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Production of linear alkylbenzene over Ce containing Beta zeolites
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a b s t r a c t

Ce-encapsulated Beta zeolite was synthesized by a one-pot hydrothermal method with citric acid
complexing Ce in the absence of Na species. Additional citric acid can effectively prevent the deposition
of Ce species during the hydrothermal synthesis of zeolites, leading to uniform distribution of Ce cluster
in the framework of Beta zeolites. Moreover, the sodium-free synthesis system resulted that the Brønsted
acid sites were mainly located on the straight channels and external surface of Beta zeolites, improving
the utilization of Brønsted acid sites. In addition, Ce encapsulated Beta zeolites showed enhanced activity
and robust stability in the alkylation of benzene with 1-dodecene based on the synergistic effect between
Ce species and Brønsted acid sites, which pave the way for its practical application in the production of
alkylbenzene.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Alkylbenzene is a significant chemical intermediate, and its
sulfonated product‒alkylbenzene sulfonate plays a vital role as an
anionic surfactant that can be widely used in field of detergents
[1,2]. Considering serious environmental issues related to the
extensive use of synthetic detergents, the environmental safety of
detergents has attracted widespread attention [3]. In the early
1960s, it is found that linear alkylbenzene sulfonates (LAS) have
stronger degradation ability with low pollution toward environ-
ment than branched alkylbenzene sulfonates (BAS), and branched
alkylbenzene (BAB) has been gradually replaced by linear alkyl-
benzene (LAB) [4].

In industrial production, benzene reacts with long-chain a-
olefins or chlorinated alkanes (C10eC14) to produce LAB by using
acid catalysts. The LAB has different isomers, such as 2-, 3-, 4-, 5-, 6-
LABs, amongwhich 2-LAB exhibits the highest biodegradability and
detergency [5e7]. Homogeneous catalysts, such as AlCl3 and HF, are
mainly used in industrial production, but their selectivity toward 2-
LAB is low, i.e., the selectivity of AlCl3 is only about 30%, and that of
HF is only 15%e18% [8e10]. At the same time, these homogeneous

catalysts also have some drawbacks such as corrosion of equip-
ment, environmental pollution, and separation difficulty [11].
Consequently, it is highly desired to develop an environmental
friendly catalysis technology with a high selectivity of 2-LAB in the
production of LAB. In the past decades, the tremendous efforts have
beenmade to develop green technology for production of LAB, such
as ionic liquids [12e14], heteropoly acids [15e17], ion exchange
resins [18], sulfated zirconia [19], clays [20], and zeolites [21e24].
Among them, zeolites have attracted high attention due to their
unique pore structure, tunable acidity, and high 2-LAB selectivity.

Currently, the mordenite (MOR) [25], Beta [5,26], and faujasite
(FAU) [22,27] zeolites with large pore have been intensively
investigated. Among these, the Beta zeolite is a promising solid acid
catalyst in the production of LAB because it has large twelve-
member ring channels with a pore size of 0.55 nm � 0.55 nm in
zigzag channels and 0.64 nm � 0.76 nm in straight channels [28].
The size of the straight channel pore is similar to the size of 2-LAB
(0.53 nm� 0.72 nm) [3], which is benefit for the formation of 2-LAB
based on the shape selectivity. However, the short lifetime impends
its application in the production of LAB [9]. The modification of
zeolites by loading rare earth metal is an effective strategy to
improve the stability of zeolites in the alkylation of aromatics
[29,30]. However, the metal precursors usually form the precipitate
as colloidal oxyhydroxides under the required pH and tempera-
tures for zeolite synthesis [31,32], which makes that the fabrication
of rare earth metal encapsulated zeolites is rather difficult [33].
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In this study, Ce-encapsulated Beta zeolites are fabricated by a
one-pot hydrothermal method by using citric acid as a ligand in the
absence of Na species. The additional citric acid can stabilize the Ce
cations and guide the formation of self-assembly structure between
zeolitic building units and citric acid-stabilized precursors through
the electrostatic and dispersion interactions, which can strongly
inhibit the formation of precipitation for Ce cationic moieties as
colloidal oxyhydroxides during hydrothermal synthesis of Beta ze-
olites, resulting in the generation of Ce encapsulated Beta zeolites.
The sodium-free synthesis system not only avoids the complicated
ion-exchange process for transformation of type Naþ to type Hþ but
also confirms that the most Brønsted acid sites are located on the
external surface and in the straight channels of Beta zeolite,
improving the alkylation efficiency. The obtained Ce encapsulated
Beta-zeolite exhibits superior catalytic activity and robust stability
in the alkylation between benzene with 1-dodecene.

2. Experimental

2.1. Synthesis of catalysts

In the absence of sodium, Ce encapsulated Beta zeolites were
prepared by a one-pot hydrothermal method by using citric acid as
an organic ligand to stabilize Ce species, and the synthesis details
can be found in experimental procedures section of the
Supplementary Material.

2.2. Catalytic tests

The catalytic performance of obtained Beta zeolite was evalu-
ated by the liquid-phase alkylation between benzene with the 1-
dodecene. Before the catalytic test, the samples were granulated
(0.42e0.85 nm) and activated at 400 �C for 2 h. The liquid-phase
alkylation between benzene and 1-dodecene was carried out in a
fixed bed microreactor. The reaction condition was atmospheric
pressure, 80 �C, and the weight hourly space velocity (WHSV) was
40 h�1. The molar ratio of benzene to 1-dodecene was 8.75, and
ethyl cyclohexane was the internal standard substance. The reac-
tion liquid was periodically collected and analyzed by using the
Agilent 7820A gas chromatograph equipped with HP-5 chromato-
graphic column and flame ionization detector for detection. The 1-
dodecene conversion (C) and 2-LAB selectivity (S) were calculated
as follows:

C ¼ CA0
� CA

CA0

� 100% (1)

S ¼ n2�LAB
P6
i¼2

ni�LAB

� 100% (2)

where CA0
is the concentration of 1-dodecene in raw material

(mmol$L�1), CA is the concentration of 1-dodecene in the reaction
solution (mmol$L�1), and ni�LAB (i ¼ 2,3,4,5,6) is the molar amount
of i-LAB isomer (mmol).

3. Results and Discussion

3.1. Characterization of Ce encapsulated Beta zeolite

The X-ray diffraction (XRD) patterns of the synthesized Ce-
encapsulated Beta zeolites are shown in Fig. 1. All samples exhibit
typical diffraction peaks of Beta zeolite at about 7.6� and 22.5� 2q
(the gray column at the bottom of Fig. 1 represents the standard
XRD pattern of Beta zeolite), and no other impurities are observed,
indicating that pure andwell-crystallized Beta zeolites are obtained
in present research. However, the diffraction peak intensity of Ce-
loaded Beta zeolites is lower than that of Beta-0Ce sample, sug-
gesting that the introduction of Ce species reduces the crystallinity
of zeolite on a certain degree. At the same time, no Ce oxide
diffraction peaks are found, which is related to the high dispersion
of Ce species in the zeolitic framework owing to the absence of
largemetal clusters. The elemental content of the prepared samples
is characterized by inductively coupled plasma optical emission
spectrometer (ICP-OES) (Table 1), it is found from Table 1 that the
Si/Al ratio of these samples is almost the same with or without Ce
species, indicating that the additional Ce species do not affect the
Si/Al ratio of the sample.

The chemical state of Ce species in typical Beta-3Ce is char-
acterized by X-ray photoelectron spectroscopy (XPS), and the
results are shown in Fig. 2. The peaks at ~917 and ~886 eV are

Fig. 1. XRD patterns of resultant Beta zeolites.

Table 1
Textural properties and elemental analysis of Beta zeolites

Catalyst SBeta
①/m2$g�1 Sext

②/m2$g�1 Smic
②/m2$g�1 Vtol

③/cm3$g�1 Vmic
③/cm3$g�1 Vmeso

④/cm3$g�1 Elements content/% (mass) Si/Al

Si Al Ce

Beta-0Ce 618 93 525 0.660 0.203 0.457 47.107 1.001 e 45
Beta-1Ce 648 87 561 0.578 0.216 0.362 43.068 0.954 0.283 43
Beta-2Ce 605 82 523 0.456 0.202 0.254 44.246 1.040 0.933 41
Beta-3Ce 563 92 471 0.331 0.183 0.148 41.708 0.922 2.469 43

① Total surface area was obtained by the BET method.
② Determined from the t-plot method.
③ Determined from the adsorbed volume at P/P0 ¼ 0.99.
④ Vmes ¼ VtoleVmic.
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characteristic for Ce4þ and Ce3þ species, respectively. These data
are further analyzed by using Avantage software and compared
with literature data [34,35], as shown in Table S1, Supplementary
Material. The Ce 3d binding energy of Beta-3Ce is divided into 10
peaks, and the relative content of Ce species with different va-
lences is calculated according to the corresponding total peak
area. It is observed from Table S1 that Ce species mainly exist in
the form of Ce4þ, and the fraction of Ce4þ species in the Beta-3Ce
zeolite is almost 65%.

The morphology of the prepared Beta zeolites is characterized
using scanning electron microscopy (SEM), as shown in Fig. 3. All
samples exhibit the morphology of ellipsoidal particles, the corre-
sponding mean particle sizes of Beta-0Ce, Beta-1Ce, Beta-2Ce, and
Beta-3Ce are 126,162,191, and 264 nm, respectively (Fig. S1), which
gradually increase with increasing the amount of Ce species. At the
same time, the dispersion of Ce cluster in the Beta zeolitic

framework is characterized by high angle angular dark field-scan-
ning transmission electronmicroscopy (HAADF-STEM), as shown in
Fig. 4, and the particle size distributions and dispersity index (DI)
[36] of Ce clusters for various Ce encapsulated Beta zeolites are
given in Figs. 5 and 6, respectively. It is found from Figs. 5 and 6 that
Ce clusters size is very uniform in resultant zeolites and Ce clusters
size increases from 2.37 nm for Beta-1Ce to 3.06 nm for Beta-3Ce
with increasing Ce loading.

The N2 adsorptionedesorption isotherms and textural param-
eters of obtained samples are shown in Fig. 7 and Table 1, respec-
tively. It is observed from Fig. 7 that all samples exhibit
characteristics of micropore materials, and the additional sharp
increase in nitrogen uptakes in a relatively pressure of P/P0 > 0.9 is
reasonably attributed to the voids of stacked zeolite particles. In
addition, the total volume (Vtol) and micropore volume (Vmic) of
Beta-xCe samples decreased in the order of Beta-0Ce>Beta-
1Ce>Beta-2Ce>Beta-3Ce (Table 1), indicating that additional large
Ce clusters can block the pore channels of Beta zeolites, leading to
inferior diffusion properties of Beta zeolites for guest molecules on
a certain degree.

It is known to everyone that the concentration of Bronsted acid
sites in zeolite is strongly related to their catalytic performance in
the alkylation reaction. In present research, the acidity of zeolites is
characterized by employing various organic basic molecular as the
probes. The kinetic diameter of pyridine is small (~0.54 nm) [37],
which can enter all channels of Beta zeolites and be used to detect
the total Bronsted acid concentration of the obtained sample. Due
to the large size of benzene (kinetic diameter is ~0.62 nm) [38], it
can only react with dodecyl carbenium ions in the twelve-member
ring straight channel and the external surface of the Beta zeolites.
Here, the 2,4,6-trimethylpyridine is large (~0.62 nm) that cannot
enter the zigzag channel of the zeolite [39]. Thus, it is used to detect
the concentration of Bronsted acid sites in the straight channel and
the external surface of Beta zeolites. Moreover, the 2,6-di-tert-
butylpyridinewith a kinetic diameter of ~0.79 nm [37] cannot enter
the interior of Beta zeolite, so it is used as a probe molecule to
detect the concentration of Bronsted acid sites located on the
external surface of Beta zeolites.

Fig. 2. Ce 3d3/2,5/2 XPS spectra collected for Beta-3Ce.

Fig. 3. SEM images of (a) Beta-0Ce, (b) Beta-1Ce, (c) Beta-2Ce, and (d) Beta-3Ce.
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As shown in Fig. 8(a), the pyridine absorption peaks at
~1545 cm�1 and ~1455 cm�1 correspond to the Brønsted acid sites
and Lewis acid sites, respectively [40,41]. The infrared spectrum of
2,4,6-trimethylpyridine adsorbed on the samples are shown in
Fig. 8(b), the absorption peak at ~1638 cm�1 is originated from the
Brønsted acid site [42] in the straight channel along a and b axis and
on the external surface of Beta zeolites. Fig. 8(c) shows the infrared
spectrum of 2,6-di-tert-butylpyridine adsorbed on the samples, it
can be seen from Fig. 8(c) that all samples exhibit obvious ab-
sorption peaks at ~1616 cm�1, corresponding to the Brønsted acid
sites on the external surface of Beta zeolites [43,44]. Table S2

summarizes the acidity of obtained Beta zeolites, it is observed
from Table S2 that most Brønsted acid sites of Beta zeolites located
in the straight channels and the external surface, and the Bronsted
acid sites are almost absent in the zigzag channels where the
benzene cannot enter, which is attributed to the Naþ free synthesis
system in present work, and the proposed distribution of Brønsted
acid sites in Beta zeolites is given in Fig. 9. The acidity of zeolites is
from the coordinated Al species that are substituting for tetrahedral
Si atom and are coordinated to generate the tricoordinated Al sites

Fig. 5. Particle size distributions of Ce cluster in (a) Beta-1Ce, (b) Beta-2Ce, and (c) Beta-3Ce.

Fig. 6. Ce cluster dispersity index of resultant Beta zeolites from TEM characterization.

Fig. 7. N2 adsorptionedesorption isotherms of resultant Beta zeolites.

Fig. 4. HAADF-STEM images of (a) Beta-1Ce, (b) Beta-2Ce, and (c) Beta-3Ce, respectively.
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and tetracoordinated Al sites. For tetracoordinated Al sites, the
negative framework of zeolites can be compensated by the
adsorption of Hþ ions, which forms the SieOHþdAl, becoming a
Bronsted acid site. Therefore, the location of Al species is directly
related to the distribution of Bronsted acid site of zeolites [45,46].
Here, the TEAþ is employed as a structure-directing-agent to syn-
thesize Beta zeolites without Naþ species, and the TEAþ has a large
size (kinetic diameter is ~0.64 nm) [47], and it can only exist in the
straight channels and external surface owing to the steric-
hindrance effect. Thus, the Al species exclusively located in
straight channels and the external surface based on the interaction
between positive TEAþ ions and negative [AlO4]e species, which
definitely influence the distribution of Bronsted acid sites of Beta
zeolites, leading to observed results presented in Table S2.

At the same time, the 1H MAS NMR (Magic Angle Spinning Nu-
clearMagnetic Resonance) spectra of typical Beta-0Ce and Beta-3Ce
are given in Fig. S2, the peaks near 4� 10�6 are assigned to Brønsted
acid sites, and the peaks around 0.5� 10�6e2.5� 10�6 are assigned
to different silanol peaks [48e51]. It is observed fromFig. S2 that the
concentration of Brønsted acid sites in Beta-0Ce is higher than in
Beta-3Ce, which is consistentwith the pyridine infrared data, but its
chemical shift is smaller than that of Beta-3Ce. The higher chemical
shift, the stronger acid strength of Brønsted acid sites [52], it in-
dicates that the additional Ce species can improve the strength of
Brønsted acid sites based on the Plank-Hirschler mechanism [53],
which is beneficial to promoting the activity of Ce encapsulated Beta
zeolites in the alkylation reaction.

3.2. Catalytic and regeneration performance of Ce encapsulated
Beta zeolite

The catalytic performances of resultant Beta zeolites are
evaluated in the liquid alkylation between benzene and 1-

dodecene, as shown in Fig. S3 and Fig. 10. It is observed from
Fig. S3 that the activity of typical Beta-3Ce gradually decreases
with increasing the WHSV. Due to the limited time under labo-
ratory conditions, the alkylation reaction is performed under
harsh conditions with WHSV ¼ 40 h�1 for Beta-xCe samples, it is
found that from Fig. 10 that the activity and lifetime of obtained
Beta zeolites increase in the order of Beta-0Ce < Beta-1Ce < Beta-
2Ce < Beta-3Ce, indicating that the additional Ce species can
greatly enhance the activity of 1-dodece and suppress side re-
action. At the same time, it can be found that Beta-3CeeNa (the
Hþ form Beta-3Ce is exchanged through Naþ to shield all
Bronsted acid sites of Beta-3Ce) has no catalytic activity, indi-
cating that Ce active species only play an auxiliary role in the
reaction rather than directly active the 1-dodece. According to
previous research studies, Ce species have strong adsorption
capacity for olefins [54e56].

Moreover, the alkylation between benzene with 1-dodecene
follows the Eley-Rideal mechanism, in which the adsorbed 1-
dodecene on the acid sites is transformed into dodecyl carbenium
ions that can react with free benzene in liquid phase rather than
adsorbed benzene molecules, because the adsorbed benzene mol-
ecules on the acid sites decrease the electronic density on the ar-
omatic ring that is very difficult for the electrophilic attack [57].
Therefore, it speculates that the additional Ce species can enhance
the adsorption of 1-dodecene molecules through p-complexation
[54e56], which improve the concentration of 1-dodecene near the
Bronsted acid sites and definitely accelerate the production rate of
dodecyl carbenium ions, resulting in high conversion of 1-

Fig. 8. FTIR spectra of pyridine (a), 2,4,6-trimethylpyridine (b), and 2,6-di-tert-butylpyridine (c) adsorption of resultant Beta zeolites.

Fig. 9. Proposed distribution of Brønsted acid sites in Beta zeolites.

Fig. 10. Conversion of 1-Dodecene and Selectivity of 2-LAB of resultant Beta zeolites.
LAB, linear alkylbenzene.
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dodecene, and the proposed synergistic mechanism between Ce
species and Brønsted acid sites is shown in Fig. 11.

In addition, the Ce oxides can further active the benzene mol-
ecules in the form as presented in Fig. 12(a) [58], and the activated
benzene is inclined to react with dodecyl carbenium ions. On the
one hand, it can improve the alkylation efficiency between benzene
and 1-dodecene, resulting in the formation of LAB products
(Fig. 12(b)). On the other hand, it also inhibits the formation of
oligomer arising from 1-dodecene through improving reaction ac-
tivity between 1-dodecene with benzene, extending the lifetime of
catalysts. Moreover, the thermogravimetric analysis (TGA) curves of
spent Beta zeolites are given in Fig. S4, it is found that the resultant
Beta zeolites exhibit discrepant coke content, and the corre-
sponding coke generation rate for various Beta zeolites is presented
in Table S3. It can be seen from Table S3 that the coke generation
rate of Beta zeolites decreased in the order of Beta-0Ce > Beta-
1Ce > Beta-2Ce > Beta-3Ce, indicating that additional Ce species
can improve the stability of Beta zeolites in the alkylation, which is
in agreement with above analysis.

Furthermore, the obtained Beta zeolites show a comparable
selectivity towards 2-LAB (Fig. 10) due to the special shape-
selectivity of Beta zeolitic topology. Especially, the Beta-3Ce, with
the best catalytic property, is selected for the evaluation of stability.
As shown in Fig. S5, the regenerative Ce encapsulated Beta zeolite
(Beta-3Ce-R) exhibits similar selectivity of 2-LAB compared with
fresh Beta-3Ce owing to the excellent shape-selectivity of Beta
zeolites. However, the activity of Beta-3Ce-R shows a slighter

decrease than Beta-3Ce, but the Beta-3Ce-R presents a comparable
lifetime with Beta-3Ce, indicating that the resultant Beta-3Ce
catalyst possesses robust stability.

In addition, the structure of Beta-3Ce, Beta-3Ce-R and spent
Beta-3Ce after regeneration (Beta-3Ce-S) are further investigated
by combination of XRD, SEM, FTIR spectra of pyridine and 2,6-di-
tert-butylpyridine, N2 adsorptionedesorption isotherms and TGA
technology. These results are shown in Figs. S6eS10, it is observed
from Fig. S6 that the crystal structure of Beta zeolites is well
maintained for all samples, but the intensity of the diffraction
peaks for Beta-3Ce-S is lower than that of Beta-3Ce and Beta-3Ce-
R, indicating that the crystallinity of Beta-3Ce-S is inferior
compared with Beta-3Ce and Beta-3Ce-R. The SEM results
(Fig. S7) show that Beta-3Ce-R still has ellipsoidal particles, but
the grain size is slightly increased compared with Beta-3Ce due to
Oswald ripening process during calcination. The acidity of Beta-
3Ce and Beta-3Ce-R are shown in Fig. S8 and Table S4, it can be
seen from Fig. S8 and Table S4 that both total Brønsted acid sites
and external Brønsted acid sites of Beta-3Ce-R decrease compared
with Beta-3Ce, indicating that regeneration process can lead to
the loss of zeolitic acid sites owing to the calcination under high
temperature.

The N2 adsorptionedesorption isotherm and textural properties
of Beta-3Ce, Beta-3Ce-R and Beta-3Ce-S are given in Fig. S9 and
Table S5, it is found that the micropore surface (Smic) andmicropore
volume (Vmic) of Beta-3Ce-R is higher than those of Beta-3Ce, which
is reasonably attributed to the fact that the particle size of

Fig. 11. Schematic diagram of the synergistic mechanism between Ce species and Bronsted acid sites for activating 1-dodecene.

Fig. 12. Proposed reaction mechanism of alkylation of benzene with 1-dodecene on Ce-containing Beta zeolite: (a) activation of benzene on Ce species; (b) alkylation process
between dodecyl carbenium ions with activated benzene.
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Beta-3Ce-R is larger than Beta-3Ce based on the SEM images
(Fig. S7), it can improve the integrity of Beta zeolitic framework,
leading to high value of Smic and Vmic for Beta-3Ce-R. Moreover, the
deactivated Beta-3Ce and Beta-3Ce-S showed the comparable
content of hard coke (Fig. S10), it demonstrates that the resultant
Beta-3Ce exhibits superior regeneration ability. Furthermore, the
composition of soft cokes occluded in Beta-3Ce-S is analyzed by
GC-MS, as shown in Fig. S11, it is observed that the compounds are
very complex including isomers of LAB, various pyrolysis and
oligomerization products of 1-dodecene, indicating that the alkyl-
ation between benzene with 1-dodecene undergoes a series of
complex processes. The textural parameters of Beta-3Ce-S further
verifies that the generated coke is mainly located in the interior of
zeolitic framework, which completely blocks the channels of Beta
zeolite, resulting in the deactivation of zeolite catalysts, and the
proposed coke distribution is illustrated in Fig. 13.

4. Conclusions

The Ce containing Beta zeolites are successfully synthesized by
employing citric acid as the ligand, which can effectively stabilize
the Ce species in the synthesis gel of zeolites, resulting in the for-
mation of Ce encapsulated Beta zeolites with uniform size of Ce
clusters. In addition, the Brønsted acid sites of resultant Beta zeo-
lites are mainly located in the straight channels and the external
surface based on the Na free synthesis strategy, which improve the
alkylation efficiency in the alkylation between benzene and 1-
dodecene since the large size of benzene molecules are cannot
enter into the zigzag channels of Beta zeolite owing to the steric
hindrance effect. Moreover, the obtained Ce encapsulated Beta
zeolites exhibit superior activity and stability in the liquid alkyl-
ation between benzene and 1-dodecene, because the additional Ce
species not only increase the concentration of local olefins neigh-
boring Brønsted acid sites through the adsorption of olefins, pro-
moting the generation of dodecyl carbenium ions, but also inhibit
the self-polymerization of 1-dodecene on a certain degree through
activating the benzene molecules. Furthermore, the resultant Ce
encapsulated Beta zeolites also exhibit robust regeneration ability,
which is crucial for their application in the practical alkylation re-
action of aromatics.
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