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In this paper, ZnFe2O4 nanomaterial synthesized in different solvents by hydrothermal method was used as catalyst for the
benzylation of p-xylene. ZnFe2O4 catalyst was characterized by XRD, EDX, SEM and nitrogen adsorption/desorption
isotherms. The influence of various parameters in the benzylation of p-xylene such as the Fe content of the prepared materials,
the ratio molar of p-xylene/benzyl chloride, the catalyst dosage, and the temperature was investigated. The relationship
between adsorption kinetics and reaction kinetics of p-xylene benzylation over ZnFe2O4 nanoparticles was discussed. The
results indicated that ZnFe2O4 catalyst synthesized in ethylene glycol (ZFO-EG) showed high conversation for the benzylation
of p-xylene. The reusability of the ZFO-EG catalyst was also investigated.

1. Introduction

The Friedel-Crafts reaction is considered as one of the most
important reactions in organic synthesis, particularly the
benzylation of aromatic compounds with homogeneous
Lewis acid catalysts. There are many disadvantages of using
homogeneous catalysts such as AlCl3, H2SO4, and H3PO4
solutions including side reactions (polyalkylation or rear-
rangement reactions), corrosion, and difficulty in the recov-
ery of catalyst, especially the requirement of moisture-free
solvents because these catalysts are moisture sensitive. Mean-
while, heterogeneous catalyst has a number of benefits such
as the ease of separation and geometry selectivity. Therefore,
the replacement of liquid acid catalysts in Friedel-Crafts reac-
tions with heterogeneous catalysts is a promising strategy in
green chemistry. Many types of solid catalysts have been
studied such as Sb supporting K10 [1], Si-MCM-41-sup-
ported Ga2O3 and In2O3 [2], solid super acids based on sul-

fated ZrO2 [3], Fe (OTf)3 [4], zinc-modified MCM-22 [5],
FeCl3, MnCl2, CoCl2, NiCl2, CuCl2, ZnCl2 supported on
acidic alumina [6], Hf/SBA-15 [7], K2FeZrP3O12 [8], FeY
zeolite [9], mesoporous AlSBA-15 [10], ZSM-5 zeolites
[11], silica-immobilized FeCl3 [12], H-Beta zeolite [13],
mesoporous mordenite [14], niobium-containing zeolites
[15], and ion-exchanged clays [16]. Cseri et al. [16] showed
that the mechanism of benzylation of benzene with benzyl
chloride on solid catalysts differs from the classical acid
mechanism. The reaction mechanism consisting of several
redox stages has been proposed for the first time in the ben-
zylation of benzene and aromatic compounds with benzyl
chloride and benzylic alcohol on different clay catalysts.
Choudary et al. [17] studied the benzylation of benzene, tol-
uene, and other aromatic compounds on various metal-
bentonite catalysts (pillared layered clay: PILC), FePILC,
AlPILC, TiPILC, ZrPICL, and CePICL. The results showed
that FePILC had the highest catalytic activity due to the
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lower reduction potential of Fe3+/Fe2+ pairs. In addition, the
authors found that clay minerals containing only Fe3+ ions
had weaker catalyst activity than clay with polycations or
Fe oligomers did. Choudhary et al. [18] studied the benzyla-
tion and benzoylation reaction of aromatic compounds with
benzyl chloride and benzoyl chloride on GaAlClx-Mont.K-
10 catalyst. The high catalytic activity of GaAlClx-Mont.K-
10 was due to the redox property of Ga3+/Ga+. The mecha-
nism of the reaction included some redox stages as shown
for Fe-, Zn-, Ga-, and In-modified ZSM-5 type zeolite cata-
lysts [18, 19]. Bachari et al. [20] also clarified the redox
mechanism in benzylation reaction of benzene and aro-
matic compounds on Fe-HMS-25 catalyst. It has been pro-
posed earlier that the reaction could be initiated by an
oxidation of benzyl chloride with the formation of a charge
transfer complex.

Spinel ferrites are a class of magnetic materials that can
be employed in several areas, such as magnetic devices,
switching devices, catalysts, and adsorption [21, 22]. Zinc
ferrite has long aroused researchers’ attention owing to its
unique magnetic properties including high magnetic perme-
ability, nontoxicity, phase stability, and high electronic con-
ductivity [23, 24] compared with other spinel ferrites. Zinc
ferrite with multivalance states is expected as a good redox
catalyst for the Friedel-Crafts reactions. According to our
best knowledge, there are not many studies on the benzyla-
tion of p-xylene using zinc ferrite.

In the present paper, the kinetics of the adsorption of
reactants on the catalyst surface and the kinetics and the
mechanism of benzylation of p-xylene, as well as the rela-
tionship between adsorption kinetics and reaction kinetics
of p-xylene benzylation over ZnFe2O4 nanomaterial will be
discussed.

2. Experimental

2.1. Materials. p-Xylene, isopropanol, ethylene glycol, and
glycerol were purchased from Merck Company, and ferric
nitrate nonahydrate (Fe (NO3)3.9H2O, 99.0%), zinc nitrate
hexahydrate (Zn (NO3)2.6H2O, 99.0%), and sodium hydrox-
ide (NaOH) were of analytical grade and were obtained from
Guangzhou Company, China.

2.2. Characterization. The chemical composition of the
samples was determined by EDX method using SEM-EDX
Jeol 6490–JED 2300 (Japan) equipment. X-ray diffraction
(XRD) patterns were recorded on D8 Advance Bruker, Ger-
many, with CuKα radiation (λ = 1:5406Å). The morphology
of the product was characterized by scanning electron
microscope (SEM, JMS-5300LV). Nitrogen adsorption–
desorption isotherms were measured on Tri Star 3000.
BET specific surface area was calculated from the nitrogen
adsorption data with the relative pressure ranged from 0.04
to 0.25. Gas chromatography-mass spectrometry (GC-MS)
method was used to qualitatively and quantitatively deter-
mine reaction products. The measurement was carried on
Shimadzu, GC2010 software, detector: FID, bearing air flow
rate of 1.05mL.min-1 at sample chamber temperature of
1000°C and sample volume of 2μL.

2.3. Catalyst Preparation. In a typical synthesis, 20mL of sol-
vent was added to 40mL of distilled water. The mixture was
then stirred with a magnetic stirrer at 750 rpm until the sol-
vent was completely dissolved. Next, the solid mixture of Zn
(NO3)2.6H2O and Fe (NO3)3.9H2O with molar ratio Fe:Zn
of 2:1 was added into the mixed solvent under vigorously
stirring at room temperature. 40mL of 2M NaOH solution
was then added dropwise into this solution. The mixture
was vigorously stirred for another1 h, before being trans-
ferred into a teflon chamber which was placed in the stain-
less steel autoclave. The hydrothermal process was carried
out at 120°C for 24 h. After the heating treatment, the auto-
clave was allowed to cool naturally to room temperature.
The obtained black precipitate was filtered and washed sev-
eral times with distilled water until pH reached 7.0. The
obtained product was dried at 80°C and then calcined at
500°C for 4 h.

The spinel ZnFe2O4 materials which were synthesized in
isopropanol, ethylene glycol, and glycerol were denoted as
ZFO-ISO, ZFO-EG, and ZFO-GLY, respectively.

2.4. Catalytic Testing. The alkylation reaction of p-xylene
with benzyl chloride was carried out in a 250mL two-neck
flask with one being connected to the reflux condenser and
the other one being sealed for use. The flask was mounted
on a magnetic stirrer. 0.005 g of catalyst was added to the
2-neck flask, and then V1 mL of p-xylene was introduced.
The temperature of the reaction system was adjusted to
70°C, and then V2 mL of benzyl chloride was injected to
the flask. This time was considered as the zero time. After
certain reaction times, samples were taken out and centri-
fuged to remove the catalyst. The conversion of benzyl chlo-
ride was determined from GC-MS results.

Conversion %ð Þ = So − St
So

:100, ð1Þ

where So and St are the peak areas of benzyl chloride, respec-
tively, at the zero time and at the time t.
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Figure 1: XRD patterns of ZFO-ISO, ZFO-EG, ZFO-GLY.
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In kinetic experiments of p-xylene benzylation with
benzyl chloride, the values of V1 and V2 were 23.9mL
and 1.1mL, respectively (corresponding to p-xylene:benzy-
lation molar ratio of 22:1). The reaction products and the
conversion of benzyl chloride were determined by GC-MS
method.

The influence of several factors to p-xylene benzylation
with benzyl chloride was investigated by varying the molar
ratio of p-xylene:benzyl chloride (22:1, 10:1, 6:1, and 3:1),
the content of a catalyst (0.02 g, 0.01 g, and 0.005 g), and
the reaction temperature (60°C, 65°C, 70°C, and 80°C).

2.5. Adsorption of Benzyl Chloride and p-Xylene on ZFO-EG
Catalyst. The mixture of benzyl chloride and p-xylene with
molar ratio of 1:1 was introduced into a 250-mL two-neck
flask. The temperature of the solution was adjusted to
30°C, and then 0.5 g of ZFO-EG sample was added to the
flask. The obtained mixture was stirred with a magnetic stir-
rer at a speed of 600 rpm for 2 hrs to attain equilibrium. At
given time intervals, about 0.5mL of solution was sampled
out and centrifuged to remove the catalyst. Adsorption
capacity of benzyl chloride and p-xylene was determined
from GC-MS results.

3. Results and Discussion

3.1. Characterization of the Catalysts. Solvent has an effect
on the dissolution of ions, which in turn affects the struc-
tural formation of the ZnFe2O4 crystal. In order to investi-
gate the influence of the solvent, the Fe/Zn molar ratio was
fixed at 2: 1 with hydrothermal time of 24 hours, hydrother-

mal temperature 120°C, calcination temperature of 500°C.
Three solvents were chosen including isopropanol, ethylene
glycol, glycerol. The XRD patterns of samples prepared in
different solvents are shown in Figure 1.

The XRD patterns of all samples show peaks at 2θ values
of 29.93°, 35.27°, 42.81°, 53.09°, 56.54°, and 62.19° which can
be indexed to (220), (311), (400), (422), (333), and (440)
crystal planes of ZnFe2O4 crystal structure, respectively,
according to ICD 22–1012 [21]. In addition, there is no dif-
fraction peak of metal oxide residues such as ZnO and Fe2O3
on XRD patterns, indicating that the obtained material was
of high purity. The XRD patterns of ZFO-ISO shows sharp
characteristic peaks with the strongest intensity, which
means that this sample was in the best crystalline form. In
contrast, the ZFO-EG sample showed the least ordered
structure in three surveyed samples. The elemental charac-
teristic of ZnFe2O4 materials were studied by EDX method
showing the existence of Zn, Fe, and O elements
(Figure 2). Also, there is no evidence of remaining solvent
in the samples.

The chemical composition of these three samples is sum-
marized in Table 1.
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Figure 2: EDX analysis of (a) ZFO-ISO, (b) ZFO-EG, and (c) ZFO-GLY.

Table 1: Elemental composition of ZFO-ISO, ZFO-EG, and ZFO-
GLY analyzed by EDX.

Sample O Fe Zn Fe/Zn ratio

ZFO-ISO 72.17 19.33 8.5 2.274

ZFO-EG 68.16 23.51 8.33 2.582

ZFO-GLY 73.06 20.32 6.62 3.069
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Experimentally, the molar ratio Fe/Zn was fixed at 2.0,
while this ratio was found to be greater than 2 according
to the EDX analysis, which shows that solvent affected the
dispersion of Fe3+ and Zn2+ ions into the crystal lattice of
ZnFe2O4 material.

The surface morphology of the prepared samples was
examined by SEM (Figure 3).

The morphology of ZnFe2O4 samples synthesized in dif-
ferent solvents did not show significant difference. However,
the particle size of the sample synthesized in isopropanol
solvent was larger than that of the other two samples. The
size of the particles observed from the SEM image ranged

from 20nm to 25nm with agglomeration of nanoparticles
which could be due to magnetic interactions between the
particles.

FT–IR spectra of ZFO-ISO, ZFO-EG, and ZFO-GLY are
presented in Figure 4. FT–IR spectra of all samples display a
broaden peak at 3429.4 cm−1 corresponding to the stretching
vibration of the adsorbed water molecules [21, 25, 26], a
sharp peak at 1635.6 cm-1 [21] attributed to the deformation
band (δ(O–H)). The characteristic peaks for Fe–O
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Figure 3: SEM images of (a) ZFO-ISO, (b) ZFO-EG, and (c) ZFO-GLY.
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Figure 4: FTIR spectra of ZFO-ISO, ZFO-EG, and ZFO-GLY.
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deformation vibration in ZFO-ISO, ZFO-EG, and ZFO-GLY
samples are at 432.1, 405.1, and 443.6 cm-1, respectively [27].
Peaks at 549.7 cm-1 (ZFO-ISO), 545.9 cm-1 (ZFO-EG), and
555.5 cm-1 (ZFO-EG) correspond to Zn–O deformation
vibration in tetrahedral site [21]. These interpretations indi-
cate that the position of peaks relating to the interaction
between oxygen and cations in tetrahedral and octahedral
sites of ZnFe2O4 structure depends on the used solvents.

The nitrogen adsorption-desorption isotherms of the
samples are presented in Figure 5. According to the IUPAC
classification, the isotherm curves of ZFO-ISO, ZFO-EG,
and ZFO-GLY (Figure 5) are all type III. At relative pressure
of p/po = 0:8 – 1:0, the nitrogen adsorption and desorption
isotherms of all samples exhibit hysteresis loop of type H3
indicating the multilayer adsorption of N2 molecules onto
the pores of material (these pores could be related to the
arrangement of adjacent nanoparticles of material). The tex-
tural properties of all the samples are listed in Table 2.

Table 2 shows that SBET of ZFO-ISO, ZFO-EG, and
ZFO-GLY were found to be 37.17, 34.34, and 37.70m2.g-1,
respectively. The BET surface areas are mainly due to the
contribution of external areas. The pore width of ZFO-ISO,
ZFO-EG, and ZFO-GLY materials determined by Barrett–
Joyner–Halenda (BJH) method are 23.38, 18.15, and
15.31 nm, respectively, which corresponds to the arrange-

ment of the ZnFe2O4 nanoparticles. The relatively large sur-
face area of all samples was expected to provide many active
catalytic sites for the p-xylene benzylation.

3.2. Comparison of Catalysts for p-Xylene Benzylation. In this
section, the synthesized ZnFe2O4 materials were used as cata-
lysts for the p-xylene benzylation. Figure 6 shows the conver-
sion of benzyl chloride (BC) versus time in p-xylene
benzylation over ZFO-ISO, ZFO-EG, and ZFO-GLY catalysts.

The results show that the BC conversion reached 100%
after 15 minutes over ZFO-EG catalyst and 20 minutes over
ZFO-ISO and ZFO-GLY catalysts. The product 2,5-
Dimethyldiphenylmethane (2,5‐DMDPM) appeared in 3
minutes over the ZFO-EG catalyst and in 5 minutes and 7
minutes over the ZFO-GLY and ZFO-ISO samples, respec-
tively. In the same time of reaction, the highest BC conver-
sion was found with the use of ZFO-EG catalyst, followed
by the ZFO-EG and ZFO-ISO catalysts. It is interesting that
the ZFO-ISO sample which had a large surface area and the
best crystallinity of all the investigated samples showed the
lowest BC conversion. Meanwhile, the ZFO-EG sample with
the lowest surface area and the least crystallinity provided
the highest BC conversion in the same reaction time. This
demonstrates that the catalytic activity of ZnFe2O4 does
not depend much on the structural nature of the material.

Table 2: Textural parameters of ZFO-ISO, ZFO-EG, and ZFO-GLY samples.

Sample SBET (m2.g-1) Smic (m
2.g-1) Sext (m

2.g-1) Vp (cm
3.g-1) Dp (nm)

ZFO-ISO 37.17 5.48 31.69 0.25 23.38

ZFO-EG 34.34 4.04 30.30 0.18 18.15

ZFO-GLY 37.70 4.49 33.21 0.17 15.31
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Figure 6: Benzyl chloride conversion vs. time over ZFO-ISO, ZFO-
EG, and ZFO-GLY catalysts (T = 343K, molar ratio of p-
xylene:benzyl chloride 22:1; catalytic mass: 0.005 g).
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In addition, it was found that although the surface area of
ZFO-ISO and ZFO-GLY samples was similar (≈ 37 m2.g-1),
their catalytic activity was different. According to EDX data,
the Fe content in the synthesized samples decreased gradu-
ally in the order of ZFO-EG, ZFO-GLY, and ZFO-ISO. Since
the number of Fe sites was related to the catalytic activity for
p-xylene benzylation, the Fe content in the material was pro-
posed to be responsible for the best catalytic activity of the
ZFO-EG sample [28]. This is similar with the report of
Choudary et al. [19] in the toluene benzylation reaction.

Furthermore, the reaction products contained only 2,5‐
DMDPM without any by-products. Normally, the alkylation
reaction is difficult to stop at a single alkylation because the
alkyl group is an electron-donating group that can attack
many positions on the aromatic ring, leading to multiple
alkylation. To avoid multialkylation, an excess amount of
aromatic compounds is recommended. However, the study
of Sebti et al. [21] demonstrated that dialkyl products also
occurred in the alkylation using HAP, ZnCl2/HAP, NiCl2/
HAP, and CuCl2/HAP catalysts in spite of the excess of aro-
matic compounds. Furthermore, recent publications [29–31]
indicated that benzylation of aromatic compounds was often
accompanied by side products. To verify this result, the reac-
tion time was extended to 1 h. However, the GC-MS chro-
matogram did not show any side products. From this study,
the ZFO-EG sample was selected for further investigation.

3.3. Factors That Affect P-Xylene Benzylation

3.3.1. Effect of Molar Ratio of Reactants. Figure 7 shows the
benzyl chloride percentage conversion vs. reaction time over
the ZFO-EG catalyst at different molar ratios of p-xylene and
benzyl chloride. The reaction product was only mono-
benzylated product. The percentage conversion of benzyl
chloride was found to increase as the molar ratio of p-xyle-
ne:benzyl chloride decreased from 22:1 to 3:1. At the molar
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Table 3: The parameters of the pseudo-first-order kinetic model for
p-xylene benzylation over ZFO-EG catalyst.

Temperature (K) k (min-1) R2

333 0.131 0.914

338 0.208 0.916

343 0.503 0.931

353 0.933 0.928
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ratio of 22:1, the percentage conversion of benzyl chloride
increased slightly at 3 minutes, then the percentage con-
version grew rapidly from 3 to 10 minutes, and the reac-
tion time required for complete conversion of BC was 15
minutes. Meanwhile, with a molar ratio of 6:1 and 3:1,
the percentage conversion reached 100% after only 7
minutes.

This result suggests that the percentage conversion of
benzyl chloride strongly depends on the molar ratio of the
reactants. The greater the molar ratio of p-xylene/benzyl
chloride is, the lower the percentage conversion of benzyl
chloride is. This can be due to the inefficient contact between
the reactants and catalytic sites. However, to study the reac-
tion dynamics in the next sections, the molar ratio of p-xyle-
ne:benzyl chloride of 22:1 was chosen. The concentration of
p-xylene at this molar ratio was greater than benzyl chloride,
so the reaction rate was considered to depend only upon the
concentration of benzyl chloride.

3.3.2. Effect of Catalyst Amount. In heterogeneous catalyst
reaction, the amount of catalyst plays an important role.
As the amount of catalyst increases, the number of catalytic
sites increases, which can directly affects the reaction rate. In
this study, the mass of the catalyst was varied from 0.020 to
0.005 g. The dependence of benzyl chloride percentage con-
version vs. reaction time is presented in Figure 8.

As shown in Figure 8, the percentage conversion of ben-
zyl chloride increased with the catalyst amount with the
product being solely monoalkyl-substituted benzene. The
availability of more catalytic sites boosted the interaction
with the reactants leading to higher percentage conversion
of benzyl chloride.

3.3.3. The Effect of Reaction Temperature. Figure 9 shows the
percentage conversion of benzyl chloride vs. time over the
ZFO-EG catalyst at different temperatures.

From Figure 9, it can be seen that the conversion of
benzyl chloride increased when increasing reaction temper-
ature from 333 to 353K. Again only 2,5‐DMDPM was
obtained as the final product without any dialkyl products
being detected. The reaction time required to convert 100%
of benzyl chloride was 5 minutes at 353K.

At a given temperature and with an excess amount of p-
xylene, experimental data obtained were correlated with the
pseudo-first order kinetic model [32].

ln 1
1 − x

� �
= k:t, ð2Þ

where x is the conversion of benzyl chloride, t is the reac-
tion time (minutes), respectively, and k is pseudo-rate con-
stant (min-1).

The slope of the linear plot of ln (1/(1–x)) vs. time t pro-
vides the value of k.

The linear plot of first-order kinetic model at different
temperatures is illustrated in Figure 10.

The parameters obtained from the first-order kinetic
equation are summarized in Table 3.

From Table 3, it is found that the rate constant of p-
xylene benzylation over ZFO-EG catalyst is high and the
reaction rate increases with temperature in the order of
333K (k = 0:131min-1) > 338K (k = 0:208min-1) > 343K
(k = 0:503min-1) > 353K (k = 0:933min-1). A comparison
of the catalytic activity in this present work with those
reported previously is listed in Table 4. As seen from the
table, despite a considerably small (0.005 g) amount of cata-
lyst used in the present work, rate constant k of this p-xylene
benzylation over ZFO-EG is about 366, 550, and 211 times
higher than over Fe-HMS-50, Cu-HMS-50, and FAPO4-5
catalysts reported by Bachari [20, 30, 32] (of 0.275 g-1.min-
1 (k = 0:0275min-1), 0.183 g-1.min-1 (k = 0:0183min-1), and
0.447 g-1.min-1 (k = 0:0477min-1), respectively). This dem-
onstrates the high catalytic activity of ZFO-EG catalyst in
p-xylene benzylation.

The activation energy of the reaction can be calculated
by using the Arrhénius equation as follows:

ln k = −
Ea

RT
+ ln A, ð3Þ

where Ea is the activation energy, k the rate constant, and A
the frequency factor.

From Figure 11, the activation energy of p-xylene benzy-
lation on the ZFO-EG catalyst was determined to be
98.9 kJ.mol-1. The activation energy of benzylation of ben-
zene reactions reported by Lin et al. [33] was high,
132.6 kJ.mol-1 over 8-FeZ catalyst and 140.2 kJ.mol-1 over
2.5-FeZ catalyst. This indicates that the activation energy of
p-xylene benzylation over ZFO-EG catalyst was smaller than
that of the benzene benzylation reported by Lin et al. [33].

3.3.4. Leaching Experiment and Catalytic Reusability

(1) Leaching Experiment. In order to prove that ZFO-EG was
a heterogeneous catalyst in alkylation reaction, an experi-
ment was run in the conditions: molar ratio of p − xylene
: benzyl chloride = 22 : 1, the reaction temperature 338K,
and mass of catalyst 0.005 g. After 14 minutes, the reaction
mixture was hot-filtered to separate the catalyst solid, and

Table 4: A comparison of some reaction parameters of the present catalyst with previous works.

Catalyst Molar ratio p-xylene:benzyl chloride Catalytic mass (g) Temp. (K) k’ (g-1.min-1) k (min-1) Ref

Fe-HMS-50 15 : 1 0.1 343 0.275 0.026 [20]

Cu-HMS-50 15 : 1 0.1 343 0.183 0.018 [30]

FAPO4-5 15 : 1 0.1 343 0.447 0.048 [32]

ZFO-EG 22 : 1 0.005 343 100.6 0.503 The present work
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then the reaction was further processed at 338K with the
absence of catalyst (Figure 12). After 60 minutes, the per-
centage conversion was almost unchanged. This confirmed
that ZFO-EG acted as a heterogeneous catalyst in this
reaction.

(2) Catalytic Reusability. The recovery of the catalyst is crit-
ical for catalyst application in terms of cost and environmen-
tal pollution. In this study, the ZFO-EG catalyst for the first
use was recovered, washed several times with ethanol, dried
at 373K for 24 h, and then used as a catalyst for p-xylene
benzylation for the second experiment. The catalyst recovery
in the second use was conducted similarly. Figure 13 repre-
sents the catalytic reusability.

The results show that the percentage conversion of ben-
zyl chloride over ZFO-EG catalyst slightly decreased in three
successive uses. After 15 minutes of reaction, the percentage

conversion for the first use reached 99.3%, while the value of
conversion for the second use was 93.5%. These results
imply that the catalyst could be reused for several times.

3.4. Kinetics of p-Xylene Benzylation over ZFO-EG Catalyst

3.4.1. Adsorption of Benzyl Chloride and P-Xylene over ZFO-
EG Catalyst. The adsorption capacity of benzyl chloride and
p-xylene at the molar ratio of 1: 1 over the ZFO-EG catalyst
(m=0.5 g) at the temperature of 303K is shown in Figure 14.
It can be seen that there was a simultaneous adsorption of
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Figure 13: The conversion of benzyl chloride over time on the
original ZFO-EG catalyst and reuse (molar ratio of p-xylene:benzyl
chloride 22:1, catalyst mass 0.005 g, and temperature 343K).
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Figure 14: Absorption capacity of benzyl chloride and p-xylene
versus time over ZFO-EG catalyst (molar ratio of p-xylene:benzyl
chloride 1:1, catalytic mass 0.5 g, and temperature 303K).
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benzyl chloride and p-xylene over ZFO-EG catalyst with
adsorption capacity decreasing in the order benzyl chloride
> p-xylene. Therefore, the adsorption of p-xylene could fol-
low the Langmuir–Hinshelwood mechanism.

(1) Adsorption Kinetics. In order to investigate the adsorp-
tion kinetics of benzyl chloride and p-xylene over ZFO-EG
catalyst, the pseudo-first-order and pseudo-second-order
kinetic models were applied.
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Figure 15: The pseudo-first-order kinetic model (a) and pseudo-second-order kinetic model (b) of benzyl chloride and p-xylene adsorption
by ZFO-EG catalyst.
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The pseudo-first-order model is given by

ln qe – qtð Þ = ln qe – k1:t, ð4Þ

where qe and qt (mmol.g-1) are the uptake of adsorbent (p-
xylene or benzyl chloride) at equilibrium and at time t and
k1 is the first order rate constant (min−1).

The adsorption uptake of p-xylene or benzyl chloride by
the adsorbent was calculated by

qt =
Co − Ct

m
:V , ð5Þ

where qt is the adsorption uptake of p-xylene or benzyl chlo-
ride on the adsorbent at time t, Co and Ct (mol.L-1) are p-
xylene or benzyl chloride concentration at initial and a cer-
tain time, t, respectively, V (L) is the volume of phenol red
solution, and m (g) is the mass of the adsorbent [34, 35].

The pseudo-second-order kinetic model is given by

t
qt

= 1
k2q2e

+ 1
qe
:t, ð6Þ

where k2 is the rate constant of pseudo-second-order kinetic
model (g.mmol-1.min-1) [36].

The pseudo-first-order and pseudo-second-order kinetic
models of adsorption of benzyl chloride and p-xylene by
ZFO-EG catalyst are illustrated in Figure 15.

The high coefficients (R2 > 0:967) indicated that pseudo-
second-order kinetic model was more suitable to illustrate
the benzyl chloride and p-xylene adsorption on ZFO-EG
catalyst. Experimental data showed that the p-xylene
adsorption rate (k2 = 7:94 × 10−4 g.mmol-1.min-1) was three
times faster than benzyl chloride adsorption rate
(k2 = 2:48 × 10−4 g.mmol-1.min-1). From the analysis of
adsorption kinetics, it was found that the adsorption of ben-
zyl chloride and p-xylene by ZFO-EG catalyst could be
chemisorption. Studies on benzylation of p-xylene or benzy-
lation of benzene over FAPO4-5 [31] and FeKIT-5 [37] both
indicated that the Fe3+/Fe2+ redox sites might activate benzyl
chloride and p-xylene (or benzene). In this study, the
adsorption rate of benzyl chloride and p-xylene were fast
and without any competition. Therefore, it can be proposed
that p-xylene might first adsorb on the surface of the catalyst
to form activated complexes. These complexes then inter-
acted with the C6H5-CH2

+ carbocation formed during the
adsorption of benzyl chloride onto catalyst to give the prod-
ucts. Thus, the reaction kinetic could be described by Lang-
muir–Hinshelwood model. When an excess amount of p-
xylene was used, this model became the first-order kinetic
model as mentioned above.

3.4.2. Proposed Reaction Mechanism. Bachari et al. [30] and
Hentit et al. [31] reported that the mechanism of benzylation
of aromatic compounds over solid catalysts containing Fe
sites involved a redox step at the reaction initiation. Based
on the obtained experimental results and the mechanism
for the benzylation proposed earlier, the mechanism of

p-xylene benzylation over ZFO-EG catalyst are proposed as
follows (Scheme 1):

This reaction mechanism illustrates the Langmuir-
Hinshelwood kinetics model, in which both p-xylene and
benzyl chloride are chemically adsorbed on the redox sites
of Fe.

4. Conclusion

ZFO-EG material exhibited an excellent catalytic activity for
p-xylene benzylation with high conversion. The rate of p-
xylene benzylation increased with increasing molar ratio of
reactants, catalyst mass, and temperature. Activation energy
of p-xylene benzylation over Fe-bentonite catalyst was found
to be 98.9 kJ.mol-1. The Langmuir–Hinshelwood mechanism
was suitable to describe the kinetics of p-xylene benzylation
over solid ZFO-EG catalyst. The ZFO-EG can be regenerated
and used effectively after three uses for catalyzing p-xylene
benzylation.
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