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 novel catalyst for alkylation of benzene
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 Introduction

Alkylation of benzene with linear alkenes is used to
nthesis linear alkyl benzenes (LABs) as primary material
r production of detergent intermediate. Conventional
ocess for LAB production is based on using highly
rrosive and dangerous Lewis and Bronsted acid cata-
sts such as aluminum trichloride and hydrofluoric acid.
erefore, many efforts are being made to find efficient,
cyclable and environmental friendly solid-acid catalysts
,2]. Application of solid-acid catalysts removes the need
r quench step, facilitating catalyst reuse and are
nerally much safer and easier to handle [3]. The efforts

 find catalysts with high activity, low deactivation, and
ermal stability have motivated the study of new
aterials. Acidic clays [4–6], heteropoly acids [7,8],
conia supported 2-tungstophosphoric acid [9] and
rious microporous zeolites [10–14] have already
en used for benzene alkylation. Among natural clays,
ontmorillonite due to its potential for interlayer
odification and cation exchange is considered as an

active material with interesting physicochemical proper-
ties. Montmorillonite is dioctahedral clay of smectite
group and is composed of stacked aluminosilicate layers.
When the mineral is acid-activated, hydrogen ions attack
the aluminosilicate layers via the interlayer regions and
the structure, chemical composition and physical proper-
ties of the clay will be seriously affected [15]. Acid-
activation of clays is widely accepted as a feasible way to
improve the acidity, particularly Bronsted acidity origi-
nated by the interaction of water molecules with Al3+ sites
[16]. Acidity enhancement always followed by the
increase of the pore volume and specific surface area
[17,18].

Pillared clays can be synthesized by intercalating
polycations into the interlayer region of expandable of
the minerals. By calcinations, the polycations are
converted to metal oxide pillar, which is fixed to the
layers of the clay and yielding rigid cross-linked
materials with permanent microprosity. Pillaring of
clays increase the surface area and pore volume, and
expose the acid sites of the interlayer region to reactant
molecules.

In this work the catalytic activity of pillared acid-
activated natural montmorillonite was studied in alkyl-
ation of benzene with a-olefin.
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A B S T R A C T

In this research, acid-activated and pillared montmorillonite were prepared as catalysts

for alkylation of benzene with 1-decene for production of linear alkyl bebzene (LAB). The

catalysts were characterized by X-ray diffraction (XRD), FT-IR spectroscopy, scanning

electron microscopy (SEM), N2 adsorption-desorption isotherms, temperature pro-

grammed desorption (TPD) of NH3 and elemental and thermal analysis techniques. The

reaction conditions were optimized by varying catalyst concentration, reactants ratio and

temperature in a batch-slurry reactor. It was found that acid-activation increased the

porosity and surface acidity of the catalysts. Pillaring of the sample improved the surface

area, micro-mesoporosity and acidity. Under optimized conditions more than 98%

conversion of 1-decene was observed. All products were LABs and no major side reaction

was observed.
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. Experimental

.1. Materials

H2SO4 (95–98%), NaOH, aluminum chloride (AlCl3,
H2O, 99%), 1-decene and benzene (99%) were purchased
om Merck Company. All chemicals were research grade
nd used as received without further purification. Natural
entonite (sodium montmorillonite) was supplied by
min Barq Company (Yazd, Iran).

.2. Preparation

The sample was fractionated by sedimentation
< 2 mm), purified by classical ‘‘gentle’’ purification

ethod [19]. To prepare acid-activated sample (H-Clay),
0 g of purified bentonite was stirred with 175 mL
f H2SO4 (4 M) for 2 h at 353 K in a round-bottom flask.
he slurry was cooled, centrifuged and washed with
istilled water until free of SO4

2� ions, as tested by BaCl2

olution.
Pillaring of the acid-activated sample was performed

ccording to the method described by Chae et al. [20]. An
dequate volume of 0.2 M NaOH was added dropwise to
.2 M AlCl3 solution under vigorous stirring to prepare
luminum hydroxy-oligomeric solution (OH/Al molar
atio of 2). After aging at room temperature for 24 h
he appropriate amount of pillaring solution, required

r the Al/clay (mmol Al/g clay) ratio of 25, was then
lowly added to 1.0 L of distilled water containing 10 g of
he acid-activated sample and stirred for 24 h. The solid
as then centrifuged and washed repeatedly with de-
nized water until free of Cl� ions (as tested by AgNO3).

he final product was dried at 383 K and calcined at
73 K for 3 h. The pillared sample was designated as H-
l-PILC.

.3. Characterization techniques

The XRD patterns of the samples were obtained by a
ruker D8 ADVANCE, P4 PIONEER diffractometer, using
uKa radiation. FT-IR spectra were prepared using JASCO,
T-IR-6300 with a standard mid-IR DTGS detector. The
pecific surface area and total pore volume (TPV) of the
amples were determined using N2 as the sorbate at 77 K
y a BELsorp max 113, Japan, Inc. system. Total specific
urface areas were calculated using the Brunauer–
mmett–Teller (BET) equation. The TPV were evaluated
om N2 uptake at P/P8 = 0.99. The micropore size
istribution of the samples was calculated using the
orvath–Kawazoe (H–K) equation [21] and the Barret,
hner and Halenda (BJH) method was used to determine
e distributions of the mesopores [22]. The total acid site

ensities of the catalysts were measured by TPD of
mmonia using a Micromeritics TPD/TPR 2900 instrument,
quipped with a thermal conductivity detector (TCD).
hemical composition of the samples was determined by
RF method using a Bruker S4 PIONEER equipment.
hermal curves (Thermogravimetric (TG) and differential
ermogravimetric (DTG)) were prepared using a Mettler,

heating rate of 10 K min�1. SEM was employed to examine
the morphology of the samples by using a Philips XL
SERIES, XL30 instrument. The cation exchange capacity
(CEC) of the samples was determined by the method
reported by Bergaya and Vayer [23].

2.4. Catalytic activity

H-Clay and H-Al-PILC catalysts were used for alkyl-
ation of benzene with 1-decene in a batch-slurry reactor at
different temperatures of 388, 403 and 488 K. In each
experiment, 1 wt% of the catalyst was used with a
mixtures of benzene to olefin with different molar ratios
of 8.75, 12 and 15. The alkylation products were analyzed
by a FISONS GC 8000 series gas chromatograph with a DB-
17 capillary column coupled to a flame ionization detector
(FID).

3. Results and discussion

3.1. Characterization of the catalyst

In acid-activated sample considerable decrease in Al,
Mg, and Fe content and an increase in SiO2 was observed
(Table 1). During acid treatment, the octahedral cations are
washed out whereas thetrahedral silicon remained in the
structure.

Replacement of interlayer cation by H+ as a conse-
quence of acid treatment reduced the CEC of the purified
clay from 68.04 to 33.76 meq/100 g. Again in the pillared
sample, the CEC value decreased to 15.31 meq/100 g,
indicating that the exchangeable cations are mostly
replaced by the pillars. The increase in Al content of H-
Al-PILC sample confirmed this replacement (Table 1).

XRD patterns of the samples are given in Fig. 1. The
purified sample contains montmorillonite with the basal
spacing (d001) of 1.22 nm as the dominant phase. In
addition, calcite, talc, quartz and cristobalite were detected
as impurities. In the acid-activated sample, the intensity of
the 001 line (2u = 6.88) decreased and the characteristic
lines of quartz and cristobalite are preserved, whereas the
diffraction lines of calcite and talc disappeared. By

Table 1

Chemical compositions of the samples.

Compound (W/W %)

Clay H-Clay H-Al-PILC

SiO2 69.08 73.00 68.30

Al2O3 13.21 10.80 15.84

Fe2O3 2.21 1.56 1.39

MgO 1.78 0.86 0.79

Na2O 0.40 0.16 0.23

CaO 1.17 0.98 0.21

K2O 0.88 0.54 0.44

TiO2 0.16 0.18 0.16

LOIa 11.31 11.67 12.48

CECb 68.04 33.76 15.31

CEC: cation exchange capacity.
a Loss on ignition determined by DTG method.

b (meq/100g) determined by Cu ethylendiamin complex.
G50 thermal analyzer under nitrogen atmosphere with a
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mparison of purified and acid-activated samples, it was
vealed that, although the crystallinity of the parent clay
as decreased, its crystal structure was preserved. In
llared sample, the 001 line was shifted to smaller angle
dicating the enlargement of the basal spacing
 = 1.84 nm) of the sample as a consequence of the
llaring process (Table 2).

The FT-IR spectrum of the purified clay (Fig. 2a) showed
an intensive band at 1045 cm�1 which is attributed to the
Si–O in-plan stretching vibration and moderate bands at
526 and 470 cm�1 assigned to Al–O–Si (octahedral Al) and
Si–O–Si bending vibrations, respectively. The strong band
around 1100 cm�1 together with a shoulder at 1190 cm�1

confirmed the presence of the silica phase, as observed in
the XRD patterns. Stretching vibration of the hydroxyl
groups of water molecules appeared at 3438 cm�1. The
band at 3623 cm�1 is assigned to hydroxyl groups
coordinated to octahedral Al3+ [24].

Three peaks in the hydroxyl bending region at 920 cm�1

for Al2OH, 875 cm�1 for AlFeOH, and 840 cm�1 for AlMgOH
reflect that octahedral Al3+ is partially replaced by Fe3+ and
Mg2+. Furthermore, the band at 793 cm�1 reflect the
presence of cristobalite and the shoulder near 620 cm�1 is
attributed to the Al–O–R (R = Al and Mg) vibration of
octahedral atoms [25].

In the FT-IR spectra of the acid-activated sample
(Fig. 2b) the position and the shape of the bands are
slightly changed. The band at 1045 cm�1 is shifted to
higher wavenumbers (Dv = 5 cm�1). The intensity of the
hydroxyl bending vibration at 840 cm�1 (Al-Mg-OH) and
875 cm�1 (Al-Fe-OH) was significantly decreased. This was
related to a decrease in Mg2+ and Fe2+ content and in
agreement with chemical analysis results. In acid-activat-
ed sample, the intensity of the band at 793 cm�1 attributed
to cristobalite was increased. This was also in agreement of
chemical analysis data.

In the pillared sample (Fig. 2c), the band at 3438 cm�1

was broadened, indicating the introduction of the OH
groups of the pillars and is interpreted as the effect of
pillaring [26]. The increase in the broadness and intensity
of the band at 3438 cm�1 is related to the presence of
aluminum oxocations in the samples which increase the
positive surface charge on oxygen involved in Si-O-Si
linkages. The introduction of more positively charged
aluminum groups causes a change in the electric field
around Si groups and consequently a change in the
symmetry of the surface Si-O-Si vibration could happen

. 1. X-ray diffraction paterns of the samples (M: montmorillonite, Q:

rtz, Ca: calcit, Cr: cristobalite, T: talc).

ble 2

nauer–Emmett–Teller specific surface area (SBET), total pore volume

V), acidity and basal spacing (d001) of the samples.

ample SBET (m2g�1) TPVa

(cm3g�1)

Acidity

(meq NH3g�1)

d(001)
b

(Å)

lay 45.0 0.140 0.04 12.16

-Clay 95.6 0.291 0.73 13.04

-Al-PILC 158.3 0.298 1.05 18.38

Total pore volume measured at P/P8 = 0.99.

Obtained from XRD data.
Fig. 2. FT-IR spectra of purified clay (a), H-Clay (b), H-Al-PILC (c).
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nd the related stretching vibration band is shifted to a
igher position [27].

Thermal behavior of purified clay, H-clay and H-Al-PILC
amples was examined by DTG analysis (Fig. 3). Two
istinct weight-loss regions around 373 and 923 K were
bserved in the thermal curves of all samples, which are
espectively attributed to the dehydration (physically
dsorbed water) and dehydroxylation (chemically bound
H groups). Between 373 and 923 K, a modest weight-loss
as observed and this is attributed to the removal of
terlayer water and onset of dehydroxylation [28]. The
tal weight-loss for the pillared sample was greater,

which may be attributed to dehydration and dehydrox-
ylation of both clay structure and the Al pillars. The total
weight losses of samples are given in Table 1.

Fig. 4 shows the nitrogen adsorption-desorption iso-
therms of the samples. According to the International
Union of Pure and Applied Chemistry (IUPAC) classification
the isotherms are of IV type with a well defined H4
hysteresis loop denoting a slit-shaped porosity between
plate-like particles. H4 hysteresis loops are generally
observed with complex materials containing both micro-
pores and mesopores [29]. By acid treatment, the cations
are replaced by hydrogen ions and mesopores are
increased, consequently the specific surface area and
TPV of the sample sharply increased (Table 2). Compared to
the parent bentonite, negligible change in micropore
structure has occurred after acid treatment. By pillaring,
the specific surface area was again increased by increasing
separating contiguous layer distance (basal spacing of
1.84 nm). Mesopores are increased and partial transfor-
mation of mesopores to micropores during the intercalat-
ing process had occurred. Thus, H-Al-PILC possesses higher
porosity and higher accessible specific surface area (Table
2). It was concluded that the acid-activated samples have
no significant micropores whereas in pillared acid-
activated samples, amount of micropores was increased.
This would improve the accessibility of the active sites to
the chemical reagents.

The acidity of the purified clay originates from two
sources:

� compensating cations in the interlayer spaces that are
mostly not easily accessible;
� specific sites at the layer edges; compensated by OH

groups leading to Bronsted acid sites such as Si–OH and
also coordinately unsaturated Al3+ and Mg2+ easily
formed at the edges, behave as Lewis acid sites [30].

After acid-activation the protons replace the exchange-
able cations and increase acidity [31]. By loading Lewis
acid salts such as Al3+ the number of acid sites is also

Fig. 3. DTG curves of purified clay, H-Clay and H-Al-PILC samples.

Fig. 5. NH3 TPD curves of the samples: purified clay (a), H-Clay (b), H-Al-
PILC (c).Fig. 4. Nitrogen adsorption-desorption isotherms of the samples.
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creased. Therefore, the total acidity of the H-Al-PILC
mple was higher than that of the H-Clay sample. The
sult of TPD measurements (Fig. 5) showed that the
mber of acid sites of the samples is enhanced by acid
atment and pillaring processes (Table 2).
SEM images of the samples are shown in Fig. 6. In the

M image of bentonite, thick aggregates with irregular
ape and flake-shape were observed (Fig. 6a). After acid
atment the particles become smaller and thinner but

e lamellar structure of bentonite still remained (Fig. 6b).
 the H-Al-PILC sample (Fig. 6c), leaf-like agglomerates
e observed. The morphological change of the sample
dicated that Al13

7+ ions are incorporated into the
terlayer space of acid-activated samples.

3.2. Activities of the catalysts

The catalytic activity of the samples was examined for
alkylation of benzene with 1-decene. Alkylation of benzene
with olefins is commonly considered as proceeding via a
carbenium ion mechanism. Over the acid catalyst firstly, 1-
decene forms a carbenium ion, and then undergoes a rapid
double bond migration, and finally LABs (2-, 3-, 4- and 5-
phenyldecane) are formed [32]. The alkylation reactions
can be accompanied by side reactions, such as oligomeri-
zation of the olefin and alkylation with both monomer and
the oligomers. For an industrial application high selectivity
for linear 2- and 3-phenyl isomer is the major target, as this
isomer yields detergents with desirable emulsifying and
biodegradability properties [2].

3.2.1. Effect of molar ratio

Catalyst performance at different molar ratios is shown
in Table 3a. 1-decene conversion of H-Al-PILC is higher
than the H-Clay sample. This is in agreement with acidity
enhancement of the sample and confirming the role of
acidic sites in alkylation products.

In the pillared sample, nearly complete conversion
was achieved with molar ratio of 15:1 and the conversion
of 77.65% was observed with the benzene to olefin molar
ratio of 8.75:1 (industrial scale ratio). The conversion
percentage obtained by the H-Al-PILC sample is higher
than the values reported by Thomas et al. [33] for H-Y
and H-MOR zeolites, K-10 clay and SiO2-Al2O3, and by
Perego and Ingallina [34] for L zeolite and Al-PILC (Table
3b). Poly alkyl benzenes and tetralines are the typical
compounds produced by benzene side reactions, while
branched alkyl benzenes and oligomers are usually
produced by olefin side reactions. Polyalkylation and
oligomerization reactions are depressed by increasing
the benzene to olefin ratio in the feed; as a general
feature, the processes are designed, by controlling the
reaction conditions, to minimize skeletal isomerization
of the olefins, since high linearity is necessary to yield
a biodegradable product. In the H-Al-PILC sample,
complete conversion of 1-decene produced linear iso-
mers of 2-, 3-, 4- and 5-phenyldecane and side reactions
were not detected. Performance of H-Al-PILC catalyst for
production of monoalkylate products was superior than
the results obtained for H-Y, H-MOR, L and Beta zeolites,
K-10 clay and SiO2-Al2O3 reported by Thomas et al. [33],
conventional Al-PILC reported by Perego and Ingallina
(Table 3b) [34].

Formation of different monoalkylate isomers is caused
by the intermediate carbenium ion isomerization. Effect of
the different catalysts in the distribution of monoalkylated
isomers is illustrated in Fig. 7. It is evident that 2-
phenyldecane isomer has higher abundance between the
monoalkylated isomers.

3.2.2. Effect of reaction temperature

The effect of temperature on the conversion and
selectivity was studied at 388, 403 and 418 K (Table 4).
The molar ratio of 15:1 (optimized value) was selected for
the experiment. Although the catalysts showed enhanced
activity at higher temperature, significant decrease of

. 6. Scanning electron microscopy images of the samples: purified clay

, H-Clay (b), H-Al-PILC (c).
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-phenyldecane selectivity was observed. The maximal
electivity was obtained at 388 K. A decrease of selectivity
t higher temperature may be attributed to the fast
quilibration of the olefin isomer (fast hydride shifts of the

carbonium ion intermediate to produce the isomer ions) or
rapid diffusion of the bulkiest LAB isomer out of the
catalyst cavities [33], which increased the formation of
other monoalkyalte isomers.

able 3

he effect of benzene to olefin molar ratio on alkylation reaction (T = 418 K; catalyst weight = 1 wt%, t = 4.5 h) of this work (a) and the results reported by the

ther workers (b).

(a) Sample Benzene: olefin molar ratio

8.75:1a 12:1 15:1

1-decene

conversion (%)

LABb yield (%) 1-decene

conversion (%)

LAB yield (%) 1-decene

conversion (%)

LAB yield (%)

H-Clay 54.24 > 98.50 66.92 > 99.00 79.78 > 99.00

H-Al-PILC 77.65 > 98.50 95.17 > 99.00 > 98.00 > 99.00

(b) Sample Conv. (%) LAB yield (%) Conditions Reference

H-Y 79.5 90.4 T = 448 K, Benzen:1-decen; 20:1, t = 3 h [33]

H-MOR 84.2 93.8 T = 448 K, Benzen:1-decen; 20:1, t = 3 h [33]

K-10 Clay 38.9 93.1 T = 448 K, Benzen:1-decen; 20:1, t = 3 h [33]

SiO2-Al2O3 27.4 95.9 T = 448 K, Benzen:1-decen; 20:1, t = 3 h [33]

L zeolite 92.8 72.9 T = 428 K, Benzen:1-decen; 15:1, t < 20 h [34]

Al-PILC 93.1 98.5 T = 428 K, Benzen:1-decen; 15:1, t = 16 h [34]

AB: linear alkyl bebzene.
a Industrial scale ratio.
b Monoalkylated (include 2, 3, 4, and 5- phenyldecane isomers).

able 4

emperature effect on the activity and selectivity (catalyst weight = 1 wt%, benzene to olefin molar ratio = 15:1, t = 4.5 h).

Temperature 388 K 403 K 418 K

Sample Conv. (%) 2-w Select. (%) Conv. (%) 2-w Select. (%) Conv. (%) 2-w Select. (%)

H-Clay 27.23 46.4 56.23 39.2 79.78 29.5

H-Al-PILC 26.72 44.9 59.54 39.3 > 98 33.3
Fig. 7. Product selectivity of H-Clay and H-Al-PILC (catalyst weight = 1 wt%; T = 418 K; t = 4.5 h).
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. Effect of catalyst amount

To examine the effect of the catalyst amount, a series of
actions were conducted by changing catalyst loading in
e range of 0.25–1.75 wt % with molar ratio of 15 at 418 K
r 4.5 h (Table 5). It was concluded that the conversion
creased from 74.91 to more than 98% as the catalyst

ount increased from 0.25 to 1 wt%. Beyond this amount,
e conversion was steady because of deficiency of the
actant molecules.

 Conclusion

Acid-activated and pillared bentonite was used for
ylation of benzene with 1-decene in a batch-slurry

actor. The specific surface area and the TPV of the
talyst was increased upon acid treatment. Intercalating

 aluminum polyhydroxyl into the acid treated sample
ongly increased the number of acid sites. Pillaring also
proved specific surface area of the sample. The main
vantage of the method is that no major side reactions,
ch as oligomerization of the olefin, dialkylation and
gher alkyl benzene (HAB) happened, and the purity of the
B products, which is an important parameter in LAB
oduction industries, was enhanced. H-Al-PILC sample
owed more than 98% conversion of 1-decene, which is
yond the values reported earlier for H-Y, H-MOR, L and
ta zeolites and conventional Al-PILC.
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ble 5

e effect of catalyst weight on conversion and selectivity of H-Al-PILC

nzene to olefin molar ratio = 15:1, T = 418 K, t = 4.5 h).

atalyst

eight (wt%)

1-decene

conversion (%)

2-w selectivity

(%)

LAB Yield

(%)

.25 74.91 32.8 99.1

.50 86.23 32.4 99.3

.00 > 98 33.3 99.4

.25 > 98 32.4 99.3

.75 > 98 33.6 99.2

B: linear alkyl bebzene.
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