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a b s t r a c t

To improve oil quality, ZSM-22/SAPO-11 composite molecular sieves were synthesized by adding ZSM-22
into a synthetic gel of SAPO-11 for n-decane hydroisomerization. The mass ratios of ZSM-22/(ZSM-
22þSAPO-11) in the composite molecular sieves were optimized and the optimal ZSM-22/SAPO-11
composite (ZS-9) was obtained. The electrostatic repulsions between the ZSM-22 precursors and the
SAPO-11 crystalline nuclei produced small ZSM-22 and SAPO-11 crystallites in ZS-9, which increased the
specific surface area and mesopore volume and thereby exposed more acid sites. In comparison with
conventional SAPO-11, ZSM-22 and their mechanical mixture, ZS-9 with smaller crystallites and the
optimal medium and strong Brønsted acid centers (MSBAC) content displayed a higher yield of branched
C10 isomers (81.6%), lower cracking selectivity (11.9%) and excellent stability. The correlation between the
i-C10 selectivity and the MSBAC density of molecular sieves indicated that the selectivity for branched C10
isomers first increased and then decreased with increasing MSBAC density on the molecular sieves, and
the maximum selectivity (87.7%) occurred with a density of 9.6 � 10�2 mmol m�2.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

n-Alkane hydroisomerization (AHI) is one of themost important
catalytic processes in the petroleum industry. It converts n-alkanes
into branched-alkanes, which plays significant roles in improving
the gasoline octane number, reducing the diesel condensation
point and enhancing the low-temperature fluidity of lubricant oils
(Chi et al., 2013; Jaroszewska et al., 2019). In AHI, bifunctional
catalysts composed of metal components and supports are utilized,
in which the metal components catalyze (de)hydrogenation while
the supports provide acid sites for the skeletal isomerizations (Jin
et al., 2009; Zhan et al., 2022). Many studies have shown that the
crystallite sizes and acidities of supports have significant effects on
AHI. The supports with small crystallites have short residence times
.-L. Wen), fanyu@cup.edu.cn
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for isomerized intermediates in their channels, which limits
cracking side reactions in AHI (Oenema et al., 2020). Supports with
few Brønsted acid centers (BAC) display low activities for AHI, while
supports with excess BAC exhibit high cracking selectivity (Dai
et al., 2022; Wei et al., 2022). SAPO-11 and ZSM-22 molecular
sieves with one-dimensional straight channels are widely used as
catalyst supports for AHI due to their excellent shape selectivity
(Claude and Martens, 2000; Lyu et al., 2020). However, conven-
tional SAPO-11 and ZSM-22 have large crystallites, which restrain
effective diffusion of isomerized intermediates and enhance
cracking side reactions, thereby resulting in low isomer selectivity.
Furthermore, conventional SAPO-11 has a weak acid strength and
few BAC, which results in inferior n-alkane conversion (Liu et al.,
2020; Wen et al., 2020; Yu et al., 2021). Compared with SAPO-11,
conventional ZSM-22 possesses stronger acid sites and more BAC,
thereby generating high n-alkane conversion, but its excess BAC
enhance the cracking side reactions (Liu et al., 2015; Feng et al.,
2019; Zhai et al., 2022).

Composite molecular sieves integrate the merits of individual
molecular sieves and make up for the deficiencies of single
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. XRD patterns of C-S, C-Z, ZS-6, ZS-9, ZS-12 and ZS-M.

X.-M. Wang, C.-L. Wen and Y. Fan Petroleum Science 20 (2023) 2585e2595
molecular sieves through coordination of differentmolecular sieves
(Qin et al., 2011; Duan et al., 2013; Wang et al., 2018). Zhang et al.
(2019) first treated a Y molecular sieve with different levels of al-
kali treatment, and then Y/MCM-41 composite molecular sieves
with different crystallites were obtained by growing mesoporous
MCM-41 on the external surface of Y. The n-dodecane hydro-
isomerization results showed that Y/MCM-41 with small crystal-
lites presented a higher isomer yield than Y alone. Zhu et al. (2014)
synthesized a SAPO-11/Beta compositemolecular sieve using a Beta
molecular sieve as the silicon source. The SAPO-11/Beta composite
presented a higher isomer yield in n-dodecane hydroisomerization
than SAPO-11, Beta and their mechanical mixture due to its optimal
pore structure and acidity. Thus far, synthesis of the ZSM-22/SAPO-
11 composite molecular sieve and its application in AHI have not
been reported.

Herein, novel ZSM-22/SAPO-11 composite molecular sieves
with different crystallites and different MSBACwere synthesized by
incorporating different amounts of ZSM-22 into the synthetic gel of
SAPO-11, and the effects of ZSM-22/SAPO-11 ratios in the composite
on the physicochemical properties and n-C10 hydroisomerization
performance were investigated. Compared with conventional
SAPO-11, conventional ZSM-22 and their mechanical mixture, the
advantages of the ZSM-22/SAPO-11 composite in n-C10 hydro-
isomerizationwere clarified. Additionally, the relationship between
the MSBAC densities of different acidic supports and the selectivity
for branched C10 isomers was quantitatively revealed.

2. Experimental

2.1. Preparation of supports

2.1.1. Synthesis of conventional SAPO-11
Conventional SAPO-11 was synthesized by following the

method reported in the literature (Wen et al., 2021). First, 8.1 g of
pseudoboehmite (Al2O3, 73.0 wt%; Shandong Aluminum Plant) was
added to a mixture of 12.2 g of phosphoric acid (H3PO4, 85 wt%;
Aladdin) and 40.0 g of deionized (DI) water and stirred for 3 h.
Subsequently, 4.7 g of tetraethoxysilane (C8H20O4Si, 99.0 wt%;
Aladdin) and 6.8 g of di-n-propylamine (C6H15N, 99.5 wt%; Aladdin)
were added to the above solution sequentially and stirred for 3 h to
obtain a gel with the molar compositions of 40.0 H2O:0.4 SiO2:1.0
Al2O3:1.9 H3PO4:1.2 C6H15N. Afterward, the gel was loaded into a
100 mL autoclave and heated at 200 �C for 24 h. Finally, the
resulting product was washed with DI water, dried at 120 �C for
12 h and calcined at 600 �C for 6 h to yield SAPO-11, which was
named C-S.

2.1.2. Synthesis of conventional ZSM-22
Conventional ZSM-22 was synthesized by the procedures

described in the literature (Feng et al., 2019). First, 0.4 g of
aluminum sulfate octadecahydrate (Al2(SO4)3$18H2O, 98.0 wt%;
Aladdin) was dissolved in 40.0 g of DI water, followed by addition of
1.0 g of potassium hydroxide (KOH, 95.0 wt%; Aladdin) and stirring
for 0.5 h. Subsequently, 2.6 g of 1,6-hexamethylenediamine
(C6H16N2, 95.0 wt%; Aladdin) and 11.1 g of silica sol (SiO2, 30.0 wt
%; Guangzhou Huixin Company) were added sequentially to the
above solution and stirred for 5 h to afford an initial gel with the
molar compositions of 40.0 H2O:1.0 SiO2:0.01 Al2O3:0.3 KOH:0.4
C6H16N2. Afterward, the gel was crystallized dynamically (60 rpm)
at 160 �C for 72 h, and K-ZSM-22 was obtained after the resulting
product was filtered, heated at 120 �C for 12 h and calcined at
600 �C for 6 h. Finally, K-ZSM-22 was treated with ammonium
chloride solution (NH4Cl, 99.5%; Aladdin) three times at 80 �C and
then washed, dried at 120 �C for 12 h and calcined at 600 �C for 6 h
to afford ZSM-22, which was named C-Z.
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2.1.3. Synthesis of the ZSM-22/SAPO-11 composite
The synthetic procedures for preparation of the ZSM-22/SAPO-

11 composite were as follows. First, the ZSM-22 precursor was
prepared by following the same procedures used for C-Z, except
that the crystallization time was reduced to 48 h and the post-
treatments (such as ammonium exchange and calcination) were
omitted. Subsequently, K-ZSM-22/SAPO-11 composites were syn-
thesized via the same procedures used for C-S, except that different
amounts of ZSM-22 precursors were added and stirred for 2 h
before adding the DPA. After the K-ZSM-22/SAPO-11 composites
were exchanged with NH4Cl solution three times, washed, dried at
120 �C for 12 h and calcined at 600 �C for 6 h, ZSM-22/SAPO-11
composites with different ZSM-22/SAPO-11 ratios were obtained,
which were denoted ZS-x (x ¼ 6, 9 and 12, corresponding to the
ZSM-22 mass fractions of 6.5%, 9.4% and 12.2% contained in ZSM-
22/SAPO-11, respectively).

2.1.4. Synthesis of the ZSM-22 and SAPO-11 mechanical mixture
The mechanical mixture of ZSM-22 and SAPO-11 was obtained

after ZSM-22 and SAPO-11 were fully ground in accordance with
the ZSM-22/SAPO-11 ratio in ZS-9, and it was named ZS-M.

2.2. Preparation of catalysts

The catalysts containing 0.5 wt% Pt were prepared through
incipient wetness impregnation. First, the above synthesized sup-
ports were pressed and crushed into particles with 20e40 mesh.
Afterward, a chloroplatinic acid solution (H2PtCl6$6H2O, 37.0 wt%;
Aladdin) was added dropwise to the particles and then stirred
thoroughly. Finally, the catalyst precursors were placed into an
oven at 120 �C for 6 h, calcined at 450 �C for 4 h and then sieved
again to obtain Pt-supported molecular sieve-based catalysts,
which were named Pt/C-S, Pt/C-Z, Pt/ZS-6, Pt/ZS-9, Pt/ZS-12 and Pt/
ZS-M.

2.3. Characterization

X-ray diffraction (XRD) patterns were determined with a D8
ADVANCE X-ray diffractometer equipped with Cu Ka radiation, and
the scanning speed and rangewere 4�/min and 5e50�, respectively.
Scanning electron microscopy (SEM) images were obtained with an
SU8010 instrument. The zeta potentials of the samples were
determinedwith a Zetasizer Nano ZS instrument. Fourier transform



Fig. 2. SEM images of C-S (a), C-Z (b), ZS-6 (c), ZS-9 (d), ZS-12 (e) and ZS-M (f).
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infrared (FT-IR) spectra were obtained with a Spectrum GX in-
strument. Before the measurement, the sample and potassium
bromide power were mixed evenly at a mass ratio of 1:100 and
then pressed into a disk with a diameter of 13 mm. N2 adsorption-
desorption experiments were performed on an ASAP 2420
adsorption apparatus. A total of 0.1 g of sample was put into the
apparatus and treated at 350 �C for 6 h under vacuum, and then
physical adsorption was conducted at �196 �C with N2 as the
adsorbent. The specific surface area and pore volume were calcu-
lated with the Brunauer-Emmett-Teller (BET) method and t-plot
method, respectively (Barrett et al., 1951; Lippens and Boer, 1965).
Transmission electron microscopy (TEM) images were obtained
with an FEI Tecnai G2 F20 microscope. The samples were ground in
a mortar and dispersed with ethanol before measurement.

The elemental compositions of the samples were obtained on a
ZSX-100e X-ray fluorescence spectroscopy (XRF). The acid contents
of the samples were determined by the NH3 temperature pro-
grammed desorption (NH3-TPD) experiments. Pyridine infrared
(Py-IR) spectra were obtained on a Nicolet-750 infrared spec-
trometer, and the details are as follows. A total of 0.02 g of sample
was pressed into a 13mmdisk and then pretreated at 400 �C for 1 h.
Afterward, adsorption of pyridine was performed at 30 �C, and then
desorption of pyridine was carried out at 200 �C and then 350 �C.
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Finally, spectra were recorded after the temperature cooled to
30 �C. The Pt dispersions of all catalysts were analyzed by H2
chemical adsorption, which was carried out on an Auto Chem II
2920 adsorption apparatus.
2.4. Evaluation of catalytic performance

The n-C10 hydroisomerization capabilities of the catalysts were
evaluated in a microreactor. The catalysts were reduced at 400 �C
and pressurized under 2.0 MPa H2 for 4 h before reaction. After the
reduction reaction was finished, n-C10 was pumped into the
microreactor at a temperature of 270e390 �C, a pressure of 2.0MPa,
a weight hourly space velocity of 3.0 h�1 and a H2 to n-C10 volu-
metric ratio of 400.

The compositions of the hydroisomerization products were
determined with a Trace 1310 mass spectrometer, and the con-
centrations of the products were determined with an SP3420 gas
chromatograph with a HP-PONA column. The n-C10 conversion,
selectivity for branched C10 isomers (i-C10 selectivity), yield of
branched C10 isomers (i-C10 yield) and cracking selectivity were
obtained with the following formulas:



Fig. 3. Crystallite size distributions of C-S (a), C-Z (b), ZS-6 (c, d), ZS-9 (e, f), ZS-12 (g,
h) and ZS-M (i, j).

Fig. 4. FT-IR spectra of C-S, C-Z, ZS-6, ZS-9, ZS-12 and ZS-M.
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Conversion ¼ Cr � Cp
Cr

� 100% (1)

i-C10 selectivity ¼ Ci
Cr � Cp

� 100% (2)

i-C10 yield ¼ Ci
Cr

� 100% (3)
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Cracking selectivity ¼ Cc
Cr � Cp

� 100% (4)

where Cr and Cp are the concentrations of n-C10 in the feedstock and
products, respectively, and Ci and Cc are the concentrations of
branched C10 isomers (i-C10) and cracked products in the products,
respectively.

The turnover frequency (TOF) of a catalyst was calculated with
the following formula (Guo et al., 2012):

TOF ¼ n
CMSBAC

(5)

where n is the number of reacted n-C10 mol per unit gram of
catalyst per second (mol g�1 s�1) and CMSBAC is the MSBAC content
per gram of catalyst (mol g�1).

To better illustrate the effects of support acidity on the n-C10
hydroisomerization performance, the MSBAC density was defined
by the ratio of the MSBAC content to the specific surface area of the
support:

MSBAC density ¼ CMSBAC
SBET

(6)
3. Results and discussion

3.1. XRD

The XRD patterns of the samples are presented in Fig. 1. ZS-x and
ZS-M with high SAPO-11 crystallinities (Table S1) showed the
characteristic peaks of SAPO-11 (2q¼ 9.4,13.1,15.6, and 22.1e23.3�)
and ZSM-22 (2q¼ 24.2, 24.6 and 25.7�) (Lyu et al., 2019;Wang et al.,
2019), indicating the presence of both SAPO-11 and ZSM-22 in ZS-x
and ZS-M.
3.2. SEM

The SEM images of the samples are displayed in Fig. 2. C-S
presented spherical particles composed of flaked crystallites
(Fig. 2a). C-Z showed nest-like particles made up of acicular



Fig. 6. TEM images of C-S (a), C-Z (b), ZS-6 (c) ZS-9 (d), ZS-12 (e) and ZS-M (f).

Fig. 5. N2 absorption-desorption isotherms (a) and pore size distributions (b) for C-S, C-Z, ZS-6, ZS-9, ZS-12 and ZS-M.

Table 1
Textural properties of C-S, C-Z, ZS-6, ZS-9, ZS-12 and ZS-M.

Sample SBET, m2 g�1 Vmicropore, cm3 g�1 Vmesopore, cm3 g�1

C-S 215 0.05 0.06
C-Z 235 0.06 0.11
ZS-6 221 0.06 0.13
ZS-9 239 0.06 0.16
ZS-12 243 0.06 0.17
ZS-M 219 0.06 0.08
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crystallites (Fig. 2b). As for ZS-x, the acicular crystallites of ZSM-22
were dispersed on the SAPO-11 particles (Fig. 2cee), indicating the
composite structure in ZS-x. Additionally, the number of acicular
ZSM-22 crystallites on the SAPO-11 particles in ZS-x increased
along with the increasing ZSM-22 amounts. As for ZS-M (Fig. 2f),
mechanically mixed SAPO-11 and ZSM-22 were separated
completely from each other.

The crystallite size distributions of the samples according to
statistical analyses with at least 500 crystallites are displayed in
Fig. 3. The average crystallite sizes of C-S and C-Z were 310 and
680 nm, respectively (Fig. 3a and b), and those of SAPO-11 and ZSM-
22 in ZS-6, ZS-9 and ZS-12 were 290 and 560 nm (Fig. 3c and d), 210
and 490 nm (Fig. 3e and f), 180 and 470 nm (Fig. 3g and h),
respectively. Compared with C-S and C-Z, the ZS-x composites had
smaller SAPO-11 or ZSM-22 crystallites. This was because the
SAPO-11 or ZSM-22 crystalline nuclei were easily polymerized to
form large crystallites during the synthesis of C-S or C-Z (Fig. 3a and
b). The zeta potential of the ZSM-22 precursor was�7.83 mV in the
synthetic solution of ZS-x (pH¼ 6.0), and the SAPO-11 crystal nuclei
were negatively charged (Wen et al., 2021). Consequently, the
electrostatic repulsions between SAPO-11 crystalline nuclei and
ZSM-22 precursors favored good dispersion, and therefore ZS-x
exhibited smaller SAPO-11 and ZSM-22 crystallites than C-S and C-
Z. For ZS-x, a small amount of ZSM-22 led to weak electrostatic
repulsions between the ZSM-22 precursors and the SAPO-11 crys-
talline nuclei, which resulted in relatively large SAPO-11 and ZSM-
22 crystallites in ZS-6 (Fig. 3c and d). As the ZSM-22 amount added
to ZS-x was increased, the electrostatic repulsions between the
ZSM-22 precursor and the SAPO-11 crystalline nuclei were
enhanced, which promoted good dispersion. Consequently, ZS-9
and ZS-12 showed small SAPO-11 and ZSM-22 crystallites
(Fig. 3eeh). ZS-M comprised mechanically mixed SAPO-11 and
ZSM-22, in which the crystallite sizes of SAPO-11 and ZSM-22 were
310 and 680 nm, respectively (Fig. 3i and j).

3.3. FT-IR

Fig. 4 displays the FT-IR spectra of the samples. The bands at
1093 and 703 cm�1 were assigned to the asymmetric and sym-
metric stretching vibrations of T-O-T in SAPO-11, respectively, and
the bands at 544 and 470 cm�1 were for deformation vibrations of
the six-membered rings and the four-membered rings in SAPO-11,
respectively (Fan et al., 2006; Lyu et al., 2018). The bands at 1070,
548 and 458 cm�1 were ascribed to the asymmetric stretching vi-
brations of T-O-T, vibrations of the double five-membered rings and
the bending vibrations of internal TO4 tetrahedra in ZSM-22,
respectively (Gollakota et al., 2020). The FT-IR results showed that



Fig. 7. Py-IR spectra of C-S, C-Z, ZS-6, ZS-9, ZS-12 and ZS-M at 200 �C (a) and 350 �C (b).

Table 2
B and L acidities of C-S, C-Z, ZS-6, ZS-9, ZS-12 and ZS-M.

Sample 200 �C Acidity, mmol/g 350 �C Acidity, mmol/g

B L B L

C-S 25.1 31.2 11.3 12.4
C-Z 86.6 34.9 37.8 26.0
ZS-6 42.8 40.4 15.2 17.4
ZS-9 55.2 47.2 23.0 19.1
ZS-12 69.4 46.8 28.4 23.0
ZS-M 28.7 30.5 12.5 11.6
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ZS-x and ZS-M consisted of SAPO-11 and ZSM-22, which was
consistent with the XRD results. Additionally, the asymmetric
stretching vibrations of ZS-xwere shifted toward higher energies in
comparison to that of ZS-M at 1080 cm�1 (dotted line), which was
attributed to the interactions between ZSM-22 and SAPO-11 in ZS-x
(Zheng et al., 2015). The asymmetric stretching vibrations of ZS-x
were shifted toward lower energies upon addition of increasing
ZSM-22 amounts, which was due to the T-O-T asymmetric
stretching vibration in ZSM-22 (1070 cm�1); this was located at a
lower energy relative to that of SAPO-11 (1093 cm�1).
Fig. 8. n-C10 conversion versus temperature (a), and i-C10 selectivity (b), cracking selectivity
12 and Pt/ZS-M.
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3.4. N2 adsorption-desorption

Fig. 5a shows the N2 adsorption-desorption isotherms for the
samples. All samples presented distinct hysteresis loops within the
relative pressure range of 0.4e0.9, indicating that they all contained
mesopores. Fig. 5b displays the pore size distributions of the
samples. The peak seen at 3.8 nm for all samples was attributed to
the tensile strength effect (Danilina et al., 2010). Compared with C-
S, C-Z and ZS-M, the ZS-x composites exhibited broad peaks at
5e50 nm with higher intensities, indicating the presence of more
mesopores.

The textural properties of the samples are displayed in Table 1.
All samples exhibited almost identical micropore volumes but
different mesopore volumes. The ZS-x composites had larger
mesopore volumes than C-S, C-Z and ZS-M. With the addition of
increasing ZSM-22 amounts, the SBET and mesopore volumes of ZS-
x rose because the SAPO-11 and ZSM-22 crystallite sizes in ZS-x
gradually decreased, and small crystallites improved the pore
structures of molecular sieves (Wen et al., 2021). In addition, ZS-9
had a larger SBET than ZS-M because of the smaller ZSM-22 and
SAPO-11 crystallites in ZS-9 compared to those in ZS-M.
(c) and i-C10 yield (d) versus n-C10 conversion for Pt/C-S, Pt/C-Z, Pt/ZS-6, Pt/ZS-9, Pt/ZS-



Table 3
Results of n-C10 hydroisomerizations over Pt/C-S, Pt/C-Z, Pt/ZS-9 and Pt/ZS-M.

TOFa (10�1 s�1) Pt/C-S Pt/C-Z Pt/ZS-9 Pt/ZS-M

25.9 23.2 30.7 26.5

i-C10 selectivity, % 69.8 45.0 87.7 74.3
Sb, %
2-MC9 8.0 6.0 11.3 9.1
3-MC9 12.4 8.9 17.2 13.6
4-MC9 5.7 3.7 10.5 7.0
5-MC9 14.9 9.3 19.5 13.9
3-EC8 2.5 0.7 1.8 3.0
4-EC8 4.0 2.5 4.6 6.2
2,5-DMC8 5.1 3.3 5.2 5.3
2,6-DMC8 6.0 3.4 5.3 5.7
2,7-DMC8 3.2 2.1 3.5 3.6
3,3-DMC8 0.1 0.1 0.2 0.1
3,5-DMC8 0.1 0.1 0.2 0.2
3,6-DMC8 2.9 1.6 2.5 2.4
4,4-DMC8 4.4 2.9 4.9 3.6
4,5-DMC8 0.3 0.3 0.7 0.5
2-M-3-EC7 0.2 0.1 0.3 0.1
Others, % 0.6 0.5 0.4 0.5
Cracking selectivity, % 29.6 54.5 11.9 25.2

a Obtained at 350 �C, 2.0 MPa, a v(H2)/v(n-C10) of 400 and a n-C10 conversion of
approximately 20%.

b S represents product selectivity.
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3.5. TEM

The TEM images of the samples are shown in Fig. 6. The ZS-x
(Fig. 6c‒e) composites had more light areas (marked with red
borders) than C-S and C-Z (Fig. 6a and b), indicating the presence of
more mesopores in ZS-x. Compared with ZS-x, ZS-M contained
fewermesopores (Fig. 6f). The TEM results were consistent with the
N2 adsorption-desorption results described above.

3.6. Py-IR

The Py-IR spectra of the samples are shown in Fig. 7. All samples
presented peaks at 1540, 1490 and 1450 cm�1, which were ascribed
to B acid centers, B þ L acid centers and L acid centers, respectively
(Parry, 1963; Pieterse et al., 1999). The total, medium and strong B/L
acid centers of the samples were calculated on the basis of Py-IR
spectra obtained after treatment at 200 and 350 �C, respectively
(Zhang et al., 2008), and the results are shown in Table 2. The
MSBAC of acidic supports provide the active sites for skeletal
isomerization in AHI (Zhang et al., 2018). The MSBAC content
decreased in the order C-Z (37.8 mmol/g) > ZS-12 (28.4 mmol/
g) > ZS-9 (23.0 mmol/g) > ZS-6 (15.2 mmol/g) > ZS-M (12.5 mmol/
g) > C-S (11.3 mmol/g), which was consistent with the NH3-TPD
results (Fig. S1). The MSBAC content in ZS-x increased gradually
with increasing ZSM-22 amounts added. Additionally, although ZS-
9 and ZS-M had the same composition (Table S1), ZS-9 contained
more MSBAC contents than ZS-M. This was because ZS-9 had
smaller crystallites than ZS-M, which increased the specific surface
area and mesopore volume (Table 1) and thereby exposed more
acid sites in ZS-9 compared to ZS-M (Zhou et al., 2011; Hoang et al.,
2017; Hao et al., 2021).

3.7. Hydroisomerization performance

The n-C10 hydroisomerization reactions over the prepared cat-
alysts were evaluated, and the results are displayed in Fig. 8. The n-
C10 conversions for all catalysts increased with increasing temper-
ature and decreased in the order Pt/C-Z > Pt/ZS-12 > Pt/ZS-9 > Pt/
ZS-6 > Pt/ZS-M > Pt/C-S for the same temperature (Fig. 8a). As the
n-C10 conversion increased, the i-C10 selectivities for all catalysts
decreased, while the cracking selectivity increased (Fig. 8b and c).
At the same n-C10 conversion, the i-C10 selectivity increased in the
order Pt/C-Z < Pt/ZS-12 < Pt/C-S < Pt/ZS-M < Pt/ZS-6 < Pt/ZS-9,
while the cracking selectivity exhibited the opposite order. The i-
C10 yields for all catalysts first increased and then decreased with
increasing n-C10 conversion, and they decreased in the order Pt/ZS-
9 > Pt/ZS-6 > Pt/ZS-M > Pt/C-S > Pt/ZS-12 > Pt/C-Z for the same n-
C10 conversion (Fig. 8d). Additionally, the maximum i-C10 yields for
Pt/ZS-9, Pt/ZS-6, Pt/ZS-M, Pt/C-S, Pt/ZS-12 and Pt/C-Z were 81.6%,
76.4%, 73.5%, 70.2%, 67.4% and 48.0%, respectively.

The results of n-C10 hydroisomerizations over Pt/C-S, Pt/C-Z, Pt/
ZS-9 and Pt/ZS-M are presented in Table 3. At a n-C10 conversion of
approximately 93%, the i-C10 selectivity increased in the order Pt/C-
Z (45.0%) < Pt/C-S (69.8%) < Pt/ZS-M (74.3%) < Pt/ZS-9 (87.7%), and
the cracking selectivity decreased in the order Pt/C-Z (54.5%) > Pt/
C-S (29.6%) > Pt/ZS-M (25.2%) > Pt/ZS-9 (11.9%). Furthermore, the
TOF of Pt/ZS-9 was 30.7 � 10�1 s�1 at a n-C10 conversion of
approximately 20%, which was higher than those of Pt/C-S
(25.9 � 10�1 s�1), Pt/C-Z (23.2 � 10�1 s�1) and Pt/ZS-M
(26.5 � 10�1 s�1).

The n-C10 hydroisomerization results for these catalysts are
explained as follows. The Pt loadings of these catalysts were all
0.5 wt%, which satisfied the requirement for hydrogenation-
dehydrogenation in AHI (Wen et al., 2019). The TEM images and
Pt size distributions for these catalysts are presented in Fig. 9. The
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average Pt particle sizes in these catalysts were almost identical at
approximately 4.4 nm, and the Pt dispersions in these catalysts
were also nearly identical at 54%e55%. As a result, the n-C10
hydroisomerization performance was chiefly affected by the
physicochemical properties of the acidic supports (Wen et al.,
2021).

The n-C10 hydroisomerization over these catalysts followed a
bifunctional reaction mechanism (Zhang et al., 2019; Yu et al.,
2020). First, n-C10 was transformed to n-decene after dehydroge-
nation at Pt sites. Then, the n-decene diffused into the channels of
the acidic supports and underwent skeletal rearrangement at the
MSBAC to produce i-C10 intermediates. Finally, the i-C10 in-
termediates were hydrogenated at Pt sites to afford the i-C10
products.

As the amount of ZSM-22 was increased, the n-C10 conversion
for Pt/ZS-x gradually increased at the same temperature, and the i-
C10 selectivity first increased and then decreased for the same n-C10
conversion. When the mass fraction of ZSM-22 in the ZSM-22/
SAPO-11 composites was 9.4%, the corresponding Pt/ZS-9 catalyst
displayed the highest i-C10 selectivity (87.7%) and i-C10 yield (81.6%)
and the lowest cracking selectivity (11.9%). These results are
explained as follows. Compared with ZS-6 (15.2 mmol/g), ZS-9 had
more MSBAC content (23.0 mmol/g), which provided more active
sites for n-C10 skeletal isomerizations and thereby improved the n-
C10 conversion. Additionally, ZS-9 had smaller ZSM-22 (490 nm)
and SAPO-11 (210 nm) crystallites than ZS-6, which favored diffu-
sion of i-C10 intermediates and thereby reduced the extent of
cracking side reactions. Although ZS-12 had relatively smaller
crystallite sizes for ZSM-22 (470 nm) and SAPO-11 (180 nm) than
ZS-9 (490 and 210 nm), its excess MSBAC content affected the
cracking side-reactions and resulted in lower i-C10 selectivity and i-
C10 yield but higher cracking selectivity over Pt/ZS-12 than over Pt/
ZS-9 (Wen et al., 2020).

Among these catalysts, Pt/C-S presented the lowest n-C10 con-
version, while Pt/C-Z showed the highest n-C10 conversion and
cracking selectivity and the lowest i-C10 selectivity and i-C10 yield at
the same n-C10 conversion. The Py-IR results showed that C-S had
the lowest MSBAC content (11.3 mmol/g) among these samples and
provided the fewest active sites for n-C10 skeletal isomerizations. As
a consequence, the corresponding Pt/C-S catalyst showed the



Fig. 9. TEM images and Pt size distributions for Pt/C-S, Pt/C-Z, Pt/ZS-6, Pt/ZS-9, Pt/ZS-12 and Pt/ZS-M.
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lowest n-C10 conversion (Deldari, 2005). C-Z, with the largest
MSBAC content (37.8 mmol/g), provided the greatest number of acid
sites for n-C10 hydroisomerization, which resulted in the highest n-
C10 conversion. However, the excess MSBAC content in C-Z exac-
erbated the cracking side reactions (Buchanan et al., 1996), and the
large crystallites (680 nm) of C-Z led to long residence times in its
channels for i-C10 intermediates. As a result, the i-C10 intermediates
were easily cracked, giving Pt/C-Z the highest cracking selectivity
and the lowest i-C10 selectivity and i-C10 yield. Pt/C-S displayed
lower i-C10 selectivity and i-C10 yield and higher cracking selectivity
than Pt/ZS-9 and Pt/ZS-M. This was because C-S had larger SAPO-11
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crystallites (310 nm) and smaller mesopore volumes (Table 1),
which disfavored diffusion of i-C10 intermediates, boosted the
cracking side reactions and limited formation of the i-C10 products
(Wen et al., 2021).

ZS-M prepared by mechanically mixing ZSM-22 and SAPO-11
had large ZSM-22 (680 nm) and SAPO-11 (310 nm) crystallites,
which provided long diffusion paths for i-C10 intermediates and
therefore accelerated the cracking side reactions. Consequently, the
corresponding Pt/ZS-M catalyst exhibited a low i-C10 yield
(Fig. 10a). Compared with ZS-M, ZS-9 had smaller ZSM-22 (490 nm)
and SAPO-11 (210 nm) crystallites due to electrostatic repulsions



Fig. 10. Reaction paths of n-C10 hydroisomerization over Pt/ZS-M (a) and Pt/ZS-9 (b).

Fig. 11. i-C10 selectivities versus MSBAC densities of the molecular sieves.

Fig. 12. n-C10 conversion and cracking selectivity (a), and i-C10 sel
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between the ZSM-22 precursor and SAPO-11 crystalline nuclei
during synthesis, which shortened the diffusion paths of i-C10 in-
termediates (Fig. 10b). In addition, ZS-9 had more MSBAC content
(23.0 mmol/g) than ZS-M (12.5 mmol/g), which supplied more active
sites for n-C10 skeletal isomerizations. Consequently, Pt/ZS-9
showed higher n-C10 conversion, higher i-C10 selectivity and yield
and lower cracking selectivity than Pt/ZS-M.

The relationship between i-C10 selectivity and the MSBAC den-
sity of molecular sieves was investigated for an n-C10 conversion of
approximately 93%, and the results are displayed in Fig. 11. The i-C10
selectivity increased first and then decreased with increasing
MSBAC density. This is because the molecular sieve had a small
MSBAC content per unit specific surface area when the MSBAC
density was low, which led to a small number of active sites
available for skeletal isomerization; thus, the corresponding cata-
lyst displayed a low i-C10 selectivity. However, the molecular sieve
with high MSBAC density had a large MSBAC content per specific
surface area, which accelerated the cracking side reactions but
inhibited skeletal isomerizations over the corresponding catalysts.
ectivity and i-C10 yield (b) versus reaction time over Pt/ZS-9.
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Hence, when the MSBAC density was 9.6 � 10�2 mmol m�2, the
corresponding Pt/ZS-9 catalyst exhibited the highest i-C10 selec-
tivity (87.7%).

Furthermore, the n-C10 hydroisomerization stability for the
optimal Pt/ZS-9 catalyst was investigated at 350 �C, 2.0MPa, 3.0 h�1

and v(H2)/v(n-C10) ¼ 400, and the results are presented in Fig. 12.
The n-C10 conversion, i-C10 selectivity, i-C10 yield and cracking
selectivity for Pt/ZS-9 were almost constant, showing the excellent
stability of Pt/ZS-9 for n-C10 hydroisomerization.

4. Conclusions

A series of ZSM-22/SAPO-11 composite molecular sieves were
synthesized by adding different amounts of ZSM-22 into the syn-
thetic gel of SAPO-11, and n-C10 hydroisomerization over these
corresponding catalysts were investigated. When the mass fraction
of ZSM-22 in the ZSM-22/SAPO-11 composite was 6.5%, ZSM-22/
SAPO-11 (ZS-6) had large crystallites and a low MSBAC content.
As the mass fraction of ZSM-22 in ZSM-22/SAPO-11 was increased
to 9.4%, ZSM-22/SAPO-11 (ZS-9) presented smaller SAPO-11
(210 nm) and ZSM-22 (490 nm) crystallites and a higher MSBAC
content (23.0 mmol/g) than ZS-6. With a further increase of the
mass fraction of ZSM-22 in ZSM-22/SAPO-11 to 12.2%, the crystal-
lite sizes of ZSM-22/SAPO-11 were slightly reduced, but the MSBAC
content was excessive, resulting in enhancement of cracking side
reactions. In contrast to SAPO-11, ZSM-22 and their mechanical
mixture, ZS-9 had smaller ZSM-22 and SAPO-11 crystallites and the
optimal MSBAC density (9.6 � 10�2 mmol m�2), which enabled its
corresponding Pt/ZS-9 catalyst to generate a higher i-C10 yield
(81.6%), lower cracking selectivity (11.9%) and excellent stability.
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