimental

2.1. Materials

The NaX zeolite used in the present study was obtained from
S. D. Fine Chemicals Pvt. Ltd., India. It was in the form of
1.5 mm extrudate. Isopropyl alcohol (IPA) and toluene used in
this study were of ‘Analytical Reagent’ grade. Isopropyl alcohol
was obtained from Qualigens Fine Chemicals, Mumbai, India
and toluene from S. D. Fine Chemicals Pvt. Ltd.

2.2. Catalyst preparation

The NaX zeolite was first dried to remove moisture and
kept ready for cation exchange. The catalyst particles were firs
refluxed with 2% NH4NO3 solution for 6 h, for three times, each
time with a fresh 2% NH4NO3 solution with subsequent calcin-
ing of the particles at 623 K in between. The catalyst particles
thus obtained after a total of 18 h heating and containing abou
5–6% of Na (determined by flame photometer) were boiled with
a required percentage of cerium ammonium nitrate solution fo
about 16 h, thereby modifying the HX zeolite[17]. This was
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2.3. Determination of cerium in the exchanged catalysts

Accurately 2 g of freshly calcined catalyst containing cerium
was taken in a conical flask and digested with concentrated HCl
for about an hour. The digested material was then diluted with
distilled water and filtered through a filter paper. The filtrate
containing the cerium in solution was transferred to a 500 mL
beaker, and its volume was raised to about 250 mL by adding
distilled water. To this solution, 50 mL of saturated oxalic acid
solution was added, which gave rise to a white precipitate of
cerium oxalate. The precipitate was filtered through a Whatman
no. 40 ashless filter paper and was thoroughly washed with dis-
tilled water. The white precipitate along with the filter paper
was then ignited over a previously weighed silica crucible at
1173± 10 K to a constant weight. On heating, cerium oxalate
was converted to Ce2O3. The percentage of cerium was then
calculated from the weight of Ce2O3 [18].

2.4. Temperature-programmed desorption (TPD) of
ammonia

Ammonia TPD of the modified catalysts was performed in
a CHEM-BET 3000 instrument (QuantaChrome, USA). In a
typical experiment, 0.1 g of the powdered catalyst sample was
taken inside a quartz “U” tube and degassed at 723 K for 1 h
with helium gas flow followed by cooling to low temperature
( onia
i ed
o osely
a e cat-
a and
k . The
s rate
o TCD
a

2

bed,
c ubu-
l was
fi at its
o and
i 3 kg
o inert
b mea-
s from
t t was
a the
e xture
w por-
i ctant
v . The
p ensed
i lyzed
i
c tion-
then dried and calcined at 623 K and ready for use in the reac
The X-ray diffraction pattern of the Ce-exchanged NaX zeol
exactly matched with that of the virgin NaX zeolite, indicatin
no structural change during ion exchange. Catalysts treated w
2, 5, 7, 10 and 12% cerium nitrate solutions were designated
CeX2, CeX5, CeX7, CeX10 and CeX12, respectively.
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∼303 K). The gas flow was then changed to 1 mol% amm
n nitrogen for 1 h. After this, the helium gas flow was resum
nce again for 30 min at the same temperature to remove lo
dsorbed ammonia molecules from the catalyst surface. Th
lyst sample was then heated to 373 K under helium flow
ept at that temperature until the steady state was attained
ample was then heated from 373 to 1173 K at a heating
f 10 K/min. The desorbed ammonia was detected by a
nalyzer.

.5. Experimental procedure and product analysis

The catalytic experiments were carried out in a fixed-
ontinuous down-flow cylindrical stainless steel (SS 316) t
ar reactor (0.025 m i.d. and 0.33 m in length). The reactor
tted with a preheater in the upstream and a condenser
utlet. The reactor was heated electrically from outside

nsulated to prevent heat loss. In a typical run, about 0.0
f catalyst was loaded into the reactor and supported by
eads on either side of the bed. The bed temperature was
ured by a thermocouple placed in a thermowell extending
he top of the reactor to the centre of the bed. The catalys
ctivated ‘in situ’ for 6 h in an atmosphere of nitrogen before
xperimental runs were started. The aromatic–alcohol mi
as introduced with the help of a metering pump and va

zed in the preheater before contacting the catalyst. The rea
apors alongwith nitrogen entered the reactor from the top
roduct vapors, along with unreacted reactants, were cond

n the condenser and the liquid samples collected were ana
n a gas chromatograph unit fitted with a 4.2 m× 3.2 mm SS
olumn containing Benton 34 and 7% dinonyl phthalate sta
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ary phase on Celite-545 solid support using a flame ionization
detector (FID). The material balance was checked and it was
>97%.

The term ‘conversion’ of IPA used in the kinetic studies is
defined as:

IPA conversion (%)

= moles of IPA consumed per unit time

moles of IPA fed per unit time
× 100

The terms toluene conversion, cymene selectivity,p-cymene
selectivity are defined as follows:

toluene conversion (%)

= toluene in feed-toluene in product

toluene in feed
× 100

cymene selectivity (wt%)

= cymenes in product

total aromatics (excluding toluene) in product
× 100

p-cymene selectivity (wt%)

= p-cymene in product

total aromatics (excluding toluene) in product
× 100
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Fig. 1. Effect of cerium content on toluene conversion. Conditions: tem-
perature 493 K; pressure 1 atm; toluene to IPA mole ratio 6:1; space-time
22.9 kg h/kgmol; nitrogen to feed ratio 0.5.

sites. The profiles indicate that the catalysts contain mainly two
types of acid sites of different strengths. The strengths of the
acid sites increase with Ce-exchange as the desorption peaks
shift gradually towards the higher temperatures with increas-
ing cerium content of the catalysts. Moreover, the number of
acid sites also increases as the peak area increases with Ce-
exchange. The increase in catalytic activity is, therefore, due to
the increase in both quantity and strength of the acid sites by
cerium exchange. As CeX10 catalyst gave highest conversion
compared to others, it was used for further study of the alkyla-
tion reaction.

3.2. Time on stream behavior of CeX10

The stability of Ce-modified NaX zeolite was tested for about
3.5 h time on stream at 493 K and atmospheric pressure. The

F rious
c

. Results and discussion

.1. Effect of cerium loading on toluene conversion

NaX zeolite was treated to exchange its sodium ions
erium ions. This exchange was carried out with cerium ni
olutions of different concentrations. The cerium content o
xchanged catalyst was estimated by a method described i
ion 2. Table 1presents the various Ce-exchanged catalysts
heir cerium contents.Fig. 1 shows the plot of cerium conce
rations in the catalysts versus toluene conversion at a to
o isopropyl alcohol mole ratio of 6:1 and at a temperatur
93 K. As can be seen from the figure, the toluene conve

ncreases with increase in cerium content in the NaX zeolite
his may be due to stronger acid sites generated by the exch

Temperature-programmed desorption of ammonia was
ed with NaX as well as Ce-exchanged NaX zeolites andFig. 2
hows the TPD profiles of NaX, CeX5 and CeX10 catalysts
he desorption of ammonia corresponding to different pea

ndicative of energy levels at which ammonia is bound to

able 1
erium contents of various modified NaX zeolites

atalyst
esignation

Concentrations of cerium nitrate
solutions used for exchange (%)

Cerium
content (wt%)

eX2 2.0 1.74
eX5 5.0 4.56
eX7 7.0 6.70
eX10 10.0 8.86
eX12 12.0 10.43
 ig. 2. Temperature programmed desorption profiles of ammonia for va

atalysts.
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Fig. 3. Effects of time on stream on toluene conversion and cymene selectiv-
ity. Conditions: temperature 493 K; pressure 1 atm; toluene/IPA mole ratio 6:1;
space-time 22.9 kg h/kgmol; catalyst CeX10; nitrogen to feed ratio 0.5.

toluene conversion remained almost constant during this period
as shown inFig. 3. It is evident from this figure that the toluene
conversion and cymene selectivity remain almost constant dur-
ing 3 h time on stream over CeX10 zeolite catalyst. The catalyst
is, therefore, very stable at the reaction conditions.

3.3. Effects of mole ratio of toluene to IPA on toluene
conversion and cymene selectivity

The effects of feed mole ratio on toluene conversion and
cymene selectivity are shown inFig. 4. At low toluene to IPA
mole ratio, the cymene selectivity is low, although toluene con-
version is high, due to the formation of undesirable side product,
diisopropyl toluene (DIPT) and aliphatics (Table 2). At higher
toluene to IPA mole ratios, these side products are reduced show-
ing an increase in the total cymene selectivity. At the same time
the isomerization ofpara to meta isomer seems to increase,

F prod-
u -time
2

Table 2
Effect of toluene to IPA mole ratio on product distribution

Product (wt%) Toluene to isopropyl alcohol mole ratio

0.5 2 4 6

Aliphatics 11.7 7.3 6.8 2.0
m-Cymene 49.5 54.8 56.1 62.2
p-Cymene 29.0 32.3 32.7 27.4
Total DIPT 9.8 5.6 4.4 3.4

and hence a decrease inpara selectivity was observed with
increasing toluene to isopropyl alcohol feed mole ratio. Toluene
conversion drops at higher ratios, as may be expected, due to
lower availability of the alkylating agent in the feed.

Table 2shows the products distribution obtained at various
feed compositions. As can be seen from this table, higher amount
of aliphatics and DIPT are formed with higher concentrations
of alcohol in the feed.

3.4. Effects of temperature on toluene conversion and
cymene selectivity

The effects of temperature on toluene conversion and
cymenes selectivity are shown inFig. 5over CeX10 catalyst. The
selectivity of cymenes was observed to increase with increase
in temperature up to 493 K. Beyond this, a slight decrease in
cymene selectivity was noticed.

At higher temperatures, dealkylation became pronounced,
and hence selectivity of total cymenes was reduced. As the
temperature was increased from 433 to 513 K, thep-cymene
selectivity dropped from 42.62 to 26.34%, which is nearer to
the equilibrium value of around 25%. Therefore, at higher tem-
peratures, as a result of isomerization, thep-cymene is formed
in almost equilibrium yield. A DIPT selectivity of 12% was
observed at 433 K and it decreased with increase in temper-
a ream
a ation
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ig. 4. Effects of toluene to IPA mole ratio on toluene conversion and
ct selectivity. Conditions: temperature 493 K; pressure 1 atm; space
2.9 kg h/kgmol; catalyst CeX10; nitrogen to feed ratio 0.5.
,ture. However, no DIPT was detected in the product st
t temperatures higher than 525 K. An interesting observ

ig. 5. Effects of temperature on toluene conversion and product se
ty. Conditions: pressure 1 atm; toluene to IPA mole ratio 6:1; space
2.9 kg h/kgmol; catalyst CeX10; nitrogen to feed ratio 0.5.
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Table 3
Para-cymene selectivity over various catalysts

Catalyst Reaction conditions p-Cymene selectivity (wt%)

HM [9] Temperature 520 K; toluene to IPA mole ratio 9:1; space velocity 10 h−1 23.4
HZSM-5 [9] Temperature 520 K; toluene to IPA mole ratio 9:1; space velocity 10 h−1 26.7
HY [9] Temperature 520 K; toluene to IPA mole ratio 9:1; space velocity 10 h−1 24.2
H� [10] Temperature 453 K; toluene to IPA mole ratio 8:1; space velocity 4 h−1 29.13
CeX10 (present work) Temperature 513 K; toluene to IPA mole ratio 6:1; space velocity 3.8 h−1 26.34

is that there is noortho cymene detected in the product. The
reason for this absence could be channel dimension of CeX10,
which prevents biggero-cymene molecule to come out of the
pores. Similar observation was made by Cejka and Wichterlova
[19] and they concluded that zeolite channel geometry plays a
decisive role in the product formation. Thep-cymene selectiv-
ity obtained by other researchers with various zeolites having
different channel geometry is presented inTable 3.

3.5. Effect of space-time

The effect of space-time on product distribution is shown
in Fig. 6. The selectivity of cymenes was observed to increase
with increase in space-time due to higher residence time in the
reactor. Consequently, the yield of DIPT was found to decrease.
As can be seen fromFig. 6, thep-cymene selectivity is relatively
higher at lower space-times, probably because of suppression of
the isomerization reaction ofp-cymene to themeta isomer due
to the lower residence time in the reactor.

3.6. Mass transfer considerations

For any kinetic study, it is important that the mass trans-
fer resistances be negligible during the reaction. To estimate the
external diffusional effects, experiments were carried out at con-
s ates.

F . Con
d talys
C

Table 4
Effect of external diffusional resistances on conversion of IPA

Space-time (kg h/kgmol) Conversion of IPA (%) at

b c

5.78 13.36 13.4
7.89 19.47 19.5

11.24 24.42 24.2

Conditions: temperature 402 K, toluene to IPA mole ratio 3:1;b: 0.03 kg CeX10

catalyst;c: 0.05 kg CeX10 catalyst; nitrogen to feed ratio 0.5.

The results shown inTable 4indicate that the conversion of IPA
for both the series at constantW/F are independent of feed rate.
Therefore, the external mass transfer resistance is negligible.
The minimum flowrate of feed employed was 3.33× 10−5 m3/h
corresponding toW/F ratio 5.78 kg h/kgmol. Experiments were
also conducted to test the intraparticle diffusional limitations by
varying the catalyst particle size while keeping space-time con-
stant. The experimental data obtained are presented inTable 5.
The results showed that there was no change in conversion of
isopropyl alcohol with catalyst size indicating negligible intra-
particle mass transfer resistance in the particle size range studied.
The particle sizes employed in the kinetic study were within the
intraparticle diffusion free range. In zeolite-catalyzed reactions,
two types of diffusion processes are involved: (i) micropore
diffusion inside the zeolite crystal and (ii) macropore diffu-
sion between the zeolite crystals within the catalyst pellets. The
above experiments for mass transfer resistances confirms only
the absence of diffusion in the macropores. The resistance due to
micropore could not be evaluated, as it requires a modification of
the synthesis conditions of the zeolite that affect the micropore
size of the crystals, which would subsequently affect the diffu-
sional characteristics. Hence, the kinetic parameters presented
here include these diffusional effects, if any.

Table 5
E

P

0
1
1

C feed
r

tant space-time and catalyst size, but with varying feed r

ig. 6. Effects of space-time on toluene conversion and product selectivity
itions: temperature 493 K; pressure 1 atm; toluene to IPA mole ratio 6:1; ca
eX10; nitrogen to feed ratio 0.5.
-
t

ffect of intraparticle diffusion on conversion of IPA

article size (mm) IPA conversion (%) with space-time
(kg h/kgmol) of

5.78 7.89 11.24

.5 13.4 19.6 24.1

.0 13.4 19.5 24.2

.5 13.3 19.5 24.4

onditions: temperature 402 K; toluene to IPA mole ratio 3:1; nitrogen to
atio 0.5.
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Fig. 7. Effect of space-time on IPA conversion. Conditions: pressure 1 atm;
toluene to IPA mole ratio 3:1; catalyst CeX10; nitrogen to feed ratio 0.5.

3.7. Kinetic studies

Kinetic runs were carried out under reaction conditions free
of interparticle diffusional limitations. Toluene reacts with iso-
propyl alcohol to formp-cymene, which undergoes further iso-
merization to formm-cymene andp-cymene again reacts with
isopropyl alcohol to form diisopropyl toluene. The kinetic stud-
ies were conducted at temperatures of 392, 400, 409 and 418 K
respectively. The conversions of IPA obtained at these temper
atures are shown inFig. 7 with space-time as abscissa. In the
kinetic regime, the plausible reactions are:

toluene+IPA
k1−→p-cymene+ H2O (1)

p-cymene
k2�
k−2

m-cymene (2)

With the help of the reaction scheme, various reaction rate
models (adsorption, desorption and surface reaction controlling
were formulated following Langmuir–Hinshelwood approach.
The models were tested with the help of the experimenta
data. All models, except the surface reaction controlling one
gave unrealistic values of various constants with improper
trends. Hence, they were not considered. The following surfac
reaction-controlling model was found to fit the experimental
data better with proper trend of various constants.On the basis o
d ined
f

−

w
in th

a elat
t
e
1 tim

sum up to 6.0. Hence,

pA = (1 − XA)P

6.0
(4)

pT = (3 − XA)P

6.0
(5)

ppcy = XpcyP

6.0
(6)

pmcy = XmcyP

6.0
(7)

pW = XAP

6.0
(8)

pN = 2.0P

6.0
(9)

A non-linear regression algorithm was used for parameter esti-
mation[20]. The optimum values of the parameters were esti-
mated by minimizing the objective function given by equation:

f =
n∑

i=1

[(Xpred)i − (Xexp)]
2 (10)

The experimental and the predicted isopropyl alcohol conver-
sions at four different temperatures were plotted inFig. 8. It
s ts the
r inetic
a on are
p th
i ereas
t d. The
k atures
w using
A The
o arikh
e a-
t over
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ual-site mechanism, the following rate equation was obta
or the disappearance of IPA:

rA = dXA

dτ
= k1KTKA pT pA

Z2 (3)

hereZ = 1 +KTpT + KApA + Kpcyppcy + Kmcypmcy.
The adsorption of water and carrier gas was neglected

bove model. The partial pressures of various species are r
o fractional conversions and total pressure (P) by the following
xpressions at an isopropyl alcohol conversion ofXA. Initially,
mole of IPA as the basis, the total moles present at any
,
-

)

l
,

e
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e
ed

e

hows that the proposed reaction rate expression predic
ate values comparable with the experimental rates. The k
nd adsorption constants evaluated by non-linear regressi
resented inTable 6. It is evident from this table that wi

ncrease in temperature the kinetic constants increase, wh
he adsorption constants decrease, which is as expecte
inetic constant evaluated and tabulated at various temper
ere used to determine the apparent activation energy by
rrhenius relationship and it was found to be 48.12 kJ/mol.
bserved activation energy is close to that reported by P
t al.[7] for toluene isopropylation over ZSM-5. Similar activ

ion energy values are also reported for toluene methylation
ZSM-8 [21] and for toluene ethylation over HZSM-5[22].

Fig. 8. Experimental vs. predicted IPA conversions.
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Table 6
Kinetic and adsorption parameters of model equation

Parameters Temperature (K)

392 400 409 418

k1 (kgmol/kg h atm2) 1.31 1.56 2.12 3.52
KT (atm−1) 0.34 0.20 0.15 0.10
KA (atm−1) 2.25 1.92 1.65 1.24
Kpcy (atm−1) 13.74 10.57 8.41 5.55
Kmcy (atm−1) 4.27 2.93 2.12 1.41

4. Conclusions

The isopropylation of toluene was carried out over Ce-
exchanged NaX zeolite. Ce-exchanged zeolite containing
8.86 wt% cerium (CeX10) was found to be the most stable and
active catalyst among six different catalysts of different Ce con-
tents. The activity and stability were found to be dependent
on the acidic properties of zeolite. Higher cymene selectiv-
ity was observed at higher space-time and higher toluene to
IPA mole ratios. The selectivity of cymenes went through a
maximum in the temperature range of 433–513 K. The high-
est selectivity was observed at 493 K. A detailed kinetic study
was performed. Based on the product distribution patterns, a
kinetic model was proposed and the parameters of the model
were estimated. From the estimated kinetic constant, the appar-
ent activation energy for toluene isopropylation reaction was
calculated to be 48.12 kJ/mol.
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