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Abstract—Cumene is a commercially important product in the petrochemical industries. In isopropylation of
benzene, 1,4-diisopropyl benzene (1,4-DIPB) is produced as low value by-product. This low value by-prod-
uct DIPB is used to maximize the production of commercially important product cumene by transalkylation
reaction. Reduction of crystal size in zeolite can increase surface area of the external surface and in this way
bring about substantial changes in catalytic activity. Moreover modification with rare-earth metal enhances
the acidity of zeolite. In this work, nanocrystalline and microcrystalline zeolite X were modified with cerium
to study the combine effect of crystal size and ion modification of zeolite on selectivity of cumene in com-
mercially important transalkylation reaction. Benzene and 1,4-diisopropylbenzene in a molar ratio of 1 to
12.5 were subjected to vapour-phase reaction in the temperature range of 498 to 593 K at atmospheric pres-
sure with space time of 5.27—10.54 kg h/kmol. Nanosized crystalline zeolite gives much higher conversions
of 1,4-DIPB than microcrystalline zeolite. Over cerium modified nanosized zeolite CeXy 81.85% conversion
of 1,4-DIPB and 97% cumene selectivity were achieved. It was found that stability and activity of CeXy for
cumene synthesis was much higher than that of CeXy, zeolite. Kinetic constants for the reactions were esti-
mated and the activation energies for various reactions over CeXy; were determined. The activation enegy for
transalkylation reaction was found to be 78.54 kJ/mol.
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Cumene (C) is a commercially important product
in the petrochemical industry. It is an significant com-
ponent of motor fuels boiling gasoline range and
showing high antiknock values. Cumene is in demand
for the production of phenol, acetone, bisphenol-A,
cymene and other polyalkylated hydrocarbons con-
taining at least one isopropyl group [1—8]. Conven-
tionally, it is produced by alkylation of benzene with
propylene. However, during the alkylation process,
1,4-diisopropylbenzene (1,4-DIPB) isomers in
amount of 5—10 wt % are produced as by-product.
These isomers are transported to the fuel pool in many
industrial plants. This results in additional raw mate-
rial consumption affecting the economy of the entire
process. The by-product DIPB can be utilized to pro-
duce cumene by transalkylation with benzene (B) [9,
10]. In the industry, alkylation and transalkylation can
be carried out in the same reactor in the single reaction
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zone or using a reactor having two reaction zones in
series, one for alkylation and the other for transalkyla-
tion to maximize the production of monoalkylated
product cumene [11]. Hence, the transalkylation pro-
cess is needed to be developed with a suitable catalyst
for the commercial production of cumene. Currently,
for transalkylation reactions, zeolite catalysts are used
instead of conventional Friedel—Crafts catalysts. The
Friedel—Cerafts catalysts are highly corrosive to pro-
cess equipment and are difficult to separate from the
product. On the other hand, zeolites are used due to
their high activity, stability, selectivity, regenerability
and environment-friendly nature [12]. In the last
decade, the synthesis of zeolites with small particle
size has drawn attention of many researchers. It was
reported that reduction of particle size from the
micrometers to the nanometers brings about substan-
tial changes in the properties of zeolites in the area of
catalysis and separation [13]. Zeolite nanoparticles
have large external surface area. In zeolites composed
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of smaller crystallites the mean free path of a diffusing
molecule is smaller than that in conventional zeolite
[14—16]. A number of studies shows that zeolite cata-
lysts are potential catalysts for transalkylating DIPB
with benzene 17, 18]. However, the rate limiting step of
the reactions tends to be controlled by diffusion of
reactant/product molecules. Moreover, carbonaceous
residue (coke) is easily formed near the external sur-
face of the crystal under the diffusion controlled con-
ditions whereby the pore plugging easily occurs, lead-
ing to a short lifetime of zeolite catalyst. In order to
achieve a low diffusion resistance, application of
nanozeolites is effective because the mean free path of
diffusing molecule of a reactant and product hydro-
carbons depends on the crystal size of the zeolites.
Very scarce literature is available on transalkylation
reaction over nanocrystalline zeolites. The surface
acidity is of importance when the zeolite is intended to
be used as a catalyst in reactions involving bulky mol-
ecules [16]. Zeolite containing sodium ions in its
structures are inactive for transalkylation reaction. In
order to generate acidity in the surface of zeolites,
modification of zeolite with polyvalent cations from
rare-earth metals (La, Ce, etc.) has been reported that
served to prepare zeolites with superior catalytic activ-
ity [19—24]. Introduction of rare-earth metal ions
increases the acidity of the zeolite catalysts and
thereby enhances the reaction rates. Transalkylation
reactions were carried out in the vapor phase over
commercial H-mordenite catalyst in a fixed-bed
down-flow reactor [25]. The commercial H-mor-
denite was found to be successful in transalkylation
reaction. The conversion increased with increasing in
benzene/DIPB ratio and temperature. The transal-
kylation of diisopropylbenzene with benzene was car-
ried out over catalysts that included three acidic com-
mercial zeolites: beta, Y and mordenite with different
aluminum contents (e.g. Si/Al molar ratio) [26].
Comparing to conventional liquid phase conditions,
the use of supercritical CO, did not result in superior
catalytic transalkylation activity for the Y-zeolite. On
the contrary, an important improvement in product
yield was obtained with the beta and mordenite zeo-
lites. Transalkylation reactions were carried out over
SAPO-5 catalyst. The catalyst based on SAPO-5
showed very good results when loaded with a small
quantity of platinum (0.005% w/w) in the transalkyla-
tion of commercial DIPB with benzene [18]. Hierar-
chical beta zeolite was prepared via the dry gel conver-
sion method and its catalytic activity was compared
with that of the conventional beta zeolite for transal-
kylation of diisopropylbenzene with benzene [27]. In
this work, nanocrystalline and microcrystalline zeolite
X were modified with cerium to study the effect of
crystal size and metal modification of zeolite on dif-
ferent reaction parameters of transalkylation reaction
used for the synthesis of commercially important
cumene.
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EXPERIMENTAL
Materials

Benzene, 1,4-DIPB, TM-40 colloidal silica, sili-
con dioxide, sodium hydroxide, sodium aluminate,
ammonium chloride were obtained from “Sigma—
Aldrich Pvt. Ltd.” (India). Commercial NaX zeolite
extrudates used in present study was procured from
“Fresia zeolite” (Mumbai). It was in the form of
1.5 mm extrudates. Ceric ammonium nitrate used to
exchange NaX with cerium salts was supplied from
“CDH chemicals” (India).

Catalyst Synthesis and Modification

The nanocrystalline NaX zeolite was synthesized
by hydrothermal crystallization and then modified
with cerium by ion exchange method [12, 28]. For the
preparation of nanocrystalline NaX, aluminate and
silicate solutions were mixed together in the molar
ratio 5.5 Na,O : 1.0 Al,O; : 4.0 SiO, : 190 H,O0. Typi-
cally, an aluminosilicate gel containing 5.34 g of
NaOH, 2.42 g of NaAlO,, 3.43 g of SiO,, and 50.0 g of
H,O was prepared. Freshly prepared sodium alumi-
nate solution and fumed silica were placed ina 250 mL
plastic bottle, the silicate sources were directly mixed
with freshly prepared aluminate solution at room tem-
perature. This mixture was then immediately moved to
a shaker for hydrothermal crystallization which was
conducted at 333 K for 4 days at 250 rpm. The pow-
dered products were recovered with centrifugation,
washed with deionized water until pH < 8, and then
dried at room temperature for 24 h. Nanocrystalline
NaX (synthesized) and microcrystalline NaX (com-
mercially available) were further modified with cerium
to assess the effect of cerium ions replacing sodium
ions. For modification with cerium of both the zeo-
lites, the zeolites were refluxed with ammonium
nitrate solution 363 K for 6 h. This procedure was
repeated three times, thereby converting NaX zeolite
into the NH,*X form. After each ion exchange opera-
tion the samples were heated at 623 K. The samples
were then refluxed with required percentage of ceric
ammonium nitrate solution at 363 K for 16 h thereby
modifying the HX zeolite [29]. Finally, the samples
were dried and calcined for 4 h at 623 K. In this study,
microcrystalline zeolite modified with cerium, syn-
thesized nanocrystalline zeolites modified with
cerium, unmodified micro X and nano X zeolites are
designated as CeXy,CeXy, NaX,,, and NaXy, respec-
tively. NaXy; zeolite was treated with 2, 5, 7, 10, and
12% cerium nitrate solutions [12]. Zeolite CeXy,
exchanged with 10% cerium nitrate solution showed
the maximum conversion. For this reason, all the
reactions were carried out over zeolite X exchanged
with 10% cerium nitrate solution.
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Catalyst Characterization

From Energy-dispersive X-ray spectroscopy
(EDX), Si/Al molar ratio of NaXy was found to be
1.25 which matches well with the commercial NaXy,
zeolite. The characterization of the synthesized nano-
zeolite is shown in the Table 1.

X-ray diffraction (XRD) of samples were per-
formed on a PANalytical X’Pert Pro Diffractometer in
the 5° < 26 > 40° range using Cuk|, radiation. The
XRD patterns of the nanozeolite and cerium
exchanged zeolites (Fig. 1) were almost identical to
that of the sodium form of microsized zeolite. On
close inspection of XRD data it was observed that peak
intensity in nanosized and cerium modified nanozeo-
lite decreases. A very slight shift in XRD 26 values was
noticed in nanosized and cerium modified nanozeo-
lites. The decrease in intensity in case of nanozeolite is
due to decreasing crystal size whereas in case of
cerium modified nanozeolite a further decrease in
intensity of peaks is due to some loss of crystallinity
due to addition of metal ions. Diffraction lines corre-
sponding to metal oxide were observed in case of
cerium modified zeolites. As cerium exchange of zeo-
lite is carried out using high concentration of ceric
ammonium nitrate solution, the excess cerium can be
deposited on a zeolite leading to formation of metal
oxide. The peaks at 6.19° (111), 11.6° (311), 18.6° (511),
20.3° (440) and 23.5° (533) correspond to NaX fauja-
site zeolite topology. However, the additional peaks
observed on the diffractograms of cerium exchanged
nanosized zeolite and undetected in unmodified zeo-
lites were due to cerium oxide. The unit cell pareme-
ters of NaX zeolite are a =24.74 Aand .= B =7 =90°.
The height of the strongest peak at 6° (20) was taken as
a measure of crystallinity. The extent of crystallinity
was estimated by comparing the X-ray diffraction peak
height at 6° (20) for the modified sample to the origi-
nal peak height at 6° (20) for the unmodified micro-
sized zeolite (commercial sample).The extent of zeo-
lite crystallinity the prepared nano NaXy zeolite was
calculated using the following equation:

Crystallinity, % = (peak height at 6° of nanozeo-
lite) X 100/(peak height at 6° of standard material).

The crystallinity of the nano NaXy and nano CeXy
were found to decrease compared to their microsized
analogues.

Scanning electron microscopic (SEM) images
were recorded using JEOL JSM-6510LV SEM equip-
ment (JEOL). SEM images of synthesized nanocrys-
talline NaX and cerium modified nanocrystalline
NaX show that the particles were oval or rounded in
shape. The average particle size of nanocrystalline
zeolite was found to be ~500 nm. Moreover, there was
no structural change observed in nanocrystalline NaX
zeolite modified by cerium. Ammonia temperature
programmed desorption (TPD) of the parent and
modified catalysts were performed in a CHEM-BET
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Table 1. Characteristics of different zeolites used for 1,4-
DIPB transalkylation

Comvlst(’;;“on’ NaXy | NaXy | CeXy | CeX
SiO, 48.26 48.67 50.76 54.3
Al,O3 31.87 31.75 32.02 34.2
Fe,0, 3.17 0 2.42 0
Na,O 15.67 19.58 0.80 2.20
CeO, 0 0 14.00 9.30
K,O 0.07 0 0 0
BET surface 478 633.6 370 530
area, m%/g
Acidity, meq/g 0.25 0.28 1.27 1.35
of catalyst

3000 instrument (Quantachrome). Catalyst sample
(0.1 g) was first degassed at 723 K for 1 h with nitrogen
followed by cooling to 273 K temperature. Nitrogen—
ammonia gas (1 mol %) mixture was then passed
through the sample for 1 h. The catalyst sample was
heated to 372 K until the steady state was attained;
thereafter the temperature of the sample was raised up
to 1173 K at a heating rate of 10 degree/min. The
amount of desorbed ammonia was detected by a Ther-
mal conductivity detector (TCD) analyzer. Tempera-
ture programmed desorption profile of ammonia was
studied with NaXy,, CeXy, NaXy and CeXy zeolites
(Fig. 2). The profiles show that the catalysts contain
mainly two types of acid sites of different strengths.
Low temperature peak is due to ammonia desorption
from the weak acid sites, whereas, the peak at higher
temperature is due to the desorption of strongly
adsorbed ammonia from strong acid sites. TPD pro-
files show that the acidity of microcrystalline and
nanocrystalline zeolite is almost similar. The strength
of the acid sites increases with cerium exchange of

|

M \)24-5 2836 CeXy
P A
e N L.JLL'U’\"-«\___

f

:; '; Ll N aXN

< \""‘L“-J\-WL_/'MJ\-.J”\'”"\"V\_____

i 15.47 23.4 NaXM
/\ | 17 ‘ | I
N LL/' \-vL_JLA/‘\.J L.Jj JJL\\'\__A__
10 20 30 40
20, deg

Fig. 1. XRD of NaX and CeX zeolites.
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Fig. 2. TPD of NaX and CeX zeolites.

zeolites as the peak area increases with Ce exchange.
Thus, it can be concluded from the Fig. 2 that cerium
exchange leads to increase in acidity of zeolite. The
acidity of various zeolites has been reported in Table 1.
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Experimental Procedure and Product Analysis

Transalkylation of 1,4-DIPB with benzene was car-
ried out in a fixed-bed, continuous down-flow, stain-
less steel (SS 316) reactor connected with a preheater
in the upstream and a condenser at the outlet. About
2 g of zeolite was loaded into the reactor with the sup-
port of wire mesh and the temperature was measured
by a thermocouple placed in a thermowell extending
from the top of the reactor to the centre. Prior to the
experimental runs catalyst were activated for 3 h in the
flowing nitrogen. The mixture composed of 1,4-DIPB
and benzene was fed into the reactor with the help of a
dosing pump. After the completion of the reaction, the
product vapor and the unreacted reactants were col-
lected in a condenser and the liquid samples were col-
lected and analyzed by a Gas chromatograph
(“Bruker”, capillary column: 10 m X 0.53 mm X
1.5 um) using a Flame ionisation detector (FID). The
conversion of 1,4-DIPB and selectivity of cumene and
1,3-DIPB was calculated according to following for-
mula:

1,4DIPB conversion =

(L4DIPB in Feed-1,4DIPB in product mixture) 1

00

(1,4DIPB in feed)

(Cumene in the product mixture)

Cumene Selectivity = — -
(aromatics in product excluding 1,4DIPB and Benzene)

x100

(1,3DIPB in the product mixture)
(aromatics in product excluding 1,4DIPB and Benzene)

x100

1,3DIPB Selectivity =

RESULTS AND DISCUSSION
Effect of Cerium Loading on Conversion of 1,4-DIPB

Commercially available NaX,, zeolites were treated
to exchange its sodium ions with cerium ions [12]. A
series of zeolites were prepared by ion exchange with
varying concentration of ceric ammonium nitrate
solution. The prepared cerium exchanged zeolite con-
tained 1.34, 4.02, 5.3, 7.8, and 10.89% cerium respec-
tively. The experiments were carried out to find the
effect of cerium loading in zeolite on conversion and
selectivity. In Fig. 3, it is seen that the DIPB conver-
sion and cumene selectivity both increase with an
increasing cerium content in the NaXy zeolite. This is
due to the strong acid site generated at the higher level
of exchange [12]. CeXy, contained 10.89% cerium
shows the highest conversion (71.87%). However,
selectivity of cumene over this catalyst was lower than
with the zeolite loaded with 7.8% cerium. Therefore,
all the reactions were carried out over CeX,, contain-
ing 7.8% cerium. For comparison NaXy zeolite was
also modified with a 10% cerium nitrate solution and
tested in the reactions.
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Time-on-stream Behavior

The stability of NaXy;, CeXy and CeX, zeolite was
assessed using time-on-stream of about 3 h at 553 K
and atmospheric pressure (Fig. 4). In the presence of
CeXy zeolite 81.4% conversion of 1,4-DIPB was
achieved whereas 71% conversion of DIPB was
achieved over CeXy; under the same reaction condi-
tions. It is seen that after 3 h time-on-stream, CeXy
zeolite is more stable than CeX,, zeolite. With increas-
ing time, deactivation of catalyst occurs due to the
blockage of pores with the reactants and products. As
the time-on-stream increases, 1,4-DIPB conversion
over CeXy, decreases by 5.77% whereas in case of
CeXy zeolite there was only 1.6% decrease in conver-
sion after 3 h. A higher conversion of DIPB in case of
nanozeolite was due to a larger external surface area
and also to a larger number of active sites present in the
external surface which oppose the deactivation of zeo-
lite. CeXy zeolite catalyst preserves stability under
these reaction conditions.



596

100 - 100
I -m- 1, 4 DIPB conversion .
g —e— Cumene selectivity / \. 195 R
C" 3’\
S 80+ =
z / 490 =
E . -/////-l/l *g
3 — E
- . 185 2
(=W 60 - '/. E
A £
o / 1% 3

40 1 1 1 1 1 1 1 1 1 1 1 1 75

-10 1 23 456 7 8 91011 12

Cerium content in zeolite sample

Fig. 3. Effect of cerium concentration on 1,4-DIPB con-
version and cumene selectivity over CeX),. Reaction con-
ditions: pressure 1 atm, temperature 553 K, space-time
10.54 kg h/kmol, mole ratio of benzene : 1,4-DIPB =
7.5 :1, N to feed ratio 0.2.

Effect of Reaction Temperature on Conversion
of 1,4-DIPB and Product Selectivity

The catalytic performance of CeXy; and CeXy zeo-
lite at different temperatures is shown in Fig. 5. The
figure shows that at lower temperature 513 K, conver-
sion of 1,4-DIPB over both the catalysts was nearly
comparable. With increasing temperature, conversion
of 1,4-DIPB increases up to 81.51% at 553 K over
CeXy zeolite. The highest conversion of 1,4 DIPB
over CeXy; zeolite at 573 K (76.06%) was comparable
to 76.9% conversion of 1,4-DIPB over CeXy zeolite at
the same temperature. A higher conversion over CeXy
zeolite is due to a higher external surface area and an
enhanced concentration of active sites on the catalyst
surface. The decrease in conversion of 1,4-DIPB with
a further increase in temperature may be due to the
formation and deposition of coke on the active sites.
Cumene selectivity increases with increasing tempera-
ture. At 573 K cumene selectivity was 97.98% but at
higher temperature, selectivity of cumene decreases
significantly to 93.4% over CeXy zeolite due to the
formation of other side products. Product distribution
of transalkylation reactions over different zeolite cata-
lyst at 553 K is shown in Table 2.

Effect of Reactant Ratio on Conversion of 1,4-DIPB
and Product Selectivity

To investigate the effect of reactant ratio on 1,4-
DIPB conversion and cumene selectivity, the benzene
to 1,4-DIPB ratio was varied from 1—12.5. At reactant
ratio of 7.5, conversion of 1,4-DIPB over CeX,,; was
71.87 and 81.51% coversion of 1,4-DIPB was achieved
over CeXy. It can be seen from the Fig. 6 that the con-
version increases with increase in reactant ratio over
both the zeolites. With the increase in reactant ratio,
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Fig. 4. Time-on-stream behavior of different zeolite cata-
lysts. Reaction conditions: pressure 1 atm, temperature
553 K, space-time 10.54 kg h/kmol, mole ratio of benzene:
to 1,4-DIPB =7.5: 1, N, to feed ratio 0.2.

1,4-DIPB conversion increases and reaches maxi-
mum at the ratio of 7.5 above which conversion of 1,4-
DIPB decreases due to a lower availability of the lim-
iting reactant. Smaller benzene molecules can easily
enter the pores of zeolites and their concentration at
external surface is not high enouth for the reaction to
occur. Since increased benzene to 1,4-DIPB ratio is
required for high 1,4-DIPB conversion, it appears that
at higher benzene to 1,4-DIPB ratio, benzene mole-
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Fig. 5. Effect of reaction temperature on DIPB conversion
over CeX); and CeXy. Reaction conditions: pressure 1
atm, space-time 10.54 kg h/kmol, mole ratio of benzene :
1,4-DIPB = 7.5 : 1, N, to feed ratio 0.2.
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cules are present in large amounts both in the pore vol-
ume and at the external surface. Accordingly, this
favours the interaction between benzene and 1,4-
DIPB. However, with a further increase in ben-
zene/DIPB ratio benzene molecules will compete
with 1,4-DIPB molecules for adsorption sites.
Accordingly, lower occupancy of active sites by 1,4-
DIPB molecules leads to decreased 1,4-DIPB conver-
sion. In the presence of CeX,, selectivity of cumene
was found to be 97.08% at a mole ratio of 1 and it
decreased to 91.92% at a mole ratio was increased to
12.5. In the case of nanozeolite selectivity of cumene
decreases from 97.93% at a mole ratio of 1 and further
to 73.6% at a mole ratio 12.5. Decrease of cumene
selectivity at a higher mole ratio is due to the enhanced
formation of side products, 1,3-DIPB and n-propyl-
benzene.

Effect of Space-Time Conversion of 1,4-DIPB
and Product Selectivity

The effect of space-time on conversion of 1,4-
DIPB and selectivity of cumene was investigated in the
range of 5.27—10.54 kg h/kmol with the results shown
in the Fig. 7. Conversion of 1,4-DIPB increases with
increasing space-time as evident from the data
obtained over catalysts CeXy; and CeXy. This is due to
the fact that increasing contact time intensifies the
interaction of reactant molecules with the surface of
the catalyst. At higher contact time, the feed mole-
cules remained in contact with the catalyst particle for
longer time thus increasing the number of reactants
that could be converted into products. In the case of
nanozeolite it was found that with increasing space
time the selectivity of cumene increased from 92.41 to
96.64% whereas for the CeX,,; zeolite, selectivity
of cumene remains nearly constant (98—97.54%)
resulting in the formation of side product 1,3-DIPB and
n-propyl benzene. The product distribution over differ-
ent catalysts found at a space-time of 7.908 kg h/kmol is
shown in Table 3.

Mass Transfer Considerations

Based on the product distribution, it is evident that
the selectivity of cumene is higher over CeXy, than on
CeXy zeolite. Kinetic modelling was done for the
reaction over CeXy, zeolite. The kinetic runs were car-
ried out in the region of the mass transfer free resis-
tances. For gas—solid heterogeneous reactions, this
resistance may be external or internal, within the cat-
alyst particles. Experiments were carried out to esti-
mate the external diffusional effects varying feed rates
and catalyst size remaining constant space-time. The
results shown in Table 4 indicate that the conversions
of 1,4-DIPB at a constant space velocity are indepen-
dent of feed rate. Therefore, the external mass transfer
resistance is negligible. Experiments were carried out
to investigate the effect of intraparticle diffusion by
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Table 2. Product distribution at 553 K over different cata-

lysts

Product distribution, NaXy CeXy CeXy

wt %

Aliphatics 0.010 0.013 0.141
Benzene 75.34 71.31 67.694
Toluene 0.127 0.160 0.050
Xylene 0.075 0.086 0.109
Cumene 14.99 21.67 27.116
n-Propylbenzene 0.032 0.041 0.025
Cio 0.011 0.024 0.034
1,3-DIPB 0.181 0.221 0.481
1,4-DIPB 9.234 6.468 4.251
1,4-DIPB conv., wt %| 59.85 71.87 81.51

Reaction conditions: pressure 1 atm, space-time 10.54 kg h/kmol,
mole ratio of benzene : 1,4-DIPB = 7.5 : 1, N, to feed ratio 0.2.

varying the catalyst particle size at a constant space-
time. The experimental data are presented in the
Table 5. It is seen that there was no change in conver-
sion of 1,4-DIPB with catalyst size which indicates
negligible intraparticle mass transfer resistance in the
particle size range studied. The kinetic study was per-
formed within the intraparticle diffusion free range.

Selectivity, %

100
80 -
60 - —=— Cumene over CeXy
—eo— Cumene over CeXy,
e —— 1,3 DIPB over CeXy
— 1,3 DIPB over CeXy;
20 - A
L - | J

0 2 4 6 8 10 12 14
Reacting ratio, mol

Fig. 6. Effect of reactant mole ratio on product selectivity
over CeXy; and CeXy. Reaction conditions: pressure
1 atm, temperature 553 K, space-time 10.54 kg h/kmol,
N, to feed ratio 0.2.
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Fig. 7. Effect of space-time on product selectivity and 1,4-
DIPB conversion over CeX); and CeXy. Reaction condi-
tions: pressure 1 atm, temperature 553 K, mole ratio of
benzene : 1,4-DIPB = 7.5 : 1, N, to feed ratio 0.2.

Kinetic Modelling

The kinetic runs were carried out at four different
temperatures and the results are shown in Fig. 8. The
experiments were carried out to choose the zone, in

1,4-DIPB transalkylation: 1,4-DIPB + Benzene g 2-Cumene
Isomerisation: 1,4-DIPB g 1,3-DIPB
Disproportionation: ,4-DIPB E) Benzene + Aliphatics

Benzene + Aliphathics < Cs+Cyy

Predicted rate
0.11
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0.09 + =498 K M
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Fig. 8. Experimental vs predicted rates of transalkylation
reaction.

which mass transfer effects were negligible. In accor-
dance with the product distribution, the system can be
described by the following reaction scheme. Transal-
kylation of 1,4-DIPB with benzene is a complex reac-
tion which is accompanied by the following reactions.

(D
(I1)
(I11)

(IV)

Scheme.

With the help of the above reaction scheme, vari-
ous reaction rate models (adsorption, desorption, and
surface reaction controlling) were formulated follow-
ing Langmuir—Hinshelwood approach. The models
were tested with the help of the experimental data. All
models, except that involving a surface controlled
reaction, gave negative constants. Hence they were not
considered. Using the rate of disappearance of 1,4-
DIPB, an attempt was made to fit Langmuir—Hin-
shelwood—Hougen—Watson model to the Kkinetic
data. As it can be seen from the product distribution,
aliphatics and C,, are produced in negligible amount.
Therefore to avoid the complexity in the model, these
reactions were neglected in preparing the model equa-
tions. Given also that cumene adsorption on active site

is very weak cumene adsorption factor can also be
neglected [18].

Dual-site mechanism:

—rpips = lkikgkpips Pe Poirs

) (D
+ (ky/Cykpips PoipslCy
where
C, = 1
(I+ kgpg + kpipPpips)
Single-site mechanism:
rpies = [KikpipePePoies + KokpipePpirsl Cys (2)
where
KINETICS AND CATALYSIS Vol. 57 No. 5 2016
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Table 3. Product distribution at space-time 7.908 kg h/kmol
over different catalysts
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Table 5. Effect of intraparticle diffusional resistance on

DIPB conversion over CeXy,

Product vf;s;(}rlbutlon, NaXy CeXy CeXy
Aliphatics 0.001 0.002 0.142
Benzene 76.06 72.361 73.03
Toluene 0.043 0.085 0.043
Xylene 0.041 0.074 0.081
Cumene 12.049 18.556 20.732
n-Propylbenzene 0.011 0.037 0.026
Cio 0.007 0.019 0.022
1,3-DIPB 0.078 0.198 0.571
1,4-DIPB 11.76 8.8 5.354
1,4-DIPB conv., wt % | 48.86 61.70 76.72

Reaction conditions: pressure 1 atm, temperature 553 K, space-
time 7.908 kg h/kmol, mole ratio of benzene : 1,4DIPB =7.5: 1.
N, to feed ratio 0.2.

Table 4. Effect of external diffusional resistances on conver-
sion of DIPB over CeXy;

Conversion of DIPB, %
Space-time, B
ke h/kmol catalyst weight, kg
0.002 0.004
5.75 46.01 46.79
6.3 49.32 49.92
7.9 60.18 60.87

Reaction conditions: pressure 1 atm, temperature 553 K, mole
ratio of benzene : 1,4-DIPB = 7.5 : 1, N, to feed ratio 0.2.

_ 1
(I+ kpipePpirs)
Stoichiometric model:
—rpips = K1PePoipe T KoPpips 3

The partial pressure (p) of 1,4-DIPB and benzene
are related to the fractional conversions and the total
pressure (P) by these following equations :

\4

Poies = (1 — Xppp) P/10.2 4)
pe=(7.5—Xp)P/10.2 ®))
pe=Xc/102 (6)

where the total number of moles in the reaction is 10.2.
A non-linear regression algorithm was used for
parameter estimation. The kinetic parameters in the
three models were estimated by the least square
method based on the error function. The minimiza-
tion of the error function in respect with the unknown
parameters of the three kinetic models was performed
by the Levenberg—Marquardt method [30].

No.5 2016

KINETICS AND CATALYSIS  Vol. 57

Conversion of DIPB, %

Particle size, space-time, kg h/kmol

mm

5.75 6.3 7.9
0.50 47.98 51.01 61.78
1.00 47.12 51.86 60.97
1.50 46.01 49.32 60.18

Reaction conditions: pressure 1 atm, temperature 553 K, mole
ratio of benzene : 1,4-DIPB = 7.5 : 1, N, to feed ratio 0.2.

Table 6. Estimated kinetic and adsorption parameters for
reactions over CeXy, at different temperatures (Eq. 1)

Kinetic and adsorption parametrs
T, K ky ky Kpips Kg
kmol kg~' h~! atm™!
498 2.58 1.04 1.49 2.50
513 4.83 2.03 0.83 2.20
533 8.04 4.59 0.53 1.80
553 17.64 8.14 0.26 0.31

Model Discrimination

By using the values of the constants for model
equation 1 as shown in Table 6, the standard error in
estimating the rate of disappearance of 1,4-DIPB was
determined to be 3.10 x 10~*. For model equation 2,
the standard error was found to be 7.8 x 10~3. For
model equation 3, the standard error was estimated to
be 2.6 x 10~3. By comparing the standard errors,
model equation 1 was considered to be the best kinetic
model among the three models used to represent the
reaction system under investigation. The experimental
and the predicted 1,4-DIPB conversions from equa-
tion 1 at four different temperatures are plotted in
Fig. 8. The figure shows that the proposed reaction
rate expression predicts the 1,4-DIPB conversion val-
ues comparable with those found in the experiments.
The kinetic constants evaluated and tabulated at vari-
ous temperatures (Table 6) were used to determine the
activation energy and frequency factor using Arrhe-
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nius relationships. Activation energy for both reactions
were calculated using following equation

InK=1nA - E,/RT @)

A value of the activation energy for transalkylation
reaction was found to be 78.54 kJ/mol which was sim-
ilar to estimate for the same type of reactions over zeo-
lites obtained by other investigators [18, 25, 26, 31].
Activation energies of 109 and 110 kJ/mol calculated
for reactions proceeding in the temperature range of
383—419 K on X zeolites were reported [26]. Similar
values were also derived from experiments with 13X
zeolite and mordenite [18, 27] in isopropyl alcohol
dehydration.

CONCLUSIONS

Nanocrystalline zeolite (NaXy) was successfully
synthesized with an average crystal size of 500 nm,
90% crystallinity and surface area of 633 m?/g. This
nanocrystalline zeolite was further modified with
cerium ions to assess the effect of crystal size and ion
exchange on acidity and activity of the catalyst. Time-
on-stream study shows that CeXy zeolite exhibits
much higher conversion and stability than CeXy
treated with 10% cerium nitrate solution. As high as
81.85% of 1,4-DIPB with cumene selectivity of 97%
was converted over nanozeolite CeXy whereas 71%
conversion of 1,4-DIPB and 98% cumene selectivity
were achieved over CeX,;. From the experimental
results presented above it can be concluded that crystal
size and acidity significantly affect activity and selec-
tivity. A kinetic model was proposed for the reactions
and the parameters of the model equation were esti-
mated. A good correlation was obtained between
experimentally found and predicted rate. Based on the
kinetic rate model, further scale up of the reactor can
be suggested. From the estimated kinetic constant, the
apparent activation energy for 1,4-DIPB transalkyla-
tion reaction was determined to be 78.54 kJ/mol and
apparent activation energy for isomerisation reaction
was found to be 84.56 kJ/mol.
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NOTATION
B Benzene
C Cumene
Ce Cerium
CeXy Cerium modified nanocrystalline zeolite X

CeXym Cerium modified microcrystalline zeolite X

THAKUR, BARMAN

NaXy Nanocrystalline zeolite X

DIPB Diisopropyl benzene

ki—k 4 Kinetic constants, kmol kg~' h™!

Ky Adsorption constant for benzene, atm™!
Kpipe Adsorption constant for DIPB, atm™!
Kc Adsorption constant for cumene, atm™!
P Total pressure, atm

PDIPB Partial pressure of DIPB, atm

DB Partial pressure of benzene, atm

Pc Partial pressure of cumene, atm
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