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Junjun Shi and Baoning Zong

The isomerization process of xylene in the liquid phase has garnered significant attention due to its low

energy consumption and high selectivity. However, conventional ZSM-5 zeolites have exhibited

significantly diminished activity in this process, primarily attributed to diffusion barriers. To address this

issue, Nano-ZSM-5 zeolite was synthesized using tetrapropylammonium hydroxide (TPAOH) as

a structure direct agent (SDA) and introducing silicate-1 (S-1) as a crystallization seed. The impact of

OH−/SiO2 molar ratio on the sample morphology was investigated. The structure of Nano-ZSM-5 zeolite

was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron

microscopy (TEM), and N2 physical -sorption analysis. The results demonstrate that the addition of S-1

crystal seeds enables the formation of ZSM-5 crystallites with diminutive particle sizes (∼20 nm).

Furthermore, variations in the OH−/SiO2 molar ratio within the synthetic system impact crystallite

aggregation, excessively high or low ratios result in severe aggregation, leading to decreased specific

surface area and mesoporous volume. By optimizing the OH−/SiO2 molar ratio to 0.2, the sample

exhibits exceptional dispersibility with a specific surface area of 420 m2 g−1 and a mesoporous volume

extending to 0.57 cm3 g−1. When utilized as a catalyst for liquid-phase xylene isomerization, nano-ZSM-

5 demonstrates superior catalytic performance compared to traditional zeolite.
Introduction

Xylene is a crucial raw material in the petrochemical industry,
and consists of three isomers: o-xylene (OX),m-xylene (MX), and p-
xylene (PX).1 Among these isomers, PX has the highest market
demand due to its primary role as a raw material for polyester
production.2–4 The unit of xylene isomerization plays a signicant
role in the production of PX by converting OX and MX into PX.5,6

However, this process also leads to the undesired side reaction
known as xylene disproportionation, resulting in the formation of
toluene and trimethylbenzene and causing loss of xylene.7,8

Xylene isomerization is typically catalyzed by Brønsted
acids,9–12 therefore, zeolite is deemed suitable for catalyzing this
reaction.13–16 ZSM-5 is a crucial high-silicon zeolite with a three-
dimensional ten-membered annular channel structure. It
exhibits high hydrothermal stability and strong acidity, making it
extensively employed in various petrochemical applications such
as uid catalytic cracking, hydroisomerization, xylene isomeriza-
tion, among others.17 ZSM-5 is typically synthesized by incorpo-
rating quaternary ammonium salts as templates, such as
tetraethylammonium hydroxide (TEAOH) and tetrapropylammo-
nium hydroxide (TPAOH).18 ZSM-5 synthesized using a single
template agent generally exhibits a larger particle size, ranging
, SINOPEC, Beijing, 100083, PR China.

9270
from several hundred nanometers to microns.19 The conventional
gas-phase xylene isomerization process employing ZSM-5 zeolite
is typically synthesized utilizing a single template agent. This gas-
phase approach requires higher reaction temperatures and lower
reaction pressures. In contrast, the liquid-phase xylene isomeri-
zation process occurs at lower temperatures and relatively higher
pressures, resulting in signicant energy savings compared to the
gas phase process. Furthermore, owing to the constraint of low
temperature on the side reaction of disproportionation, the liquid
phase process exhibits remarkable selectivity.20–22 However, direct
application of ZSM-5 zeolite used in the gas phase process to the
liquid phase reaction limits the activity due to reduced molecular
diffusion rates under liquid phase conditions. This hinders full
contact between the liquid reactants and active sites on the
catalyst.23–25 To overcome these diffusion problems, hierarchical
porous zeolites have been widely employed in recent years.26–28

There are primarily two preparation strategies for hierarchical
porous zeolite. One approach involves the synthesis of zeolites
with combined micropores and mesopores, typically achieved
through post-treatment or the addition of a mesoporous tem-
plating agent to the synthesis system.29–37 The other strategy
focuses on synthesizing zeolites with small particle sizes, which
tend to agglomerate and form numerous intergranular
mesopores.38–40 The seed induction method represents an effec-
tive approach for synthesizing nano-ZSM-5, offering advantages
such as reduced the usage of SDAs and rapid crystallization
© 2024 The Author(s). Published by the Royal Society of Chemistry
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rate.41,42Nano-sized ZSM-5 was synthesized by Nada and coworks43

through the addition of crystal seeds without the use of any
structure direct agent (SDA). The crystal seeds utilized were ZSM-5
zeolite with an average particle size of approximately 70 nm. The
impact of various synthesis conditions on zeolite morphology
were investigated, revealing that synthesis temperature and crys-
tallization time exerted themost signicant inuence, followed by
alkalinity and seed particle size. By precisely controlling these
synthesis conditions, it is possible to synthesize small-grained
zeolite with uniform particles even in the absence of SDAs.
Zhang et al.44,45 developed a “salt-aided seed-induced route”
method for synthesizing nano-ZSM-5 by incorporating silicate-1
(S-1) zeolite as a seed in the synthetic system. They employed
tetrapropylammonium bromide (TPABr) as SDA and observed
that the addition of KF salt resulted in reduced crystallization
time, decreased template agent quantity, and expanded Si/Al ratio
range of the zeolite. By precisely controlling the amount of KF salt
in the synthesis system, they achievedmore accurate regulation of
mesopore aperture and volume. Chen et al.46 synthesized ZSM-5
zeolite aggregates with a well-developed mesoporous structure
by utilizing S-1 zeolite as a crystal seed and employing TPAOH and
cetyltrimethylammonium bromide (CTAB) as SDA. It was
observed that the addition of CTAB effectively inhibited the
secondary growth of zeolite, thereby facilitating the formation of
nano-ZSM-5 aggregates. Moreover, an increase in the quantity of
S-1 seed led to the generation of smaller primary crystals.

In this work, nanosized ZSM-5 was synthesized using TPAOH
as a SDA and S-1 zeolite as a crystal seed. The inuence of OH−/
SiO2 on sample morphology was investigated. The structure of
the nano-ZSM-5 was characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-
ray diffraction (XRD), and N2 physical sorption analysis. NH3

programmed temperature desorption (NH3-TPD) was employed
to investigate acidity. Notably, the nanometer-sized ZSM-5
zeolite exhibited superior activity compared to traditional
microporous counterpart in liquid-phase xylene isomerization.
Experimental
Synthesis of S-1 seed

The S-1 seed was synthesized following the procedure described
in ref. 47. 14.95 g of deionized H2O, 5.08 g of TPAOH (40 wt% in
water), and 9.2 g of ethanol (EtOH, Ar) were thoroughly mixed
for 1 h. Subsequently, with continuous stirring, 10.42 g of
TEOS(Ar) was slowly added to the mixture, which was then
stirred and aged for 2 h. The molar ratio of the materials was
20H2O : 0.2TPAOH : 8EtOH : SiO2. The mixture was transferred
into a Teon-lined autoclave and hydrothermally treated at
140 °C for 72 hours. The product was ltered and washed with
deionized water, dried at 120 °C for 6 h followed by calcined at
550 °C for 6 h. The obtained S-1 zeolite was used as the crystal
seeds for subsequent experiments.
Synthesis of the nano-zeolite

Nano-ZSM-5 zeolite was prepared using S-1 as crystal seed,
fumed silica as silicon source, NaAlO2 (Ar) as aluminum source,
© 2024 The Author(s). Published by the Royal Society of Chemistry
OH−/SiO2 molar ratio was regulated by NaOH (Ar). 0.164 g
NaAlO2, 0.12 g NaOH, 0.9 g S-1 seed, 30.87 g deionized water,
2.54 g TPAOH(40 wt% in water) were thoroughly mixed for 1 h.
Subsequently, 6 g fumed silica was gradually added to the
mixture under continuous stirring followed by stirring and aging
for 2 h. The molar ratio of the material was 20H2O : 0.15S-1 :
0.05TPAOH : 0.1OH− : 0.01Al2O3 : SiO2, and then the mixture is
transferred into a Teon-lined autoclave and hydrothermally
treated at 170 °C for 36 hours. The product was ltered and
washed with deionized water, dried at 120 °C for 6 h followed by
calcined at 550 °C for 6 h to obtain nano-NaZSM-5. Ion exchange
was carried out with 1 mol per L NH4Cl solution at 90 °C, then
ltered, washed and dried. HZSM-5 was obtained by calcination
at 500 °C for 6 h. In order to investigate the inuence of OH−/
SiO2 on zeolite morphology, the OH−/SiO2 ratio in the synthetic
system was varied to 0.15, 0.2, and 0.25 by adjusting the amount
of NaOH added. The resulting zeolite samples were denoted as Z-
N-x, where x represents the corresponding OH−/SiO2 molar ratio
which was 0.1, 0.15, and 0.2 respectively. For comparison, ZSM-5
zeolite was synthesized under identical conditions and proce-
dures without the addition of seed or TPAOH, and the molar
ratio of OH−/SiO2 was adjusted to 0.2, resulting in samples
denoted as Z-N-S and Z-N-T respectively.
Catalyst characterizations

XRD patterns of the samples were obtained by CuKa radiation
on Rigaku D/MAX-IIIA, the tube voltage is 40 kV and the current
is 40 mA. The relative crystallinity is determined by integrating
the peak areas between 22.5° and 25.0°. The sample with the
largest peak area is designated as the reference sample, with
a relative crystallinity of 100%. The relative crystallinity of other
samples is calculated as the ratio of their peak area to that of the
reference sample. The pore and specic surface area of the
samples were tested by nitrogen sorption measurements at
−196 °C on Micromeritics ASAP 2020. Each sample was
analyzed aer 8 h degassed at 350 °C. The total surface area was
calculated by the Brunauer–Emmett–Teller (BET) equation, and
the total pore volume was determined at p/p0 = 0.99. The
micropore surface area and the micropore volume were calcu-
lated by the t-plot method. The scanning electron microscope
(SEM) images were taken on the Hitachi SU-8010, and the
operating voltage was 5 kV. The transmission electron micro-
scope (TEM) images were taken by JEOL JEM-2100 electron
microscope with the acceleration voltage of 200 kV. Elemental
analysis of samples were performed using X-ray uorescence
(XRF) on Rigaku ZSX100E X-ray uorescence spectrometer
instrument. Acidity of samples were characterized by
temperature-programmed desorption of ammonia (NH3-TPD)
which was performed on the Micromeritics AutoChem II 2920.
The sample was heated to 600 °C in He atmosphere for 1 h. Aer
cooling to 100 °C, the system was switched to a mixture of 10%
NH3–He mixture and the NH3 was adsorbed until saturation for
1 h. Subsequently, the system was switched back to He and
heated again up to 600 °C at a rate of 10 °C min−1. Data was
collected by the thermal conductivity detector (TCD). The
quantication of weakly acidic and strongly acidic sites was
RSC Adv., 2024, 14, 19264–19270 | 19265
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performed through the integration of NH3-TPD curve and
standard curve analysis.
Catalytic tests

The liquid phase xylene isomerization was conducted in a xed
bed reactor with an inner diameter of 6 mm and a length of 750
mm. The sample was compressed and fractured, and then 20–
40 mesh particles were screened for experiment. The catalyst
loading was 0.5 g. The molar composition of the reaction
mixture was MX : OX = 3 : 2. The Weight hourly space velocity
(WHSV) was set at 6 h−1, while the reaction temperature and
pressure were maintained at 260 °C and 2 MPa, respectively.
Fig. 1 XRD patterns of all ZSM-5 samples.

Fig. 2 SEM images of Z-N-S (a), Z-N-T (b), Z-N-0.1 (c), Z-N-0.15 (d), Z-N
(i).

19266 | RSC Adv., 2024, 14, 19264–19270
The reaction product was analyzed by online gas phase chro-
matograph using Agilent 7890A which equipped with a HP-WAX
column (60 m × 0.25 mm × 0.5 mm) and a FID detector.

The catalyst activity was determined by the ratio of PX in the
product to the total xylene content, which can be calculated
using the following formula:

PX/X(%) = WPX/WX × 100

where WPX is the amount of PX in the product, WX is the total
amount of xylene in the product. Owing to the thermodynamic
equilibrium limitation, the highest proportion of PX in xylene
mixture is about 24%. The selectivity of the catalyst was deter-
mined by yield of xylene Xy, which was calculated by the ratio of
the total xylene in the product to the total xylene in the reactant:

Xy(%) = WXo/WXi × 100

where WXo is the total amount of xylene in the product, WXi is
the total amount of xylene in the reactant.

Results and discussion
Characterization of the ZSM-5 samples

The XRD pattern of samples are presented in Fig. 1, revealing
the characteristic peak of ZSM-5 zeolite for all samples. The
crystallinity of Z-N-S is determined to be 100%, while the
-0.2 (e), Z-N-0.25 (f) and TEM images of Z-N-S (g), Z-N-T (h), Z-N-0.2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 N2 adsorption–desorption isotherms of ZSM-5 samples. Fig. 4 NH3-TPD curves of ZSM-5 samples.

Table 2 Acid properties of ZSM-5 samples

Samples

Acid amount (mmol g−1)

Weak Strong Total

Z-N-S 0.355 0.302 0.657
Z-N-T 0.342 0.294 0.636
Z-N-0.1 0.282 0.142 0.424
Z-N-0.15 0.261 0.135 0.396
Z-N-0.2 0.221 0.115 0.336
Z-N-0.25 0.256 0.121 0.377
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relative crystallinity for Z-N-T and Z-N-x (x ∼ 0.1, 0.15, 0.2, 0.25)
are 91.5%, 68.5%, 71.4%, and 70.2% respectively. Notably, the
crystallinity of Z-N-x sample is comparatively lower than that of
the other two samples, accompanied by a noticeable broad-
ening phenomenon in the XRD pattern peaks, indicating
smaller particle size for Z-N-x zeolite.

The SEM and TEM images of the sample are presented in
Fig. 2. It can be observed that Z-N-S particles exhibit a bulk
morphology with an average size of approximately 500 nm,
while Z-N-T particles display a spherical shape with a similar
size range. Notably, as depicted in Fig. 2g–i, the single crystal
size of the Z-N-0.2 sample are found to be signicantly smaller,
measuring around 20 nm. Furthermore, Fig. 2c–f reveal that at
lower OH−/SiO2 ratios within the synthetic system, there is
a pronounced tendency for nano-zeolite agglomeration, the
agglomeration effect weakens as the OH−/SiO2 ratio increases.
When the OH−/SiO2 ratio reaches 0.25, zeolite agglomeration
reoccurs, indicating that both excessively low and high OH−/
SiO2 ratios can lead to severe particle clustering.

Fig. 3 shows the N2 adsorption–desorption isotherms of each
sample. It can be observed that Z-N-T and Z-N-x samples exhibit
type IV absorption/desorption isotherms with hysteresis loops,
while the hysteresis loops of Z-N-x are more pronounced, indi-
cating a greater amount of mesoporous in Z-N-X samples. In
contrast, Z-N-S sample displays type I absorption/desorption
isotherms without hysteresis loops, suggesting an absence of
mesoporous pores.

The textural properties of each sample are summarized in
Table 1. The SiO2/Al2O3 of samples are determined by XRF. The
data indicate that Z-N-x samples exhibit a higher degree of
mesoporosity compared to Z-N-S and Z-N-T samples. Notably,
Table 1 Textural properties of the ZSM-5 samples

Sample SiO2/Al2O3

Specic surface
area/(m2 g−1)

Pore
volume/(cm3 g−1)

Total Micro Meso Total Micro Meso

Z-N-S 98.3 353.26 334.71 18.55 0.19 0.15 0.04
Z-N-T 99.2 396.21 338.11 58.10 0.29 0.15 0.14
Z-N-0.1 94.1 363.35 212.21 151.14 0.44 0.10 0.34
Z-N-0.15 92.3 405.83 241.72 164.11 0.52 0.11 0.41
Z-N-0.2 93.5 420.19 249.02 171.17 0.68 0.11 0.57
Z-N-0.25 94.3 403.86 207.73 196.13 0.53 0.09 0.44

© 2024 The Author(s). Published by the Royal Society of Chemistry
when the OH−/SiO2 molar ratio in the synthesized system is set
at 0.2, the resulting sample demonstrates the largest specic
surface area and mesoporous volume, which aligns with
observations made through SEM analysis. Therefore, an OH−/
SiO2 ratio of 0.2 appears to be more suitable.

The NH3-TPD curves of each sample were presented in Fig. 4,
revealing two distinct NH3 desorption peaks near 200 °C and
450 °C, corresponding to weak acid sites and strong acid sites,
respectively. The acid content was summarized in Table 2.
Notably, the acid content of Z-N-X was found to be lower than
that of Z-N-T and Z-N-S samples, indicating a reduction in nano-
zeolite acidity attributed to decreased crystallinity.
Catalytic performance on liquid phase isomerization

The catalytic performance of Z-N-S, Z-N-T, and Z-N-0.2 samples
was evaluated at 260 °C, 2 MPa, and a WHSV of 6 h−1, respec-
tively. The results are presented in Fig. 5. The reaction features of
the three catalysts remained essentially unchanged within
a period of 30 h, indicating their high stability. Among these
catalysts, Z-N-0.2 exhibited the highest activity with PX/X reaching
approximately 22.5%. However, its xylene yield was comparatively
lower due to increased side reaction activity. It can be observed
from Table 2 that despite having the lowest acid content among
the three catalysts, Z-N-0.2 displayed the highest catalytic activity.
This suggests that diffusion hinders prevent the reaction and the
presence of mesoporous pores effectively eliminates diffusion
resistance thereby enhancing the catalyst activity.

In order to investigate the catalytic performance of the Z-N-
0.2 sample under different conditions, variations in reaction
temperature and WHSV were implemented, as depicted in
Fig. 6. As the WHSV increases, the contact time between
RSC Adv., 2024, 14, 19264–19270 | 19267
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Fig. 5 Liquid phase xylene isomerization activity (a) and selectivity (b) of three samples.

Fig. 6 Liquid phase xylene isomerization activity (c) and selectivity (d) of Z-N-0.2 sample under different conditions.

Fig. 7 Impact of N2 to reactant xylene molar ratio on catalyst activity
and selectivity.
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reactants and catalyst decreases, resulting in a gradual decline
in catalytic activity. However, at higher reaction temperatures,
the impact of increased WHSV on activity becomes less
pronounced. Notably, even with higher WHSV above 270 °C,
catalytic activity can still be maintained at elevated levels.
Furthermore, when operating at a WHSV of 2 h−1, lower
temperatures can ensure both high catalytic activity and favor-
able xylene yield. Specically, at 250 °C, PX/X reaches 23.7%
while Xy exceeds 99.5%, surpassing reported literature48,49

values.
The diffusion of reactants in the liquid phase process has

been identied as a signicant factor impeding catalyst activity.
To mitigate the impact of diffusion on catalyst performance, it
is proposed to introduce a certain amount of inert gas into the
reactor. N2 was employed as the inert gas, with its quantity
19268 | RSC Adv., 2024, 14, 19264–19270
calculated based on the molar ratio of N2 to xylene (N2/X). The
catalytic performance of the catalyst under different N2/X molar
ratio was evaluated at 250 °C temperature, 2.5 MPa pressure,
and 10 h−1 WHSV, as depicted in Fig. 7. The gure demon-
strates that the addition of a small quantity of N2 enhances the
apparent activity of the catalyst. However, it also accelerates side
reactions, leading to a decrease in xylene yield. The introduction
of inert gas can enhance liquid turbulence, thereby inducing
the transition from laminar ow to turbulent ow in the liquid
material. Turbulence facilitates a reduction in the thickness of
the mass transfer boundary layer, thus promoting enhanced
contact between reactive materials and catalyst active sites.
Increasing the amount of inert gas introduced leads to a higher
degree of turbulence in the liquid material and a smaller
diffusion boundary layer thickness. At an N2/X molar ratio of
approximately 0.4, the catalyst's activity reaches maximum,
indicating that diffusion no longer signicantly inuences
catalytic performance at this point. Further increase in N2/X
ratio (around 0.7) causes a decline in catalyst activity due to
excessive N2 content resulting in reduced xylene partial pressure
within the liquid phase range. Hence, it can be inferred that
introducing inert gas is an effective approach for mitigating
diffusion effects.
Conclusions

The nanosized ZSM-5 was synthesized using TPAOH as a SDA
and silicate-1 zeolite as a crystal seed, resulting in the formation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of ZSM-5 particles with an average crystal size of approximately
20 nm. The agglomeration of the zeolite in the synthetic system
was inuenced by the OH−/SiO2 molar ratio, where excessively
high or low alkalinity led to severe agglomeration, thereby
reducing both specic surface area and mesopore volume.
Optimal dispersion of the sample was achieved when main-
taining an OH−/SiO2 molar ratio of 0.2 in the synthetic system.
Compared to traditional ZSM-5 zeolite catalysts, the nano-sized
ZSM-5 zeolite exhibited enhanced catalytic activity for liquid-
phase xylene isomerization. To mitigate diffusion effects
during liquid-phase reactions, inert gas (N2) injection into the
reactor was employed to enhance turbulence and improve
catalytic performance. It was observed that injecting a small
amount of N2 into the reactor increased the apparent activity of
the catalyst, indicating that inert gas injection is an effective
method for eliminating diffusion in liquid phase reactions. The
high activity and stability of ZSM-5 in liquid-phase xylene
isomerization, coupled with its lower reaction temperature and
higher selectivity compared to gas-phase isomerization, render
it highly promising for practical applications.
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