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Abstract

Iron-containing aluminophosphate molecular sieves were synthesized in AEL and AFI structure types by static hydrothermal crystallization. These
materials have been characterized by elemental analysis, X-ray diffraction, scanning electron microscopy, N, adsorption—desorption, temperature
programmed desorption of ammonia (NH;3-TPD), and >’ Fe Mssbauer spectroscopy. Alkylation of benzene and other aromatics by benzyl chloride
has been investigated over these solids. Indeed, the iron containing microporous aluminophosphates showed both high activity and high selectivity
for this reaction. The activity of these catalysts for the benzylation of different aromatic compounds is in the following order: benzene > toluene > p-
xylene > anisole. More interesting is the observation that this catalyst can be reused in the benzylation of benzene for several times. Kinetics of the

benzene benzylation over these catalysts has also been investigated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Friedel-Crafts alkylations are a very important class of reac-
tions commonly used in organic chemistry [1,2]. Among these
reactions, the liquid phase benzylation of benzene and other
aromatic compounds by benzyl chloride or benzyl alcohol is
important for the production of diphenylmethane and substituted
diphenylmethane which are industrially important compounds
used as pharmaceutical intermediates [3] or fine chemicals [4,5].
These reactions are traditionally catalyzed by Lewis acids in lig-
uid phase using AICl3, FeCl3, BF3, ZnCl, and H>SO4 [1,2,5].
However, these acid catalysts are toxic and corrosive. More-
over, the isolation of the product is very difficult and causes
severe pollution. The new environmental legislations urge for
the replacement of all liquid acids by solid acid catalysts which
are environmentally more friendly and allow to minimise pollu-
tion and waste [6,7]. Indeed, several solid acid catalysts having a
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good efficiency have been proposed for the benzylation of ben-
zene and other aromatic compounds. For example, we can cite
Ga and Fe-modified ZSM-5 and H-B zeolites [8,9], Fe,O3 or
FeCls deposited on micro [9], meso [9,10] and macroporous
materials [9,11], Fe and Sn containing mesoporous molecu-
lar sieve materials [12,13], InClz, GaCls, FeCls and ZnCl,
supported on clays and Si-MCM41 [14], ion-exchanged clays
[15], Gallium-containing mesoporous silicas HMS [16], FeCls,
MnCl,, NiCl; and ZnCl, supported on acidic alumina [17]. Zeo-
lites such as H-ZSM-5 and H-[3 have been shown to be effective
for alkylation of several aromatic compounds such as phenols
or naphtols [18,19]. However, poor results have been obtained
for the benzylation of benzene over the previously mentioned
catalysts [20]. Choudhary et al. [9,21] reported that the activity
of ZSM-5 and H-3 zeolites increases when other phases (Ga,
Al or Fe; as metal oxides or chlorides) are added to the zeolites
framework. Among these elements, iron has been observed to
be the additive that improves the catalysts performance to the
highest extent.

Microporous like-zeolite aluminophosphates (AIPOs)
molecular sieves have attracted much interest since the first
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synthesis by Wilson in 1982 [22] due to their catalytic and
sorptive properties [23-28]. The structure of AIPOs consists of
a combination of aluminium and phosphate ions where trivalent
aluminium and tetravalent phosphorous are in tetrahedral
environment in the dehydrated material [29]. In the field of
catalysis, the incorporation of various elements in the AIPO
framework leads to the synthesis of new materials with novel
acidic or redox properties [30-33].

Several studies concerning the iron incorporated alu-
minophosphate molecular sieves have been reported [34-38].
Beside the shape selectivity of the aluminophosphate frame-
work, it has been shown that the incorporation of iron into these
materials modifies the acidity of AIPOs solids and creates iso-
lated redox centres by isomorphous lattice substitution. Thus,
potential applications as catalysts for hydrocarbon conversion
and oxidation combustion reaction over the FAPOs catalysts
have been investigated [33,39,40]. However, studies of the ben-
zylation of aromatics over these materials have not been reported
in our knowledge.

In the present work, the possibility of the isomorphous sub-
stitution of iron into an AIPO4-5 (AFI) and AIPO4-11 (AEL)
matrix has been studied using different physico-chemical meth-
ods. Furthermore, an investigation has been undertaken to study
the synthesised Fe containing amluminophosphates for their per-
formances as catalysts in the benzylation of benzene and other
aromatics by benzyl chloride and to propose a mechanism for
this reaction.

2. Experimental
2.1. Catalysts synthesis

AlIPO4-5, AlPO4-11, FAPO4-5 and FAPO4-11 were syn-
thesised hydrothermally according to the literature [22,34,41]
The aluminium and phosphorous sources were aluminium
isopropoxyde (Fluka) and phosphoric acid (85%, Prolabo),
respectively. Iron(III) chloride hexahydrate (Prolabo) was used
as the iron source. The templating agents were triethylamine
(98%, Fluka) for AIPO4-5 and FAPO4-5 and di-n-propylamine
(98%, Fluka) for AIPO4-11 and FAPOg4-11. The gel compo-
sitions and the synthesis conditions are given in Table 1. The
starting mixtures were heated in a Teflon-lined autoclave for
crystallization. At the end of the heat treatment the autoclave was
quenched in water. The solid products were filtered, washed with
distilled water and air dried, first at room temperature overnight,
then at 353 K for 8 h. Calcination of the molecular sieves has
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been performed in air at 823 K for 6 h to remove the organic
template.

2.2. Catalysts characterization

X-ray diffraction (XRD) patterns were recorded on a Philips
X’PERT Diffractometer using Cu Ko radiation and nickel filters.
Measures were recorded with 0.02° (260) per step and 1 s counting
time per step. An inductively coupled plasma atomic emission
spectrometer (ICP-AES, Varian model Liberty (II) axial view)
was used for chemical analysis of the samples. Scanning elec-
tron microscopy (SEM) was performed on a FEI Quanta200 and
analyses of the samples were conducted in an attached X-rays
microanalyzer. BET surface area measurements, using nitrogen
at 77K, were carried out on micrometrics ASAP2010 equip-
ment. All the samples have been outgased overnight at 493 K
before the analysis. The isotherms were used to calculate the
BET specific surface area, total pore volume and average pore
diameter according to the Horvath-Kawazoe method. Temper-
ature programmed desorption (TPD) of NH3 was carried out
on micrometrics Autochem 2910 equipment. All samples were
first activated at 823 K (5 K/min) for 120 min under helium
(20 ml/min). Ammonia (30 ml/min) was injected at 373K to
saturate the sample. Measurements of desorbed ammonia were
performed from 373 to 823 K. Iron doped materials were charac-
terised by 7' Fe Mossbauer spectroscopy at room temperature on
astandard EG and G constant acceleration spectrometer in trans-
mission mode using 3’ CoRA as the y-ray source. The velocity
scale was calibrated using the magnetic sextuplet spectrum of a
high purity iron foil absorber and the origin of isomer shift scale
was determined from the centre of the a-Fe spectrum. Fe hyper-
fine parameters were determined by fitting Lorentzian lines to
the experimental data using the ISO fit programme [42].

2.3. Catalytic reaction

The benzylation reactions over a series of iron-containing
microporous aluminophosphates catalysts were carried out in a
magnetically stirred glass reactor (25 cm?) fitted with a reflux
condenser, having a low dead volume, mercury thermometer
and arrangement for continuously bubbling moisture free nitro-
gen Ny (flow rate=30cm?3/min) through the liquid reaction
mixture, at the following reaction conditions: reaction mix-
ture=15ml of moisture-free liquid aromatic compound (or
2.5 ml of moisture-free aromatic compound mixes with 12.5 ml
of moisture-free solvent) + 1.0 ml of benzyl chloride, amount of

Table 1
Gel composition and preparation conditions of the materials
Sample Synthesis gel ratios (mole) PH Pretreatment Crystallization

Al,O3 P,05 Fe, O3 R H,O Temperature (K) Time (h) Temperature (K) Time (h)
AlIPO4-5 1 1 0 14 70 7.53 - - 473 24
AlPO4-11 1 1 0 14 70 7.39 - - 473 40
FAPO4-5 0.9 1 0.1 1.4 70 10.26 263 96 473 24
FAPO4-11 0.9 1 0.1 14 70 9.54 263 96 473 40
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Fig. 1. XRD patterns of as-synthesized (a) AIPO4-5, (b) FAPO4-5, (c) AIPO4-11
and (d) FAPO4-11.

catalyst=0.1 g and reaction temperature =353 K. The reaction
was started by injecting benzyl chloride in the reaction mixture,
containing catalyst and aromatic compound with or without sol-
vent. Measuring quantitatively the HCI evolved in the reaction
by acid-base titration (by absorbing the HCI carried by N> in
a 0.1 M NaOH solution containing phenolphthalein indicator)
followed the course of the reaction. The polybenzyl chloride
(which is formed by the condensation of benzyl chloride) was
isolated from the reaction mixture by the procedure given by
Choudbhary et al. [9]. In all the cases, the major product formed
was mainly mono-benzylated compound along with polyben-
zyl chloride as side product depending upon the condition used.
Samples were analyzed periodically on a gas chromatograph
(HP-6890) equipped with a FID detector and a capillary column
RTX-1 (30m x 0.32nm i.d.).

3. Results and discussion
3.1. Characterization

The XRD patterns of as-synthesised materials are shown in
Fig. 1. The high crystallinity of the obtained material is clearly
illustrated. For AIPO-5 and AIPO-11 X-ray diffractograms are
identical to those presented in the literature characterising AFI
and AEL crystalline phases, respectively [22]. The synthesised
FAPOQO4-5 and FAPO4-11 solids were identified to be principally
AFI and AEL phases, respectively, with a minor proportion of an

unidentified crystalline composition. We can see from the XRD
patterns that the incorporation of iron in the AFI and AEL frame-
work changes drastically the cell parameters. This is reflected by
a shift of peaks in the 26 region between 19° and 24° for FAPO4-
5 as compared to AIPO4-5. The peak at 19.8° corresponding to
the (2 1 0) reflection is shifted to 20.4° and the peaks at around
22.4°, corresponding to the (1 02) and (2 1 1) reflections, appear
at 21.6° and 21.8°, respectively. For FAPO4-11, notable shifts
are observed on practically all peaks in the 26 region between
21.5° and 23.3°. These changes in XRD patterns bear some
relation with the size, shape and morphology of the crystals.
However, further research is needed to arrive at more precise
conclusions.

The scanning electron micrographs of the obtained solids are
shown in Fig. 2. The micrographs show that the solids appear as
polycrystalline aggregates and the incorporation of iron into the
aluminophosphate structure affects the size and the shape of the
crystals. The hexagonal morphology of AIPO4-5 is clearly illus-
trated and hexagonal prisms with 16.5 wm height and 11.5 pm
thickness are obtained (Fig. 2a). The incorporation of iron into
the AFI structure leads to a hexagonal plate-like morphology
(Fig. 2b) and we can notice a crystalline growth along the c-
axis. The AIPO4-11 crystals are formed from elongated prisms
aggregated into spheres (Fig. 2c) and FAPO4-11 crystals have
an elongated lamellar morphology (Fig. 2d). Elemental analysis
was performed on several single crystals and the averaged results
are presented in Table 2 assuming the error of the standard devia-
tion of this analysis. The obtained results allow us to deduce that
the incorporation of iron in the aluminophosphate framework is
inhomogeneous and iron may occupy aluminium sites. On the
other hand, the iron content of the synthesized aluminophos-
phate is lower than that of the initial gel. Thus, FAPO,4 samples
can be synthesised only within a very narrow range of iron con-
centrations. BET surface areas, pores volumes and average pore
diameters of the obtained solids are presented in Table 3. The
BET surface area values are typical of microporous materials.
We can notice that the insertion of iron into the aluminophos-
phate framework leads to a decrease of the BET surface area
and pore volume which can be explained by a change of the
pore shape due to the change of the cell parameters. NH3-TPD
was used in order to characterize the acidity of the synthesised
aluminophosphates. The results are presented in Fig. 3. The peak
at about 420 K found for all samples is due to the desorption of
ammonia. The comparison of the TPD curves lets conclude on
an increase of the acidity when iron is incorporated in the AIPOs
structures (Table 3).

Table 2
Elemental analysis of the catalysts

FAPO4-5 FAPO4-11

Al P Fe Al P Fe
Average composition 46+£3 48+4 6.0+0.5 45+4 49+4 6.0+0.5
Single crystal 47+4 50+4 3.0+£0.2 48+4 49+4 3.0+0.2
Aggregate crystals 37+3 50+4 13+£1 42+4 49+4 9.0+0.7
Bulk chemical analysis (normalized atom%) 37.2 57.3 5.5 41.5 52.9 5.6
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Fig. 2. Scanning electron micrographs of (a) AIPO4-5, (b) FAPO4-5, (c) AIPO4-11 and (d) FAPO4-11.

Table 3
Textural characteristics and acidity of the catalysts

Pore volume (cm?/g)

Average pore diameter (A) Desorbed NH3 (mmol/g)

5.6 0.095
6.4 0.253
53 0.301
6.2 0.255

Sample BET surface area (m?/g)
AlPO4-5 198.59 0.072
AlPO4-11 130.40 0.039
FAPO4-5 92.02 0.035
FAPO4-11 90.48 0.030
E
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Fig. 3. Temperature programmed desorption of ammonia over (a) AIPO4-5, (b)
FAPO4-5, (c) AIPO4-11 and (d) FAPO4-11.

5TFe Mossbauer measurements were performed on as-
synthesised and calcined iron containing aluminophosphates in
order to obtain more precise information about the nature of
the iron species in the crystals. The resulting spectra at room
temperature are presented in Fig. 4 and the hyperfine param-
eters obtained from the corresponding fits (isomer shift (4),
quadrupole splitting (A), peak linewidth (I") and relative peak
areas (A)) are collected in Table 4. The Mdssbauer spectra
of as-synthesised FAPO4-5 and FAPO4-11 are characterized
by a rather broad doublet at § = 0.4 mm/s corresponding to a
Fe3* species and several less intense doublets at §=0.95 ...
1.17 mm/s corresponding to Fe>* species. Thus, some reduction
of Fe3* by the structure-templating amine takes place during
sample preparation [34]. This reduction is more important in the
presence of triethylamine, where the relative peak areas of all
Fe?* species amount to 34%, than with di-n-propylamine where
they represent 6%. Mossbauer spectra of as-synthesised FAPO4-
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Fig. 4. Mossbauer spectra at room temperature of (a) as-synthesised FAPO-5,
(b) calcined FAPO-5, (c) as-synthesised FAPO-11, (c) calcined FAPO-11.

5 fit four doublets showing four different phases. One doublet
(6=0.41 mm/s) is assigned to octahedral Fe?* [34,38]. Two dou-
blets with isomer shifts of 1.08 and 1.13 mm/s are assigned
to octahedral Fe2* [38]. The isomer shift of the fourth dou-
blet, § = 1.03 mm/s, lies at the lower limit of the values usually
found for iron in six-fold oxygen coordination [43]. The impor-
tant linewidth of 0.72 mm/s lets us conclude that this doublet
describes a distribution of various different iron sites comprising
octahedral as well as tetrahedral coordinations. The Mossbauer
spectrum of FAPO4-11 consists of three doublets, of which one
with an isomer shift of 0.39 mm/s is assigned to octahedral Fe3*,
while the two others with § =0.9 and 1.05 mm/s are character-

istic of tetrahedral and octahedral Fe?*, respectively. From this
data concerning as-synthesised FAPOs samples, it is evident
that all the majority of iron is octahedrally coordinated. On the
other hand, chemical analysis indicates that the iron ions may be
incorporated in the lattice occupying the aluminium positions.
Octahedral symmetry in such sites can be achieved only if the
Fe ions are located on the inner pore surface where they have
the possibility to interact with molecules trapped in the pores,
which can be template or water molecules [38].

In the calcined FAPO-5 and FAPO-11 materials, the divalent
Fe species seemed to be oxidized to Fe>* for the two materi-
als. The tetrahedrally coordinated Fe>* species are characterised
by isomer shift values of 0.13 mm/s for FAPO-5 and 0.14 for
FAPO-11 and low quadrupole splitting values. These species
are assumed to substitute for aluminium [38]. Two octahedral
Fe3* species are obtained for the two materials, with high val-
ues of quadrupole splitting indicating the high distortion of the
octahedral symmetry. According to the literature [37,38], this
species may be attributed to octahedral Fe* ions present in lat-
tice defect sites which are coordinated both to bridging lattice
oxygen and to terminal oxygen atoms created by bond rupture
and ligand coordination. However, presence of extraframework
Fe* species cannot be excluded.

It is worth noting that the Fe3* doublets of all samples are
characterised by an important linewidth, each representing iron
in a variety of environments differing somewhat by their local
symmetry rather than iron on a well-defined crystallographic
site. It can further be noted that the calcination increases the aver-
age quadrupole splitting of octahedral Fe>*, reflecting changes
of the local symmetry induced by the decomposition of template
and water molecules.

3.2. Catalytic performances of the synthesized materials

The AIPO4-5, FAPO4-5, AIPO4-11 and FAPO4-11 are com-
pared for their performance in the benzene benzylation reaction
in excess of benzene (stochiometric ratio Bz/BzCl=15) at
353 K. The results are given in Table 5. Comparing these results,
we can notice that AIPO4-5 and AIPO4-11 show no catalytic
activity for this reaction and that the FAPO4-5 catalyst gives the
highest conversion rate with the best selectivity in the benzyla-
tion reaction.

3.3. Reaction kinetics

The kinetic data for the benzylation of benzyl reaction in
excess of benzene can be fitted into a pseudo-first order rate law
[12]:

log{ ! }=< fa >(t—lo)
1 —x 2.303

where k, is the apparent first-order rate constant, x the fractional
conversion of benzyl chloride, ¢ the reaction time and 7y the
induction period corresponding to the time required for reaching
equilibrium temperature. A plotoflog [1/(1 — x)] as a function of
the time gives a linear plot over a large range of benzyl chloride
conversions [12].
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Table 4
Mossbauer parameters of as-synthesized and calcined iron containing aluminophosphates at room temperature
Samples & (mm/s) A (mm/s) 2I" (mm/s) A (%) Attribution 2
As-synthesized FAPO4-5 0.41(1) 0.68(1) 0.53(1) 66 Octahedral Fe3* 0.589
1.03(3) 2.42(5) 0.78(7) 22 Tetrahedral/octahedral Fe2*
1.08(2) 3.65(3) 0.30(4) 8 Octahedral Fe>* 0411
1.13(2) 3.17(4) 0.28(8) 4 Octahedral Fe*
Calcined FAPO4-5 0.39(1) 0.98(1) 0.46(2) 64 Octahedral Fe*
0.35(4) 1.51(7) 0.68(4) 33 Octahedral Fe3*
0.13(4) 0.18(4) 0.24(10) 3 Tetrahedral Fe3*
As-synthesized FAPO4-11 0.39(1) 0.62(1) 0.51(1) 94 Octahedral Fe3* 1.229
0.95(3) 2.154) 0.31(6) 2 Tetrahedral Fe?*
1.17(4) 3.20(6) 0.51(9) 4 Tetrahedral Fe?*
Calcined FAPO4-11 0.42(2) 0.94(3) 0.52(3) 67 Octahedral Fe3* 0.416
0.39(4) 1.63(4) 0.44(5) 27 Octahedral Fe*
0.14(2) 0.63(3) 0.23(5) 6 Tetrahedral Fe>*

(8) Isomer shift, (A) quadrupole splitting, (I") peak linewidth, (A) relative peak areas.

Table 5

Catalytic properties of the catalysts in the benzylation of benzene by benzyl chloride at 353k, Bz/BzCl ratio=15 and mic, =0.1 g

Materials Time? (min) Selectivity (%) Apparent rate constant, k, (X 103 min~1)
Diphenyle methane Polybenzyl chloride

AIPO-5 b - - -

AIPO-11 - - - -

FAPO4-5 85.9 98.8 1.2 69.5

FAPO4-11 103.4 95.6 44 55.2

2 Time required for 90% conversion of benzyl chloride.
b No reactivity of the material.

Table 6

Influence of the reaction temperature in the benzylation of benzene over FAPOy4-5 catalyst (Bz/BzCl ratio = 15, mga; =0.1 g)

Temperature (K) Time? (min) Selectivity (%)

Apparent rate constant, k, (X 10> min~1)

Diphenyl methane

Polybenzyl chloride

343 96.9 100.0
348 91.4 99.5
353 85.9 98.8

2 Time required for 90% conversion of benzyl chloride.

The effect of temperature on the rate was studied by con-
ducting the reaction, over the FAPOy4-5 catalyst, at 343, 348 and
353 K under the standard reaction’s conditions (Bz/BzCl =15,
0.1 g catalyst). The results show that the catalytic performances
of FAPO4-5 increase with the reaction temperature (Table 6).
The time necessary for 90% conversion of benzyl chloride
and the apparent rate constant k, changed from 96.9 min and
51.1 x 1073 min~! at 343 K to 85.9 min and 69.5 x 10> min~!
at 353 K, respectively, and interestingly, no significant changes
of the selectivity occur. The activation energy estimated from
the Arrhenius plot is 31 kJ mol~! (Fig. 5)

Table 7 shows the influence of different substituent groups
attached to aromatic benzene nucleus on the conversion of
benzyl chloride in the benzylation of corresponding substi-
tuted benzene over the FAPO4-5 catalyst (0.1 g of catalyst at
353 K) are presented in Table 7. According to the classical

- 51.1
0.5 60.3
1.2 69.5
-2.6
2
0 2.8
-
3 T T T ‘
0.00282  0.00284  0.00286  0.00288 0.0029 0.00292
T K™

Fig. 5. Arrhenius plot of log k, as a function of (1/7) for the benzene benzylation
reaction over FAPOy-5 catalyst.
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Table 7
Reaction rate for benzylation of substituted benzene over FAPO4-5catalyst at
353 K, mcae =0.1 and substituted Bz/BzCl ratio=15

Table 8
catalytic activity of FAPO4-5 catalyst for different Bz/BzCl ratios at 353K
(Mear=0.12)

Substituent R ot E; ka (x10° min~!)
Benzene H 0 0 69.5
Toluene CH3 —0.31 —1.24 59.3
p-Xylene 2CH3 —0.62 —2.438 47.7
Anisole OCHj —0.78 —0.55 334

mechanism of the Friedel-Crafts type acid catalyzed benzyla-
tion reaction, the benzylation of an aromatic compound will
be easier if one or more donating groups are present in the
aromatic ring [1]. In this case, a correlation of the Hammett
type would be expected, i.e. log ky =log kag + ot p, where kyq is
the rate constant for benzene, o* a coefficient representing the
changes of reactivity due to the substituent and p is a constant
related to the charge on the intermediate complex [44]. Surpris-
ingly, in the present case, the activity of the FAPO4-5 catalyst
for the benzylation of the aromatic compounds with donating
groups is opposite to that expected from the classical mechanism
(Table 7). Thus, the first-order rate constant for the benzylation
of benzene and substituted benzenes is in the following order:
benzene > toluene > p-xylene > anisole. This indicates that, for
this catalyst, the reaction mechanism is different from that for
the classical acid catalyzed benzylation reactions. Fig. 6 shows
a linear relation between the ionization potential of the sub-
strates [45] and log k, indicating that the rate constant is more
directly related to the ionization potential rather than to ™. As
indicated earlier, the high activity of the Fe containing catalysts
in the benzene benzylation is controlled mostly by their redox
property (Fe3* +e~ — Fe”*). A redox mechanism for the ben-
zylation over Fe containing aluminophosphate in the AFI and
AEL structure type can thus be suggested as follows:

C¢HsCH,—Cl + Fe’™ — C¢HsCHp—Cl*t + Fe?t (D
CgHsCH,—CI*T — CgHs5CH, ' + CI® )
Fe?t +Cl* — Fe3t +CI™ (3)
95
_ 2 (1)
T 9
] % (2)
5
2 85
£ 3)
“)
T T T |
-3.6 -32 2.8 24
Log ka

Fig. 6. Logk, for the benzene benzylation reaction over FAPO4-5 catalyst as
a function of the ionization potential tabulated for the different substrates [44].
(1) Benzene, (2) toluene, (3) p-xylene, (4) anisole.

Benzene/benzyl
chloride ratio

Time® (min)  Selectivity (%)

Diphenyl methane  Polybenzyl chloride

5 92.7 78.2 21.8
15 85.9 98.8 1.2

4 Time required for 90% conversion of benzyl chloride.

Ce¢HsCH>™ +Ar-H — CgHs—CHo—Ar + H™ 4)
H™ 4+ ClI~ — HCl )

Indeed, the formation of reactive species from the benzyl
chloride by homolytic rupture of the carbon-chloride bound
should be the determining step for the reaction. This mecha-
nism was first proposed to rationalise the catalytic properties of
exchanged clays [15] and then generalised for benzene benzyla-
tion [10,12,21] and alkylation or acetylation reactions [46] over
several iron containing microporous or mesoporous catalysts.

The Taft relation [44] was applied to study the influence of
steric effects on the reaction rate. According to this relation,
when the steric effect influences the reaction, there is a linear
relation between the rate and the parameter Eg which is consid-
ered to be representative of the size of the substituting group
of the studied aromatic compounds. Using E parameters tabu-
lated by Charton [47], it follows from our results in Table 7 that
no such relation exists in the case of the benzylation of studied
aromatic compounds over the FAPOy4-5 catalyst.

3.4. Influence of the stochiometric ratio Bz/BzCl

Two Bz/BzCl ratios were investigated. The obtained results
are reported in Table 8. It appears that the stochiometric ratio
between benzene and benzyl chloride has a strong influence
on the selectivity towards diphenyl methane. Low values of this
ratio favour secondary reactions to dibenzylbenzenes and triben-
zylbenzenes, eventually because the surface concentration of the
reactive molecules derived from benzyl chloride might be too
high, favouring in this way the formation of products with more
than two rings.

3.5. Influence of the solvent

The role of the solvent in the benzylation of benzene with
benzyl chloride was investigated carrying out the reaction with
two different solvents: dichloroethane and n-heptane. The reac-
tion conditions and the results of benzene benzylation with the
FAPQy4-5 catalyst are presented in Table 9. The reaction rate is
highest in the absence of any solvent. It slightly decreases in
dichloroethane, while the decrease in n-heptane is more pro-
nounced. The observed dependence of the reaction rate on the
solvent is expected because of the competing adsorption of both
the reactants and the solvent on the catalyst and because of the
high solubility of the polymer in dichloroethane and its weak
solubility in n-heptane. Indeed, when the polymer solubility
in a particular solvent is low, then the polybenzyl formed on
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Table 9
effect of the solvent on the conversion of benzyl chloride over FAPO4-5 catalyst
(Bz/BzCl ratio = 15, mca; =0.1 g)

Solvent Time? (min) Apparent rate constant,
ka (x103 min~!)

Without solvent 85.9 69.5

Dichloroethane 87.0 64.9

n-Heptane 88.7 62.6

2 Time required for 90% conversion of benzyl chloride.

Table 10
Effect of recycling of the catalysts in the benzylation of benzene with benzyl
chloride at 353 K over FAPO4-5 catalyst, Bz/BzCl ratio=15 and mc, =0.1¢g

Catalyst Time?® (min)  Selectivity (%) Apparent rate
constant, k,
Diphenyl Polybenzyl (x103 min—")
methane chloride
Fresh 85.4 98.8 1.2 69.5
First reuse 86.0 97.2 2.8 66.8
Second reuse 86.8 95.6 44 65.3

% Time required for 90% conversion of benzyl chloride.

the catalyst surface is not removed from it which can lead to
its deactivation due to the occupation of its active sites by the
product formed during the initial reaction. The results show that
between these two solvents dichloroethane is a better choice for
the benzylation reaction.

3.6. Recycling of the catalysts

The stability of the catalysts was studied by running the ben-
zylation reaction successively with the same catalyst (FAPO4-5)
under the same conditions without any regeneration between two
runs. The reaction was first run under the standard conditions
(benzene to benzyl chloride ratio of 15, 353 K) to the complete
conversion of benzyl chloride. Then, after a period of 10 min,
benzyl chloride was added to the reaction mixture in such an
amount that the initial benzene to benzyl chloride ratio of 15
was established again. After the completion of the second run,
the same protocol was repeated a second time. The results, pre-
sented in Table 10, show that the catalyst can be used several
times in the benzene benzylation process without a significant
change of its catalytic activity and selectivity.

4. Conclusion

In the present work, iron-containing aluminophosphate mate-
rials of the AFI and AEL structure types were synthesised
hydrothermally. Structural characterizations allow us to notice
that incorporation of iron into the aluminophosphate has an
important effect on the cell parameters and the crystalline mor-
phology. On the other hand, chemical analysis indicates that the
majority of Fe ions substitute for Al. Mdssbauer spectroscopy
reveals that during the synthesis procedure a part of Fe’* is
reduced to Fe?* by the templating amines. In as-synthesised and
calcined samples, the majority of iron ions is octahedrally coor-
dinated and is assumed to be located on the inner pore surface, in

defect sites or in interaction framework sites. Existence of iron
on extra-framework species is not excluded.

The study of the benzylation of benzene and other aromatics
with benzyl chloride using the synthesised microporous alu-
minophosphate leads to the following conclusions:

e The microporous AIPO-5 and AIPO-11 alone in the absence
of iron species are not active.

e Comparison of the iron-containing aluminophosphate cata-
lysts shows that FAPO-5 gives higher conversion rates than
FAPO-11.

e The reaction mechanism involves a redox step at the reac-
tion initiation. This gives a greater independence against the
influence of substituents, and FAPOs catalysts can therefore
be used with substrates of low reactivity.

e The benzene benzylation is influenced by the solvent used in
the process. Among dichloroethane and n-heptane, the former
is a better solvent for the reaction.

e FAPOs catalysts can be easily reused many times without
significant changes in their catalytic performances.
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