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Abstract

A montmorillonite pillared with aluminum (APM) or aluminum /gallium polyoxycations (AGPM) and their respective
repillared derivatives (AP2M and AGP2M) were prepared. The materials were characterized by chemical analysis, X-ray
diffraction, N, adsorption—desorption. The surface acidity was evaluated by FT-IR spectroscopy of adsorbed pyridine and
from the analysis of the product distribution of the 1-butene gas phase isomerization. The catalytic activity for the alkylation
of benzene with ethylene to produce ethyl benzene was determined and correlated with the samples acidity. The derivatives
pillared with Al,;,Ga mixed pillars resulted to be the more active catalysts. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Friedel—Crafts reaction is probably one
of the more important reactions in organic
chemistry. The reaction is catalyzed by both
Brgnsted and Lewis acid centres [2,3]. Tradi-
tional Friedel—Crafts processes employ minera
acids such as HF and H,SO,, or Lewis acids
such as AICl; and BF;,. The use of these sub-
stances involves technological and environmen-
tal problems due to their corrosive nature, the
difficulty of recycling and the formation of
large amounts of harmful wastes, with conse-
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quent economic and environmental problems.
The present tendency is to replace these conven-
tional catalysts by solid acids, which are less
corrosive and harmful to the environment. Zeo-
lites [4—6], acid treated clays [7,8] and pillared
clays [9] can exhibit acidities close to those of
traditional mineral acids solutions. The akyla
tion of benzene or toluene with light hydrocar-
bons over acidic catalysts for the production of
akylaromatics is a process of industrial signifi-
cance [6,10,11].

Protonated or rare earth exchanged faujau-
sites were used in the akylation of benzene
with ethylene ([10] and references therein). More
recently, the liquid-phase akylation of benzene
with ethylene was studied on BEA-zeolite [6].
The akylation of benzene with propilene is
successfully catalyzed by silicoalluminophos
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phates ([10] and references therein) or cation
exchanged aluminum pillared clays [1].

In this work we studied the catalytic activity
for the liquid-phase alkylation of benzene with
ethylene to produce ethyl benzene of a montmo-
rillonite pillared with auminum or auminum /
gallium polyoxycations (APM and AGPM) and
their respective repillared derivatives (AP2M
and AGP2M).

2. Experimental
2.1. Characterization methods

2.1.1. Elemental analyses

Elemental analyses were accomplished by
Atomic Adsorption Spectroscopy with a Perkin-
Elmer PE 3100 instrument.

2.1.2. Thermogravimetric analyses

Thermogravimetric analyses were obtained
with a Simultaneous Therma Analyser STA
429 Netzsch using samples weighting about 50
mg. A heathing rate of 10 K /min with air (30
ml /min) as purging gas was used.

2.1.3. Nitrogen adsorption / desorption

Adsorption—desorption experiments using N,
were carried out at 77 K on a Sorptomatic 1900
Carlo Erba porosimeter. Before each measure-
ment the samples were outgassed at 423 K and
1.33 X 102 Pafor six hours. The N, isotherms
were used to determine the specific surface
areas (S.A.) using the BET equation. The a-plot
method was used to calculate the micropore
volume. The starting clay was used as reference
material [12,13].

2.1.4. X-ray diffraction spectra

X-ray diffraction spectra were measured with
a Philips diffractometer using the Cu-K o radia
tion. The samples were disc shaped pressed
powders and were previoudly treated at 673 K
in a ventilated oven.

2.1.5. FT-IR measurements

IR spectral measurements were carried out in
an evacuable Pyrex cell with CaF, windows.
Pyridine adsorption experiments were per-
formed as described by Occelli and Tindwa
[14]. The clay was ground to a fine powder.
Thirty milligrams of the sample were pressed at
4 tons, in order to get a self-supporting wafer.
The wafers were mounted in the holder of the
IR cell, and degassed by heating at 673 K and
1.33 Pa [15,16]. After cooling the wafers at
room temperature, pyridine was adsorbed on the
samples. The spectra were recorded after de-
gassing the wafers under vacuum at 423 K and
1.33 Pa for two hours on a Nicolet Magna-IR
750 spectrometer.

2.1.6. Catalytic 1-butene isomerisation test

Catalytic 1-butene isomerisation tests were
performed in a tubular glass flow microreactor.
The catalyst samples were pretreated for 2 h in
N, flow at 673 K. Experiments were performed
at 673 K and 7=24 g * 9@ buene - N The
1-butene was at 5% abundance in nitrogen and
the time on stream was 120 min. The uncon-
verted 1-butene and the reaction products were
analyzed on line in a gas chromatograph (HP
5890 series 1) equipped with a wide-bore
KCl /AICI; column (¢ =0.53 mm, | =50 m)
and a flame ionization detector (FID).

The amount of coke was deduced from the
weight loss of the spent catalyst during burning
in ar in the range 363-1073 K, measured by
thermogravimetry (TG).

2.1.7. Catalytic alkylation of benzene with ethy-
lene

The alkylation of benzene with ethylene was
carried out at 453 K in a 250 ml magnetically
stirred autoclave (reaction time 22 h) using 100
mg of catalyst, previously treated in air flow at
673 K for 20 h. A total of 1.40 g of ethylene, 20
ml of benzene (benzene/ethylene= 4.5) and
100 mg of catalyst were heated to 453 K and
the system was pressurized with argon up to a
total pressure of 45 bar [r=0.116 (g.ya/
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Obenzene-+ ethylene) X N1. After 22 h of reaction the
autoclave was cooled and the products were
analyzed in a gas chromatograph (Chrompack
CP) equipped with a wide-bore OV1 column
(=053 mm, | =10 m) and a flame ioniza-
tion detector (FID), and a gas chromatograph
(HP 5890 series I1) equipped with a wide-bore
KCI /AICI; column (¢ =0.53 mm, | =50 m)
and a flame ionization detector (FID).

2.2. Materials

Detercal P1™, the clay used in this study,
was a natural calcium rich bentonite (montmo-
rillonite 97%) of North African origin (Nador,
Morocco), factory dried, ground and sieved,
which was obtained from Industria Chimica
Carlo Laviosa(Leghorn, Italy) (CEC = 84 meq/
100 g).

Its structural formula, previoudy determined
[17], is[Cag 15 Nag 43 K15 (Sizss Algaa)(Al 35
Fey,, Mggs,) O, (OH),]. Chlorhydrol™, a
commercia 5/6 basic auminum chloride salt
produced by Reheis was obtained as a kind gift
from Eigenmann and Veronelli (Milan). Ben-
zene was C. Erbareagent > 99.5% pure. Ethy-
lene was supplied by SIAD. Galium and Alu-
minum chlorides were Aldrich reagents.

2.2.1. Preparation of the Al ;- and Al,,Ga-pil-
lared clay

Aluminum and auminum/galium pillared
clays (APM and AGPM) (d,y, = 1.87 and 1.85
nm) were synthesized by a dight modification
of a published method [18]. The pillaring Al ,,Ga
agent was prepared as described in the literature
[19] from a 0.2 M agueous solution of AICI; +
GaCl,; (Al /Ga=12/1) by gradual addition of
an appropriate volume of a NaOH 0.5 M solu-
tion to obtain OH /(Al + Ga) = 2.0 ratio. The
reaction mixture was then diluted with distilled
water to yield (Al + Ga) =0.1 M. The pH of
the final solution was 3.7.

2.2.2. Preparation of the Al ;- and Al,,Ga-re-
pillared clays

The cation exchange capacity (CEC) of the
APM and AGPM samples was restored by treat-
ment with NH; vapours and the above de-
scribed pillaring process with aluminum and
aluminum /gallium polyoxycations was re-
peated to give respectively AP2M and AGP2M.

3. Results and discussion
3.1. Pillared clays characterization

XRD profiles of the samples are presented in
Fig. 1. The d,,; basal spacing values, the sur-
face areas and micropore volumes of al the
pillared smectites are reported in Table 1.

All pillared clays presented, after calcination
a 673 K, an intense and sharp dy,, pesk at
~ 1.85 nm with peak widths of about 0.25 nm
indicating a high layer stacking order along the
c-axis.

All the samples showed the well known mi-
cro-mesoporous binary pore distribution of the
aluminum pillared smectites. Both Al,,Ga-pil-

AGP2M

-

AGPM

AP2M
APM

77

Fig. 1. X-Ray diffractograms of the pillared and repillared clays.
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Table 1
Basal spacings (dy,), specific surface areas (S.A.), micropore
volumes (V) of the PILCs

Sample dgor NM SA.m?/g v, em®/g
APM 1.87 370.0 0.16
AP2M 1.87 252.1 0.10
AGPM 1.85 382.8 0.16
AGP2M 184 3225 0.14

lared clays showed BET surface areas and mi-
cropore volumes higher than the Al ;-pillared
derivatives. Various techniques have been used
to understand the nature and location of the Ga
sites of gallium doped aluminum pillared clays
[19-22]. It was demonstrated by MAS-NMR,
that the central tetrahedral AlI®* of the pillaring
Keggin type ion is replaced by a tetrahedral
Gation [21,22].

The intercalation of GaAl,, species into a
montmorillonite appears to give origin to a pil-
lared clay more microporous and structurally
more stable to high temperatures as is proved by
the XRD spectra shown in Fig. 2.

It was found that Ga-doped pillared clays
have a lower number of pillars per gram of clay
compared to the Al ; pillared derivatives and
that [21,22] the dlightly larger ionic radius of
Ga®" ion makes the GaAl,, structure more
symmetric than that of the parent aluminum
oligomer.

When the APM and AGPM pillared clays
were reintercalated, the exchangeable cations
regenerated by treatment with NH ; vapours were
replaced by Al ;- and Al,,Ga-polyoxycations.

The repillared clays showed a XRD pattern
very similar to that of the mono pillared deriva-
tives (Fig. 1) but with lower surface area, most
probably because of the loss of microporosity
caused by the increased number of the pillars.

The surface area of the APM decreased from
370.0 to 252.1 m? /g after repillaring, whereas
the surface area of the AGPM decreased only
from 382.8 to 322.5 m?/qg.

It was reported [21,23] that repillaring with
Al ,Ga-polyoxycations causes a 30% increase
of the pillar number, while only 20% more

pillars were found in clays repillared with Al ;-
polyoxycations.

The decrement of the micropore volume after
repillaring was 28.6% for the Al pillared sam-
ples and 12.5% for the AlGa derivatives.

As illustrated in Scheme 1, during the pillar-
ing process the polycations (little white rectan-
gles) prop open a large amount of the clay
layers, creating an interlayer space (Scheme 1
A). Nevertheless, some layers till remain only
partially open or completely closed (Scheme 1
B and C). During the reintercalation process
further diffusion of polyoxycations in the inter-
layer space can integrate the pillaring process
leading to higher pillar density (Scheme 1 A)
and/or to completion of the process that did not
occur or occurred only in part (little grey rectan-
gles). Consequently, the micropore volume loss
after repillaring is more pronounced for the
higher pillar density Al pillared clays in com-
parison with the lower pillar density AlGa clays.

3.2. Surface acidity evaluation

The surface acidity was evaluated by FT-IR
spectroscopy of adsorbed pyridine [14-16] and

AGPM 973K

a.u.

AGPM 673K

20

Fig. 2. X-Ray diffractograms of the Al,,Ga-pillared sample cal-
cined at 673 or 973 K.
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from the analysis of the product distribution of
the 1-butene gas phase isomerization [17,24—26)].

3.2.1. FT-IR study of adsorbed pyridine

The IR spectra of pyridine adsorbed on APM
and AGPM pellets after evacuation at 423 K are
shown in Fig. 3.

A genera decrease of the IR bands intensity
in the 1700—1400 cm™! region was observed
going from APM to AGPM, in particular of the
1545 cm™* and 1450 cm ™! bands typical of the
pyridine bonded to, respectively, the Bransted
and Lewis acid sites.

3.2.2. Catalytic 1-butene isomerisation test

The distribution of some of the reaction pro-
ducts (isobutene, n- and isobutanes, and the
products of coking) can give information on the
strength and type of the acid sites.

The results are summarised in Table 2.

The skeletal isomerisation of n-butenes im-
plies the transposition of a sec-butyl carbenium
ion to a tert-butyl carbenium ion. This process
necessitates rather strong Brensted acid sites
[27,28]. Lewis and very strong Brensted acid
centers are known to promote coke formation
[29]. The hydrogenated compounds, n-butane
and isobutane, are found among the other pro-
ducts. Their presence can be explained by a
cracking reaction of butene oligomeric carbe-
nium ions or, more probably, in our conditions,
by a direct hydrogenation of the butene isomers
through hydride transfer to the corresponding

monomeric carbenium ions. In order to evaluate
the skeletal isomerisation activity of the sam-
ples, the amount of isobutene produced should
be added to that of isobutane, assuming that the
last originates from isobutene.

The total skeletal isomerisation activity and
the coke were divided for the BET area values
in order to normalize the data of catalysts with
very different surface areas.

The overall activity of APM clay decreased
after repillaring whereas that of AGPM was
only slightly modified.

<
©
(8]
[ =
©
]
5 APM
Q0
2
AGPM
1700 1600 1500 1400 1300

wavenumbers (cm™)

Fig. 3. IR spectra of pyridine adsorbed on the Al,5- and Al ,,Ga
pillared clays.
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Table 2

Catalytic conversion of the 1-butene on the pillared and repillared samples

Sample  Product gas composition (%) Conv. (8S, (888 coke (88)a (8888 b
Iso0 butane Normal butane Iso butene Normal butene

APM 1.0 0.5 16.0 825 175 91.1 3.8 4.6 1.0

AP2M 0.6 04 85 90.5 9.5 89.5 8.4 3.6 33

AGPM 11 0.7 12.1 86.1 139 87.0 18 34 05

AGP2M 0.7 0.5 111 87.7 12.3 90.2 33 3.6 1.0

(8) = (Wt.% isobutene) g yent/[(Wt.% n-butenes);qo-(Wt.% n-butenes)yend)]-

(88) a=iso total /Sge * 100.
(888) coke = g coke/qg cat = 100.
(8888) b = coke/Se * 100.

As shown in Table 2 the APM pillared clay
was more active in the skeletal isomerization
(isobutene and isobutane formation), that is cat-
ayzed by strong Bransted acid sites, while
AP2M was the less active. Nevertheless, AP2M
produces the highest amount of carbonaceous
compounds (8.4 wt.%). This indicates that the
repillaring process leads to a clay with a larger
number of Lewis acid sites which forms large
coke amounts most probably responsible for the
catalyst deactivation.

The AGPM and AGP2M clays show a be-
haviour laying between these two Al ,;-pillared
derivatives.

3.3. Catalytic alkylation of benzene with ethy-
lene

The alkylation of benzene with ethylene was
carried out at 453 K for 22 h in a stirred batch
reactor. The high ratio benzene/ethylene = 4.5
and the relatively low temperature were chosen
to favor the mono-alkylated product and to avoid
the formation of poly-akylated derivatives [4].
A selectivity above 80% in ethylbenzene was
obtained for all samples. Ethylene polymeriza
tion products were never detected.

A normalized reaction time 7 is defined as
7= WF~1t, where W is the catalyst weight (g),
F is the amount of benzene-olefin mixture (g),
and t is the reaction time (h). A t of 0.116 h
was utilized.

The results are reported in Table 3.

In Fig. 4 the time dependence of the ethylene
conversion on AGPM and AGP2M clays is
showed.

Both AGPM and AGP2M clays resulted very
active, the latter being the best catalyst.

Reactivity and spectroscopic data confirmed
that the chemical properties of Al and Al /Ga
pillared montmorillonites were modified by
repillaring, while the clay structure appeared
only dlightly affected. The slight decrease of the
specific surface area vaues (Table 1) is at-
tributable to the filling of the interlamellar space
by the added pillars. The samples with only
Al 5 pillars show more intense IR bands at 1540
and 1450 cm™?, corresponding to Brensted and
Lewis acid centers, indicating that they have a
larger number of pillars per gram of material in
comparison with the Al /Ga derivatives (Fig. 3).
For increasing pyridine desorption temperatures
the band at 1450 cm™?! assigned to Lewis cen-

Table 3

Ethylene conversion, selectivity and yield in ethylbenzene, in the
akylation of benzene with ethylene catalyzed by the Al ;- and
Al,Gerpillared and repillared clays

Sample Ce% Seb% Y eb%
APM 8 86 7
AP2M 13 82 11
AGPM 25 86 22
AGP2M 30 84 25

Ce% = Percent ethylene conversion.
Seb% = Ethylbenzene/alkylation products molar ratio < 100.
Y eb% = Percent ethylbenzene yield.
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ters weakens faster in the APM sample in com-
parison with AGPM, indicating that the Lewis
centers on the Al ,Gapillared sample are
stronger.

The 1-butene isomerisation test gives addi-
tiona information on the relative number and
strength of the acid sites. The Al ;-pillared clays
have more pillars compared with the Al ,Ga-
pillared derivatives and this justifies the higher
number of Lewis acid sites responsible for the
coke formation (Table 2). On the other hand,
the lower number of pillars in the Al,,Ga-pil-
lared clays implies less, but stronger Lewis acid
sites. This can be due to the charge polarization
caused by the more electronegative gallium on
AIV' (AIV'-O-GdV-) compared with AlY!
(AIV'-O-AI'Y-) [21,23].

An attempt to correlate the activity in the
benzene akylation with the acid properties of
various PILCs was made but there is no appar-
ent dependence of the catalytic activity on the
relative amount of strong Brensted or Lewis

.5 s AGP2M
Y AGPM

A A

- v

%100 (h)

Fig. 4. Influence of the repillaring process on the ethylene conver-
sion.

T4
@ + CH2:CH2Hg CHy—CH3 + @ =

B—~ 0 —~ &

]
©

acid centers. Nevertheless, it is well known that
the Friedel—Crafts akylation of benzene with
ethylene over acidic zeolites takes place via the
generaly accepted carbenium ion mechanism
illustrated in Scheme 2.

On the basis of this mechanism, the ethylene
molecule is protonated by the Brensted acid
sites to a carbenium ion that generates, by elec-
trophilic attack on the aromatic m-electrons, a
mono or polyalkylbenzenium ion. The desorp-
tion of the latter and the loss of the proton gives
the alkylated aromatic and restores the Bransted
acid sites.

It was assumed that the reaction proceeds
according to the Langmuir—Hinshelwood (LH)
mechanism [30], the rate determining step being
the reaction between the benzene molecule ad-
sorbed on the aprotic sites and the ethylene
molecule adsorbed on the protonic sites. The
Al,,Ga-mono pillared and repillared clays, that
have stronger aprotic sites probably better coor-
dinate the benzene molecules alowing an easier
reaction with the ethylene adsorbed on the pro-
tonic sites.

Scheme 2.

4, Conclusions

Montmorillonites pillared with auminum
(APM) or auminum/galium polyoxycations
(AGPM) and their respective repillared deriva-
tives (AP2M and AGP2M) are al active cata-
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lysts of the alkylation of benzene with ethylene
to produce ethylbenzene.

The title reaction was found to occur with
good yield and selectivity, in particular on
AGPM and AGP2M samples, the latter being
the more active catalyst. The higher activity of
the GaAl ,-pillared samples must be related to
the presence of stronger Lewis acid sites on the
pillars.
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