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Hierarchical SAPO-11 molecular sieve (ACS-11) was successfully synthesized employing the Al,03/carbon
(Aly03/C) composite obtained through the pyrolysis of Al-based metal-organic framework (Al-MOF-96)
as mesoporogen. Unlike other carbon-based mesoporogens with strong hydrophobicity, the Al,03/C
interacts with phosphoric acid and generates the AIPO4/C structure, which promotes the Al,03/C
dispersion in the synthesis gel of SAPO-11 and avoids the phase separation between them. The Al;03/C as
mesoporogen decreases the crystallite size of SAPO-11 via preventing the aggregation of SAPO-11
crystals. Additionally, the addition of Al;03/C improves the Si distribution in the ACS-11 framework.
Consequently, ACS-11 has smaller crystallites, more mesopores, and a greater amount of medium
Brensted acid centers than the conventional microporous SAPO-11 and the SAPO-11 synthesized using
activated carbon as mesoporogen. The corresponding Pt/ACS-11 catalyst exhibits the maximal selectivity
to multi-branched Cjp isomers (23.28%) and the minimal cracking selectivity (15.83%) in n-decane
hydroisomerization among these catalysts. This research provides a new approach for preparing hier-
archical silicoaluminophosphate molecular sieve-based catalysts to produce high-quality fuels.
© 2022 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/).
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1. Introduction

With the growing attachment to the environmental issues, the
production of clean gasoline has become a major assignment in
petroleum refining industry. To this end, the strict gasoline quality
standards have been formulated by countries all over the world,
limiting the contents of olefins and aromatics in gasoline. The
decrease in the contents of high-octane olefins and aromatics will
unavoidably cause the great reduction of gasoline octane number.
n-alkane hydroisomerization is a process that converts low-octane
straight chain paraffin into their high-octane branched alkanes (Qin
et al,, 2011; Samad et al., 2016; Kim et al., 2018; Jaroszewska et al.,
2019). In this process, bifunctional catalysts containing metal sites
and acid sites are often adopted in alkane hydroisomerization, and
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the metal sites provide the (de)hydrogenation active sites and acid
sites provide skeletal isomerization active sites (Kim et al., 2013; Liu
et al.,, 2015; Yu et al.,, 2020). In general, the metal sites are usually
supplied by precious metals (such as platinum and palladium) (Lv
et al., 2018; Oenema et al., 2020.), non-precious metals (such as
nickel and MoOy) (Yang et al., 2019; Harmel et al., 2020) and
bimetallic nanoparticles (such as Pt—Ni and Pt—NiyP)
(Eswaramoorthi and Lingappan, 2003; Yao et al., 2015), and the acid
sites are normally offered by silica-alumina zeolites (such as ZSM-
22, Beta, ZSM-5 and Y) (Chi et al., 2013; Jin et al., 2009; Lee et al.,
2013; Sazama et al., 2018), silicoaluminophosphate (SAPO-n)
(Zhao et al., 2020; Guo et al., 2021; Wen et al., 2021), metal oxides
(such as SO3~/ZrO,) (Kimura, 2003) and mesoporous materials
(such as AISBA-15 and AI-TUD-1) (Kang et al., 2021; Vedachalam
et al, 2021). Among them, Pt has an excellent hydrogenation/
dehydrogenation activity, and SAPO-11 possesses mild acidity and
an appropriate pore structure for different processes (Sanchez-
Contador et al., 2018). Hence, the Pt/SAPO-11 catalysts are exten-
sively used on alkane hydroisomerization (Zhang et al., 2018a).
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However, mono-branched (Mo) isomers instead of multi-branched
(Mu) isomers are the principal products for alkane hydro-
isomerization over Pt/SAPO-11 due to the small micropore size
(0.39 x 0.63 nm) and external surface area (ESA) of conventional
SAPO-11. The Mu isomers with higher octane numbers than the Mo
isomers are optimal components to improve gasoline octane
number (Liu et al., 2014). Researches show that the hierarchical
SAPO-11 is able to effectively improve the selectivity to Mu isomers
(Nandan et al., 2014; Zhao et al., 2019). Thus, it is of great signifi-
cance to synthesize SAPO-11 molecular sieve with a hierarchical
structure.

There are many methods to synthesize hierarchical molecular
sieves, such as desilication or dealumination, hard template strat-
egy and soft template strategy (Jacobsen et al., 2000; Fan et al.,
2012; Xi et al., 2014; Chen et al., 2016). However, in desilication
or dealumination, the amount of removed silicon or aluminum
cannot be controlled, and the excessive removal of framework sil-
icon or aluminum will affect the crystallinity and stability of mo-
lecular sieves (Cartlidge et al., 1989; Groen et al., 2004). The soft
template strategy is limited because the soft templates have a
competition with the micropore templates to degrade the crystal-
lization of molecular sieves and cause more environmental pollu-
tion in the process of removing soft templates. For the synthesis of
hierarchical molecular sieves with a hard template strategy, the
process is usually simple and the hard templates used do not
interfere with the micropore templates. Thereby, the synthesis of
hierarchical molecular sieves using hard templates has aroused
extensive attention. Carbon materials, as a kind of hard templates,
are commonly applied in the synthesis of hierarchical molecular
sieves (Jacobsen et al., 2000; Christensen et al., 2005). However, the
phase separation, which exists between carbon materials and
synthesis precursor gel of hierarchical molecular sieves, is easy to
occur, and which is attributed to the weak hydrophilicity of carbon
materials (Machoke et al., 2015). To improve the hydrophilicity of
carbon materials. Zhao et al. (2019) prepared carbon nanoparticles
with abundant -C-O-C- groups by calcining a mixture of urea and
polyethylene oxide in N», and the -C-O-C- groups were converted
into the -C-O-H groups in the alkali synthetic solution of hierar-
chical ZSM-5 molecular sieve. The existence of -C-O-H groups en-
hances the interaction between the carbon nanoparticles and ZSM-
5 synthesis gel, and thus the hierarchical ZSM-5 with large meso-
pore size was successfully obtained. Bértolo et al. (2014) adopted a
new process to obtain the hierarchical SAPO-11 through the use of
commercial Merck carbon and Merck carbon with the treatment of
nitric acid as mesoporogen, respectively. Merck carbon treated with
nitric acid has more amount of oxygenate surface groups compared
to the commercial Merck carbon, but the ESA and mesopore vol-
ume of the hierarchical SAPO-11 using Merck carbon with the
treatment of nitric acid as the template are almost the same as
those of the hierarchical SAPO-11 obtained by employing Merck
carbon as mesoporogen.

Metal-organic frameworks (MOFs) have aroused considerable
attention because of their diversity of pore structures and high
specific surface areas (Yang et al., 2022; Zhang et al., 2022) over
recent years. The composites with the uniform mixture of carbon
and metal oxides can be prepared through the heat treatment of
MOFs (Li et al., 2022; Liu et al., 2022). AI-MOF-96, a typical porous
aluminum based metal organic framework material, has the char-
acteristics of simple synthesis and large-scale production (Deng
and Peng, 2019), which can be used to prepare the composites
with the uniform mixture of carbon and Al,0s. Additionally, Al;03
can interact with phosphoric acid, thereby forming the alumi-
nophosphate layers (Zhang et al., 2018b). Thus, compared with
conventional carbon materials, the Al;03/C composite has better
hydrophilicity in the phosphoric acid solution. However, the

3172

Petroleum Science 19 (2022) 3171-3181

hierarchical molecular sieves prepared by using the metal oxide/
carbon composite derived from MOFs as the mesoporogen has not
been reported.

In this work, a novel Al;03/C composite derived from Al-MOF-96
was used to synthesize hierarchical SAPO-11. The above synthe-
sized hierarchical SAPO-11 has more mesopores, a greater ESA and
a higher number of medium Brensted acid centers (MBAC) than the
conventional SAPO-11 (S-11) and the hierarchical SAPO-11 ob-
tained employing activated carbon as the mesoporogen (CS-11). As
a result, its corresponding catalyst displays enhanced selectivity to
branched Cyg isomers and low cracking selectivity in the n-decane
hydroisomerization.

2. Experimental
2.1. Materials

Pseudoboehmite (73.0 wt% PB) was purchased from Shandong
Aluminum Plant. Tetraethoxysilane (99.0 wt% TEOS), trimesic acid
(98 wt% CgH3(CO2H)3), di-n-propylamine (99.5 wt% DPA), phos-
phoric acid (85.0 wt% H3PO4) and activated carbon (AR 200 mesh)
were purchased from Aladdin. n-decane (98 wt% CqoHz2),
aluminum nitrate (99 wt% Al(NO3)3-9H,0) and chloroplatinic acid
(37.0 wt% HyPtClg-6H20) were provided by Innochem. Deionized
water (H,O) was made in the laboratory. All reagents were
employed directly as purchased.

2.2. Synthesis of SAPO-11

2.2.1. Synthesis of conventional S-11

The synthesis procedures of conventional SAPO-11 were
consistent with literature (Wen et al., 2021), which is shown as
detailed below: firstly, 12.2 g of H3PO4 and 40.0 g of H,O were
mixed thoroughly, followed by adding 8.1 g of PB and evenly stir-
ring for 3 h. Subsequently, 4.7 g of TEOS and 6.8 g of DPA were
added to the suspension in turn and stirred for 3 h to afford the
mixture with the composition of 40 H,0: 0.95 P,05: 1.2 DPA: 0.4
TEOS: 1.0 AL,Os. Finally, the above synthesis mixture was poured
into a 100 mL autoclave to crystallize at 200 °C for 24 h. The
resultant sample was obtained after washing, drying and calcina-
tion at 600 °C for 6 h for the removal of DPA, and it was denoted as
S-11.

2.2.2. Synthesis of ACS-11

The preparation procedures of hierarchical SAPO-11 with Al,0s/
C as mesoporogen were as follows. First, AI-MOF-96 was synthe-
sized through the method described in literature (Liu et al., 2015),
and then the Al;03/C composite was obtained after the calcination
of AI-MOF-96 at 600 °C for 2 h in N,. Subsequently, 1.5 g of Al,03/C
composite was added to the mixture with the composition of 12.2 g
of H3PO4 and 40.0 g of H,0 and mixed thoroughly for 4 h. After-
wards, 7.0 g of PB and 4.7 g of TEOS were added in turn and evenly
mixed for 5 h. Whereafter, 6.8 g of DPA was dropwise added to the
solution and mixed for 1 h. Finally, the resulting mixture was put
into a 100 mL autoclave and heated at 200 °C for 24 h. The as-
synthesized sample was washed, dried and calcined at 600 °C for
6 h to remove DPA and mesoporogen, and it was denoted as ACS-11.

2.2.3. Synthesis of CS-11

The preparation procedures of hierarchical SAPO-11 employing
activated carbon as mesoporogen were same as that of ACS-11
except that the activated carbon was utilized as mesoporogen
rather than Al;03/C. The obtained hierarchical SAPO-11 was named
CS-11.
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2.2.4. Catalysts preparation

Pt/SAPO-11 catalysts with the platinum mass fraction of 0.5%
were obtained via incipient wetness impregnation. First, S-11, CS-
11 and ACS-11 were pressed, and then they were sieved to 20—40
mesh. Subsequently, these catalysts were prepared by adding a
solution of HyPtClg to the shaped SAPO-11 samples. Finally, these
catalysts were got after drying and calcination at 450 °C for 4 h.

2.3. Characterizations

A D8 Advance X-ray diffractometer (XRD) produced by Bruker
AXS was used to analysis the sample structure (a Cu Ko radiation,
40 kV and 40 mA). A scanning electron microscopy (SEM) was
performed to analyze the sizes and morphological properties using
a SU8010. An ASAP 2420 physical adsorption equipment was
adopted to perform the N, adsorption-desorption measurement.
The micropore volume (Vpjcro) and ESA of the sample were ob-
tained based on the t-plot method (Lippens and Boer, 1965). The
specific surface area (Sger) and the pore size distribution of the
sample were obtained according to the Brunauer-Emmett-Teller
method and the Barrett-Joyner-Halenda method individually
(Barrett et al., 1951).

A F20 transmission electron microscopy (TEM) was adopted to
obtain the TEM photos and the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
photos of samples. A NICOLE-750 infrared instrument was adopted
to measure the acid properties of the samples. The disk sample with
0.02 g was heated at 400 °C for 1 h, then the disk absorbed pyridine
vapor for 0.25 h at room temperature. Afterwards, the vacuum
desorption of pyridine was carried out at 200 °C and then 300 °C.
Eventually, the pyridine infrared (Py-IR) spectrums at 200 and
300 °C were obtained at room temperature. X-ray fluorescence
spectroscopy (XRF) was carried out on a ZSX-100e spectrometer to
detect the elemental compositions of samples. An Avance III spec-
trometer with a 4 mm probe head was employed to analyze the Si
coordinated environment of the synthesized samples, and the 2°Si
spectra were recorded at 79.5 MHz and a recycle delay of 3 s. The
29si shifts are referenced to 3-(trimethylsilyl)-1-propanesulfonic
acid sodium salt. H, chemical adsorption was carried out to
analyze the Pt dispersions of the catalysts by the Auto Chem I1 2920
equipment.

2.4. Catalytic tests

n-decane hydroisomerization was performed in a fixed-bed
microreactor. First, the catalysts were reduced at 400 °C, 2.0 MPa
and a H; flow rate of 50 mL/min for 4 h. Afterwards, n-decane
hydroisomerization was carried out at 340 °C, 2.0 MPa, a Hy/n-
decane volume ratio (HDVR) of 400 and different weight hourly
space velocities (WHSVs) of 2.0—25 h~ L. The products were quali-
tatively confirmed using a Trace 1310 mass spectrometry. What is
more, the n-decane hydroisomerization products were analyzed
adopting an SP3420 gas chromatograph, which contains an HP-
PONA column (50 m x 0.25 mm) and an FID detector.

The n-decane conversion, the selectivity to total branched Cyg
isomers (St), the selectivity to multi-branched Cyg isomers (Sy),
the cracking selectivity (Sc), the total branched Cig isomers yield
(Y1) and the multi-branched Cyp isomers yield (Ypy,) were calcu-
lated as follows:

-G

Conversion = <~ P  100%

= (1)

3173

Petroleum Science 19 (2022) 3171-3181

S o
St=g g 100% 2)
_ CMU O,
St = M * 100% (3)
. Cc 9
Se= g 100% (4)
Yr = & 100% (5)
G
Yar = MU 5 100% 6)

G

where C; represents the concentration of n-decane in the feed-
stock; Cp and Cr represent the n-decane concentration and total
branched Cyg isomers concentration in the products individually;
Cyy represents the multi-branched Cig isomers concentrations in
products, and Cc is cracking products concentration in products.

n-decane hydroisomerization was considered as a pseudo-first-
order reaction (Wen et al., 2017). The rate constant (k) was calcu-
lated as detailed below:

1
In (ﬁ)
where F represents the n-decane feed rate in mol s™', g and ¢
represent the quality of catalyst (g) and n-decane conversion
individually.
The formula adopted to calculate the catalyst turnover fre-
quency (TOF) was as follows (Guo et al., 2013):

f

Cs

_F

qu (7)

1

TOF = (8)

where f refers to the amount of reacted n-decane per gram of
catalyst per second (mol/g/s). Cg represents the numbers of MSBAC
in the per catalyst quality (mol/g).

3. Results and discussion
3.1. XRD characterization

Fig. 1 displays the XRD spectra of S-11, CS-11 and ACS-11. All
samples appear characteristic peaks at 26 = 8.1°, 9.5°, 13.1°, 15.7°,
20.4°, 21.1° and 22.2—23.3°, which are ascribed to the AEL topology
of SAPO-11 (Phienluphon et al., 2015; Wen et al., 2017). The XRD
results show that the addition of activated carbon or Al;03/C in the
synthesis of SAPO-11 does not change the crystal structure of SAPO-
11. Additionally, the XRD patterns of the synthesized SAPO-11
samples appear a weak peak at 26 = 6.6° attributed to SAPO-41,
which is commonly observed in SAPO-11 (Guo et al.,, 2013; Wen
et al, 2021). In the synthesis of SAPO-11, the aluminum phos-
phate (AIPOg4) precursors are first produced, and then Si substitu-
tion in the AIPO4 framework occurs. During this process, the slow
formation rate of AIPO4 precursors and the fast releasing rate of
silicon species lead to a change in the composition of partial liquid
phases, which results in the formation of SAPO-41 (Ren et al., 1991;
Lopez et al., 1997).
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Fig. 1. XRD patterns of S-11, CS-11 and ACS-11.

3.2. Nitrogen adsorption-desorption characterization

Fig. 2 presents the nitrogen adsorption-desorption isotherms of
S-11, CS-11 and ACS-11. CS-11 and ACS-11 exhibit obvious hysteresis
loops while S-11 presents a small hysteresis loop in the range of
relative pressure (P/Pp) = 0.4—0.9, showing that there are more
mesopores in CS-11 and ACS-11. According to the SEM results
(Fig. S1), the addition of activated carbon or Al,03/C could hinder
the aggregation between SAPO-11 crystals, so CS-11 and ACS-11
have more intercrystal mesopores in comparison to S-11.

The pore diameter distributions of S-11, CS-11 and ACS-11 are
given in Fig. 3. All samples present a peak at 3.8 nm, which is caused
by the tensile strength effect (Danilina et al., 2010). In addition, CS-
11 and ACS-11 present high intensity peaks at 6.0 and 6.5 nm,
respectively, and S-11 presents a low intensity peak at 5.5 nm,
indicating that CS-11 and ACS-11 have abundant mesopores while
S-11 has a relatively low amount of mesopores. Additionally, the
texture properties of S-11, CS-11 and ACS-11 are exhibited in Table 1.
The mesopore volume and ESA of these samples rise in the order S-
11 < CS-11 < ACS-11. In addition, as shown in the TEM images
(Fig. S2), ACS-11 has much more mesopores than S-11 and CS-11,

280
+146
240 4
ACS-11
T 200
r?) +73
£
2 160 o
[0}
€ CS-11
3
>O 120 +
%1 s
40 4
0 0.2 0.4 0.6 0.8 1.0

Relative pressure, P/P,

Fig. 2. N, absorption-desorption isotherms of S-11, CS-11 and ACS-11.
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Fig. 3. Pore diameter distributions of S-11, CS-11 and ACS-11.
Table 1

Texture properties of S-11, CS-11 and ACS-11.

2 51 2 5—1 3 -1 3 51
SamPle SBET.m g Sexternal,m g Vmicropore, am” g Vmesopore, am” g

S-11 228 71 0.07 0.08
CS-11 212 91 0.05 0.11
ACS-11 248 108 0.06 0.13

which is in consistence with the nitrogen adsorption-desorption
result.

In order to explain the Al;03/C function in the synthesis of hi-
erarchical ACS-11, the Al;03/C composite derived from Al-MOF-96
was treated with phosphoric acid according to the following pro-
cedures: Al,03/C (1.5 g) was added to the solution of H,0 (40 g) and
phosphoric acid (12.2 g) and stirred for 4 h. Afterwards, the mixture
was put into the autoclave and maintained at 200 °C for 24 h. The
sample named H3PO4—Al,03/C was collected by washing and dry-
ing. And the H3PO4—Al,03/C and Al,03/C were characterized by
XRD.

Fig. 4 displays the XRD spectra of H3PO4—Al,03/C and Al,03/C.
Al»03/C shows no diffraction peaks, while H3PO4—Al,03/C presents

3
©
=
‘»
<
9]
E

H;PO4-Al,04/C '

AlL,O,/C

5 10 15 20 25 30 35 40 45 50

26, degree

Fig. 4. XRD patterns of Al,05/C and H3P04—Al,05/C.
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several characteristic peaks at 2 = 20—50°, which is in line with
the PDF standard card of AIPO4 (PDF # 71—-1041). The above results
indicate that Al,O3 has an interaction with phosphoric acid, form-
ing the AIPO4 structure in the process of treating Al,03/C with
phosphoric acid. Additionally, Fig. S3 displays the HADDF-STEM
result of Al,03/C, Al;03 is uniformly doped in carbon material.

SAPO-11 crystals are easy to aggregate with each other due to
the absence of mesoporogen in the synthesis of S-11. As a result,
SAPO-11 with large crystallites is obtained (Liu et al., 2014). For CS-
11, activated carbon as mesoporogen is dispersed between SAPO-11
crystals, which reduces the contact of these crystals. As a conse-
quence, CS-11 has smaller crystallites and more mesopores than S-
11 (Yu et al,, 2021). However, activated carbon has weak hydro-
philicity, leading to the phase separation between SAPO-11 gel and
activated carbon, and thus activated carbon plays an inferior role as
mesoporogen. During the preparation of hierarchical ACS-11, Al,03
doped in carbon material has an interaction with phosphoric acid,
forming AIPO4 structure. Thereby, the phase separation between
Al;03/C and SAPO-11 gel is avoided in the synthesis of ACS-11, and
Al;03/C effectively prevents the contact between SAPO-11 crystals.
As a consequence, SAPO-11 with small crystallites is obtained.
Thereby, ACS-11 has smaller crystallites and more mesopores than
S-11 and CS-11.

3.3. Py-IR characterization

Fig. 5 displays the Py-IR spectrums of S-11, CS-11 and ACS-11.
The bands at 1455 and 1545 cm™! correspondingly represent the
Lewis acid centers (LAC) and Brensted acid centers (BAC), and the
band at 1490 cm ™! can be ascribed to the cooperative action of LAC
and BAC (Wen et al., 2021). All samples show bands at 1545 and
1455 cm™ !, indicating that they all have BAC and LAC.

The amount of total B/L acid centers (TB/LAC) and the amount of
medium B/L acid centers (MB/LAC) are calculated at 200 and 300 °C
individually. The calculation formula is as follows (Fan et al., 2006):
CoyL = AS/me 9)
where Cg. and A are the amount of LAC or BAC per quality of
samples (umol g ') and the absorbance (cm™!), respectively; S and
m represent the cross-sectional area (cm?) and the mass (g) of
samples, respectively; and e is the extinction coefficient (cm
pmol 1) (Datka, 1981). As shown in Table 2, the amount of TBAC and

(@

ACS-11

Cs-1

Absorbance, a.u.

S-11

1400 1450 1500 1550 1600

Wavenumber, cm-™'
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Table 2
Acidities of S-11, CS-11 and ACS-11 determined by Py-IR.
Sample Acidity, pmol/g
200 °C 300 °C
LAC BAC LAC BAC
S-11 248 23.2 154 17.2
CS-11 21.1 28.5 133 20.0
ACS-11 335 421 189 26.6

the amount of MBAC over the SAPO-11 samples follow the order
ACS-11 > CS-11 > S-11. To explain these results, the contents and
coordination environment of Si in S-11, CS-11 and ACS-11 are
analyzed by XRF and 2°Si MAS NMR.

3.4. 29Si MAS NMR characterization

According to the results of XRF (Table S1), S-11, CS-11 and ACS-
11 show similar Si contents. Consequently, the acidities of these
prepared SAPO-11 samples are mainly related to the coordination
environment of Si atoms (Barthomeuf, 1994). The acidity of SAPO
molecular sieves is generated by the substitution of the neutral
AlIPO4 framework by Si atoms. According to the different formats of
Si substitution, it can be divided into SM2 and SM3. In the SM2
substitution method, Si(4Al) is formed through the replacement of
one Si for one phosphorus. The silicon islands are formed by the
replacement of an adjacent aluminum and phosphorus by two Si
atoms in the SM3 substitution method, and Si(nAl,4-nSi) (0 <n < 4)
is formed at the borders of silicon islands (Barthomeuf, 1994). Small
silicon islands are conductive to improve the acidity of SAPO-11,
thereby enhancing the activity for alkane hydroisomerization
(Yang et al.,, 2017). Fig. 6 presents the 22Si MAS NMR results of S-11,
CS-11 and ACS-11. All SAPO-11 samples exhibit five resonance
peaks in the range of —80 to —115 ppm. The structures of Si(4Al),
Si(3Al,1Si), Si(2AL2Si), Si(1AL3Si) and Si(4Si) are centered
at —86, —95, —101, —106 and —112 ppm, respectively (Fan et al.,
2012).

The proportions of different Si species in SAPO-11 are shown in
Table 3. The size of silicon islands decreases following the sequence
S-11 > CS-11 > ACS-11. Consequently, the amount of MBAC of ACS-
11 is the maximum among these samples, which corresponds to the
results of Py-IR. According to the results of Py-IR and 2°Si MAS-
NMR, the addition of activated carbon or Al,03/C increases the

(b)

ACS-11

Absorbance, a.u.

1400 1450 1500 1600

Wavenumber, cm-'

Fig. 5. Py-IR spectrums of S-11, CS-11 and ACS-11 at 200 (a) and 300 °C (b).
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Fig. 6. 2°Si MAS NMR spectra of S-11 (a), CS-11 (b)and ACS-11 (c).
Table 3
Proportions of different Si species in S-11, CS-11 and ACS-11.
Sample Si (4Al), % Si (3Al, 1Si), % Si (2Al, 25i), % Si (1AL, 3Si), % Si (4Si), %
—86 ppm —95 ppm —101 ppm —106 ppm —112 ppm
S-11 10.9 115 9.6 30.3 37.7
CS-11 10.9 139 16.6 29.9 28.7
ACS-11 123 29.1 10.8 411 6.7

amount of MBAC of SAPO-11. This is because Si atoms are promoted
to enter the SAPO-11 framework with the existence of activated
carbon, which improves Si distribution in the SAPO-11 framework
(Yu et al., 2021). As a result, the amount of MBAC of CS-11 is larger
than that of S-11. Compared with activated carbon, Al,03/C is better
dispersed between SAPO-11 crystals and thus further improves Si
distribution in SAPO-11 framework. Consequently, ACS-11 pos-
sesses the largest amount of MBAC among these samples.

3.5. Catalytic performance

The n-decane hydroisomerization over Pt/S-11, Pt/CS-11 and Pt/
ACS-11 are evaluated, and the evaluation results over these cata-
lysts at 300—360 °C, 2.0 MPa, a weight hourly space velocity
(WHSV) of 2.0 h™! and a HDVR of 400 are presented in Fig. S4,
which shows that 340 °C is considered as the optimal reaction
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temperature for n-decane hydroisomerization over these Pt/SAPO-
11 catalysts. Additionally, the n-decane hydroisomerization per-
formances over these catalysts at 340 °C, different WHSVs of
2.0—25h~1, 2.0 MPa and a HDVR of 400 are displayed in Fig. 7. The
n-decane conversion of these catalysts decreases in the wake of the
increase of WHSV (Fig. 7(a)). As the n-decane conversion rises, St
decreases (Fig. 7(b)) and both Sy, and Sc increase for all catalysts
(Fig. 7(c) and (d)). The n-decane conversion at the same WHSV
follows this order Pt/ACS-11 > Pt/CS-11 > Pt/S-11; Stand Sy at the
same n-decane conversion decrease in the same sequence, and the
Sc increases following the sequence Pt/ACS-11 < Pt/CS-11 < Pt/S-11
in the whole range of n-decane conversion. However, the difference
of St and Sc over these catalysts is small under the low n-decane
conversion, while the gap of them gradually rises with the
increasing n-decane conversion. According to the typical bifunc-
tional reaction mechanism of n-alkane hydroisomerization, the n-
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Fig. 7. n-decane conversion versus WHSV (a); St (b), Smu (¢) and Sc (d) versus conversion for Pt/S-11, Pt/CS-11 and Pt/ACS-11.

Table 4

decane isomerization process can be expressed as: n-decane — Results of n-decane hydroisomerization over different Pt/SAPO-11 catalysts.

mono-branched Cyp isomers — multi-branched C;g isomers, and
the isomerization process is accompanied by cracking reactions
(Deldari, 2005). In this work, the low n-decane conversion is due to K, 10~ mol-g~'-s7" 7.84 10.19 15.25

Pt/S-11 Pt/CS-11 Pt/ACS-11

the high WHSV, which results in the short residence time of re- g?f“ ;]071 5™ gg;‘g éé-ig g?z
actants at the active sites of catalysts (Singh et al., 2014). As a result, S:m'lbf% 18.38 19.53 2328
the cracking selectivity is low and the Cyg isomers selectivity is high sh g _ _ _
over the three catalysts. Therefore, there is a little difference in the 2-MC9 8.89 10.04 9.58
St and Sc over the three catalysts under the low n-decane conver- 3-MC9 15.31 15.00 15.19
sion (Yang et al., 2019; Wen et al.,, 2020). However, with the g:mgg 2'26;3 g':‘;g 2'4735
decrease in the WHSV, the n-decane conversion rises, and the 3-EC8 222 238 1.95
difference in the St and Sc over the three catalysts gradually in- 4-EC8 231 227 229
creases. ACS-11 has more mesopores, smaller crystallite size and 2,5-DMC8 2.81 249 3.93
larger ESA than S-11 and CS-11, which promote the formation and 2,6-DMC8 525 519 629
diff_usion of isomerized i_ntermedigtes apd suppress cracking re- i;gmg: (3):?); 3:?3 (3)(2);
actions. Therefore, there is an obvious difference in St and Sc be- 3,5-DMC8 0.12 0.18 0.16
tween Pt/ACS-11 and the counterparts under the high n-decane 3,6-DMC8 427 4.64 5.56
conversion. 4,4-DMC8 1.85 2.16 2.44
The n-decane hydroisomerization results over the Pt/SAPO-11 ‘3"_?\;[[_)3“51557 8‘?3 3.421(13 8;;
catalysts are shown in Table 4. The primary n-decane hydro- 2-M-3-EC7 016 033 023
isomerization products on Pt/S-11, Pt/CS-11 and Pt/ACS-11 are 2- 2-M-5-EC7 - 0.71 0.98
methylnonane (2-MC9), 3-ethyloctane (3-EC8), 3-methylnonane Others, % 0.50 0.46 041
(3-MC9), 4-ethyloctane (4-EC8), 4-methylnonane (4-MC9), 5- S\ % 22.95 19.09 1583
methylnonane (5-MC9), 2,5-dimethyloctane (2,5-DMC8), 3,5- 2 Obtained at n-decane conversion of 20% and 340 °C.
dimethyloctane (3,5-DMC8), 4,5-dimethyloctane (4,5-DMC8), 2,6- > Obtained at n-decane conversion of 92% and 340 °C.
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Fig. 8. TEM images and size distributions of Pt particles on Pt/S-11, Pt/CS-11 and Pt/ACS-11.

dimethyloctane (2,6-DMC8), 3,6-dimethyloctane (3,6-DMC8), 2,7-
dimethyloctane (2,7-DMC8), 4,4-dimethyloctane (4,4-DMC8), 3,3-
dimethyloctane (3,3-DMC8), 2-methyl-3-ethylheptane (2-M-3-
EC7), 3-methyl-3-ethylheptane (3-M-3-EC7) and 2-methyl-5-
ethylheptane (2-M-5-EC7). Smu of Pt/ACS-11 is 23.28% at the n-
decane conversion of approximately 92%, which is higher than
those of Pt/S-11 (18.38%) and Pt/CS-11 (19.53%), and Sc of Pt/ACS-11
(15.83%) is lower than those of Pt/S-11 (22.95%) and Pt/CS-11
(19.09%). Additionally, Pt/ACS-11 has a superior stability for n-
decane hydroisomerization, which is presented in Fig. S5. The rate
constant (k) and turnover frequency (TOF) values of Pt/ACS-11 ob-
tained at the n-decane conversion of 20% are 15.25 x 10~ mol g~!
s~1and 25.69 x 10~ s~ individually, which is higher than those of
Pt/S-11 (7.84 x 10~ % mol g~! s~! and 20.43 x 107! s~!) and Pt/CS-
11(10.19 x 10°® mol g s~! and 22.84 x 107! s~ 1).

The n-decane hydroisomerization over Pt/SAPO-11 catalysts
follows a typical bifunctional reaction mechanism (Martens et al.,
1986; Deldari, 2005; Zhang et al., 2019), and the details are
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displayed in Fig. S6. Firstly, n-decane is dehydrogenated over
platinum to produce corresponding n-decene intermediates; then,
these intermediates are quickly transferred to the BAC inside the
pore of SAPO-11 and occur a skeletal rearrangement reaction to
form mono-branched Cjp intermediates. Based on the theory of
“pore mouth/key-lock” (Zhang et al., 2018a; Liu et al., 2020), one
side of the mono-branched Cyg intermediates can be adsorbed on
the pore mouth of SAPO-11, and another side is adsorbed on the
BAC of the adjacent pore mouth to undergo skeletal isomerization
and generate multi-branched Cy¢ intermediates. These n-decane
branched intermediates can also be cracked on the BAC of SAPO-11.
Finally, these branched n-decane intermediates are transferred on
the Pt metal sites for hydrogenation to produce Cyg isomers.

The loadings amount of Pt in these Pt/SAPO-11 catalysts are
0.5 wt%, which meet the hydrogenation-dehydrogenation re-
quirements of alkanes hydroisomerization (Wen et al., 2021). Fig. 8
presents the TEM pictures and Pt particle size distributions of Pt/S-
11, Pt/CS-11 and Pt/ACS-11. The average Pt particle size and
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Fig. 9. Schematics of the formation of branched n-decane isomers over Pt/SAPO-11 with different crystallites.

dispersions over Pt/S-11 and Pt/CS-11 are both 4.3 nm and 56%,
respectively, and which over Pt/ACS-11 are 4.2 nm and 57% indi-
vidually. The nearly same particle size and dispersion of Pt suggests
that the performance of n-decane hydroisomerization over these
catalysts chiefly depends on the physicochemical properties of S-11,
CS-11 and ACS-11.

Fig. 9 exhibits the forming schematics of the of branched n-
decane isomers over Pt/SAPO-11 with different crystallites. SAPO-
11 with a small amount of MBAC and large crystallites offers few
active sites and long diffusion path in n-decane hydro-
isomerization, which is disadvantageous for the generation and
diffusion of isomerized intermediates and products (Noh et al.,
2018; Oenema et al., 2020). S-11 with less MBAC and larger crys-
tallites than CS-11 and ACS-11 provides a smaller number of
hydroisomerization sites and a longer residence time for iso-
merized intermediates and products over Pt/S-11 than Pt/CS-11 and
Pt/ACS-11 (Fig. 9(a)). Consequently, Pt/S-11 presents low St and
high Sc. Fig. 9(b) shows that SAPO-11 with small crystallites and a
large amount of MBAC provides a great amount of hydro-
isomerization sites and a short diffusion path in n-decane hydro-
isomerization, which enhances the generation of branched isomers
and reduces the cracking side reactions. Pt/ACS-11 presents the
maximum n-decane conversion in n-decane hydroisomerization
among these catalysts. This can be attributed to the fact that ACS-11
has the largest amount of MBAC among these SAPO-11 samples,
which provides a large number of active sites for the n-decane
hydroisomerization. Additionally, Pt/ACS-11 shows the maximum
Stand the minimum Sc among these catalysts. This is because ACS-
11 has the smallest crystallites and the largest mesopore volume
among these samples, which makes the isomerized Cig in-
termediates easy to diffuse out the pores of ACS-11 and thereby
reduces the cracking reactions and enhances the production of Cyg
isomers. Furthermore, based on the “pore mouth/key-lock” mech-
anism, the multi-branched alkane isomers are generated at the ESA
rather than in the SAPO-11 channels due to their larger diameters
than in the pore openings of SAPO-11 (Claude and Martens, 2000),
and a high ESA for SAPO-11 favors the formation of multi-branched
Cqo intermediates. Thus, ACS-11 with higher ESA than S-11 and CS-
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11 endows the corresponding catalyst with the maximum Sy
among the three catalysts. Additionally, the maximum Yt and Yy
of Pt/ACS-11 are 77.85% and 21.44% individually, which is higher
than those of Pt/S-11 (73.21% and 16.75%) and Pt/CS-11(73.85% and
17.19%) (Fig. S7), and also higher than those of the reported catalysts
in literatures (Table S2).

4. Conclusions

Hierarchical SAPO-11 molecular sieve was prepared using the
Al;03/C composite derived from Al-based metal-organic frame-
work as mesoporogen. The Al,03/C reacts with phosphoric acid to
generate the AIPO,4/C structure during the synthesis of hierarchical
SAPO-11, which efficiently disperses the Al,03/C in the synthesis
gel of SAPO-11 and thereby inhibits the aggregation of SAPO-11
crystals. Consequently, the optimal hierarchical SAPO-11 is ob-
tained with smaller crystallites, a bigger mesopore volume
(0.13 cm® g~ 1) and a greater amount of MBAC (26.6 pmol g~1!) than
the conventional SAPO-11 and the hierarchical SAPO-11 employing
activated carbon as mesoporogen. Additionally, its corresponding
catalyst displays the maximum selectivity to multi-branched Cyo
isomers (23.28%), the minimum cracking selectivity (15.83%) and a
superior stability in n-decane hydroisomerization among the pre-
pared catalysts. This work provides a new route for preparing hi-
erarchical silicoaluminophosphate molecular sieve-based catalysts
with superior alkane hydroisomerization performances.
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