catalysts

Article

Tuning the Structure and Acidity of Pt/Hierarchical SSZ-32
Catalysts to Boost the Selective Hydroisomerization
of n-Hexadecane

Xinyue Yang 2, Wenli Zhao 12, Linlin Liu 12, Xiaopo Niu 12 and Qingfa Wang

check for
updates

Citation: Yang, X.; Zhao, W,; Liu, L.;
Niu, X.; Wang, Q. Tuning the Structure
and Acidity of Pt/Hierarchical SSZ-32
Catalysts to Boost the Selective
Hydroisomerization of

n-Hexadecane. Catalysts 2023, 13, 702.
https:/ /doi.org/10.3390/
catal13040702

Academic Editors: Maja
Milojevi¢-Raki¢ and Danica

Bajuk-Bogdanovi¢

Received: 26 February 2023
Revised: 31 March 2023
Accepted: 3 April 2023
Published: 5 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,%

Key Laboratory for Green Chemical Technology of Ministry of Education, School of Chemical Engineering
and Technology, Tianjin University, Tianjin 300072, China

Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin University,

Tianjin 300072, China

Zhejiang Institute of Tianjin University, Ningbo 315201, China

*  Correspondence: qfwang@tju.edu.cn; Tel.: +86-22-27892340

Abstract: Developing highly selective and efficient bifunctional catalysts is an important issue for
the hydroisomerization of long-chain n-alkanes. It is vital to tailor the balance of isomerization and
cracking reactions in hydroisomerization. Herein, a bifunctional Pt/hierarchical SSZ-32 catalyst was
fabricated with a sequential desilication-dealumination treatment to boost the selective hydroisomer-
ization of n-hexadecane (Cy¢4). The pore structure and acid sites of SSZ-32 zeolite were tailored. More
mesopore and Brensted acid sites were generated, and the ratio of weak to strong Brensted acidity
(Bw/Bs) was increased by the sequential desilication—dealumination. The generated hierarchical
structure had little effect on the selectivity of the reaction pathways of hydroisomerization versus
cracking. The ratio of isomers/cracking products increased almost linearly with the increase in the
Bw /Bs ratios. Meanwhile, the synergetic effect of the hierarchical structure and acidity regulation
promoted the selectivity of monobranched i-C16 products. Therefore, the resulting Pt/SSZ-0.6AS
exhibited the highest activity with a total isomer yield of 71.5% at 255 °C and the enhanced formation
mechanism of monobranched isomers occurred via the pore mouth.

Keywords: hierarchical SSZ-32 zeolites; bifunctional catalysts; n-hexadecane hydroisomerization;
Brensted acidity distribution; reaction pathways

1. Introduction

The hydroisomerization of long-chain n-alkanes plays an important role in the petroleum
industry, in which heavy distillate and residue are converted into value-added products, such
as gasoline, jet fuel, and lubricant oils [1]. The branching of n-alkanes through hydroisomeriza-
tion is one strategy to improve the octane number of gasoline and to enhance the performance
of diesel or lubricating oils at low temperatures [2,3]. It is agreed that the hydroisomerization
reaction is always accompanied by a side reaction of hydrocracking, resulting in a much
lower selectivity and yield of isomers than 100%, especially for the long-chain alkanes, which
maintain a high tendency towards cracking [4]. Therefore, boosting the selectivity of hydroi-
somerization by controlling the cracking reaction is a very necessary and severe challenge.
How to construct efficient and excellent hydrogen isomerization catalysts for n-alkanes to
maintain high selectivity of isomeric alkanes and low cracking rate has always been the focus
of research. Many works have been carried out to achieve a better balance of hydroisomer-
ization and cracking reactions by regulating their reaction pathways. Unfortunately, there is
still a lack of comprehensive understanding on how to tailor the reaction pathways in the
hydroisomerization of n-alkanes.

Traditionally, metal-acid bifunctional catalysts are used for the hydroisomerization of
n-alkanes, which undergo hydrogenation/dehydrogenation on metallic sites (usually Pt or
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Pd) and protonation/deprotonation and skeleton rearrangement on acidic sites [5-9]. In the
hydroisomerization of n-Cg to n-Cy¢ alkanes, silicoaluminophosphate and aluminosilicate
molecular sieves, such as SAPO-11 [10], ZSM-22 [11-14], ZSM-23 [15,16], ZSM-48 [17],
and SSZ-32 [18,19], are commonly used as the support of the bifunctional catalysts for
shape-selective hydroisomerization [20-22]. Recently, SSZ-32 (0.45 nm x 0.52 nm) zeolite
with a unique MTT structure and one-dimensional pores has attracted more attention in the
hydroisomerization of long-chain n-alkanes because of its intrinsic microporous framework
structure, suitable acid sites, high hydrothermal stability, environmental friendliness, and
good shape selectivity [20]. In addition, compared with ZSM-23 zeolite, SSZ-32 has been
considered to be superior for the hydrodewaxing of long-chain alkanes with good selectivity
and smaller crystal size, which has many advantages in applied catalysis fields [23], such as
producing lubricant base oils from Fischer-Tropsch wax [24]. The activity and selectivity of
hydroisomerization are directly affected by the textural properties and acidity of supports,
particle dispersion and reductivity of metal centers, and the metal-acid balance [6]. Many
approaches have been developed to alter pore structure and acidity distribution. For
example, a series of SAPO-11 molecular sieves were synthesized in an alcohol-water
concentrated gel system with improved acidity and mesoporous volume and were used
as the support for the hydroisomerization of n-hexadecane [25]. Liang et al. synthesized
ZSM-23 zeolites with dual-structure directing agents and Fe-substituted ZSM-23 for the
hydroisomerization of n-hexadecane [26,27]. In our previous work, we developed a partial
detemplation method to investigate the influence of pore structure and acidity of Pt/ZSM-
22 catalysts on the hydroisomerization of n-dodecane [20]. Post-synthetic treatments, such
as desilication, dealumination, and sequential post-synthetic treatment, are an effective
approach, and many zeolites have been widely used (ZSM-5, Hj3, HY, USY, SAPO-11,
ZSM-48, H-ZSM-22, ZSM-23, and so on) for hydrogenation and hydroisomerization [28-31].
The alkali-treated and acid-treated ZSM-23-supported Pt bifunctional catalysts exhibited
an outstanding n-Ci¢ hydroisomerization performance, with the highest i-C16 yield of
64 wt.% at 340 °C [32]. The alkali-acid-treated hierarchical Pt/ ZSM-22 zeolites with 0.3 M
NaOH and with 6.0 M HCI and 0.1 M H;,SiFg exhibited 81.1% of the highest n-heptane
conversion and 76.4% of total i-heptane yield at 260 °C [33]. Zhou et al. post-treated ZSM-5
zeolite with ammonium hexafluorosilicate (AHFS) and potassium carbonate (K,CO3) to
control pore structure and acidity. They revealed that the use of AHFS and K,COj3 post-
treatment resulted in the production of more mesopores to boost the diffusion of aromatic
products and reduced the strength of strong acid sites in ZSM-5 to prevent excessive
cracking reactions [34]. Wang et al. prepared hierarchical HY molecular sieves with
good hierarchical structure by alkali treatment, which efficiently promoted the directional
alkylation of naphthalene and cyclohexene catalytic reaction. The poriness and acidity of
HY zeolite were optimized to increase the accessibility to active acid sites by regulating
the concentration of NaOH, resulting in the hierarchical 0.5 HY zeolite with good catalytic
activity and cycle stability [35]. However, studies reporting the roles of pore structure and
acidity of SSZ-32 zeolite on the hydroisomerization of alkanes are rare. Introducing the
secondary mesoporous networks into SSZ-32 molecular sieves with unique pore structures
can effectively enhance the diffusion efficiency, expose more active sites, and improve the
accessibility of acid sites, which is critical to explore the influence of textural properties and
acidity on the reaction pathways of isomerization/cracking.

In this context, we tailored the textural properties and acidity of hierarchical SS5Z-32
zeolites by desilication and sequential desilication-dealumination treatments. The catalytic
hydroisomerization of long-chain n-alkanes over these post-treated SSZ-32-supported
Pt catalysts was systematically carried out. The aim was to reveal the influence of the
hierarchical structure as well as acid strength and distribution on the reaction pathways of
isomerization/cracking and the formation mechanism of monobranched isomers.
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2. Results and Discussion
2.1. Structure and Morphology of Pt/Hierarchical SSZ-32 Catalysts

The skeleton structure of the parent and post-treated SSZ-32 zeolites were determined
by XRD characterization. As shown in Figure 1, all the samples showed a typical MTT
topological structure with six distinct characteristic diffraction peaks at 26 = 8.1°, 11.3°,
19.7°,20.9°,22.9°, and 24.0° (PDF# 37-0411). The Si/ Al ratio decreased from 20.6 to 17.4 for
§5732-0.3A and 14.3 for SSZ32-0.6A due to the desilication by alkali treatment, while after
acid treatment, the Si/ Al ratio of the alkali-acid-treated samples increased significantly,
ascribed to the removal of extra-framework species. The relative crystallinity (RC) of all
samples was calculated and the results are listed in Table 1. The relative crystallinity of the
desilicated SSZ-32 samples decreased significantly with the increase in alkali concentration
due to the partial collapse of the skeleton structure and the formation of the amorphous
phase. However, the relative crystallinity of the S5732-0.3AS and 55732-0.6AS samples
was partially recovered owing to the removal of the amorphous phase by the sequential
acid leaching. This was confirmed by TEM characterization. The parent SSZ-32 zeolite
showed a smooth external surface and complete rod-like morphology with a nanorod
diameter around 20 nm. Meanwhile, certain intercrystalline voids were observed because
of the accumulation of S5Z-32 nanorods. After being treated by weak desilication, the
morphology and structure of S5Z32-0.3A and SSZ32-0.3AS samples remained nearly intact.
A small number of mesopores were observed at the edge of the rod-like crystals in these
samples. Compared with the S5Z32-0.3A sample, no crystal fragments were found on the
surface of the S5732-0.3AS sample, confirming that the crystal fragments generated during
the alkali treatment were removed by acid leaching. For the S5Z32-0.6A sample, the amount
and size of mesopores increased significantly, and more crystal fragments were generated,
while for the S5Z32-0.6AS sample, most of the crystal fragments were removed, and more
and larger mesopores were formed. Mavrodinova et al. believed that extra lattices could
be removed from the molecular sieve structure by acid reflux [36], thus, improving the
accessibility of the inherent micropores of the molecular sieve. These results indicated that
the mesopore was generated after the desilication treatment, and the sequential alkali-acid
treatment could help to remove crystal fragments and amorphous phases, which further
promoted the diffusion of reactants and improved the accessibility of acid sites in zeolite.

Intensity (a.u.)

a SSZ32.0.6AS
SSZ32.0.3A8 P,

.....

; Fragments

Figure 1. XRD patterns (a) and TEM images of parent SSZ32 (b) and post-treated SSZ32-0.3A
(c), SSZ32-0.6A (d), SSZ32-0.3AS (e), and SSZ32-0.6AS (f).
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Table 1. Textural properties for parent and hierarchical SSZ-32-supported Pt catalysts.

Specific Surface Area (m?/g) Volume (cm3/g)
Samples RC 2 (%)
SBET Smicro Smeso Vtotal Vmicro Vimeso
Pt/S5732 100 103.73 71.65 32.08 0.158 0.0400 0.118
Pt/SS5732-0.3A 95.5 92.92 42.05 50.87 0.147 0.0203 0.127
Pt/SS732-0.6A 84.7 98.50 33.48 65.01 0.162 0.0184 0.144
Pt/S5732-0.3AS 99.7 134.85 62.30 72.55 0.178 0.0271 0.151
Pt/SSZ32-0.6AS 88.6 160.75 68.63 92.12 0.218 0.0342 0.184

2 Determined by XRD.

To further understand the textural structure of the parent and alkali-/acid-treated
catalysts, the pore size distribution was determined by conducting the N; isothermal
adsorption—desorption curve. As shown in Figure 2, the parent SSZ32 zeolite showed a typ-
ical type-I isotherm profile with a rapid uptake at very low relative pressure of p/pg < 0.02
and an adsorption saturation platform at high relative pressure, which exhibited the charac-
teristic of a microporous structure. Additionally, an obvious uptake at the relative pressure
of p/pg = 0.9-0.99 and a faint hysteresis was also shown in the parent sample, indicating
the existence of mesopores caused by the stacked gaps or voids [18,37]. Compared with the
parent S57-32, all the alkali-/acid-treated catalysts showed a typical type-VI isotherm with
a hysteresis in the relative pressure range of p/py = 0.4-0.99, suggesting the formation of
mesopores. The hysteresis became more and more obvious with the increase in the desilica-
tion degree. This indicated that micro-mesopore hierarchical structures were formed and
more intracrystalline mesopores were generated by high-concentration alkali treatment.
In addition, the uptake at the relative pressure of p/pg < 0.1 decreased gradually with the
increase in desilication degree. The Pt/S5Z32-0.6A catalyst showed the lowest uptake at
low relative pressure (p/po < 0.1) and more obvious hysteresis at high relative pressure,
indicating that more mesopores were generated with the decrease in micropores. After acid
leaching, the uptake of alkali-treated samples at p/pg < 0.1 was significantly enhanced and
a bigger hysteresis was obtained, which indicated that more micropores and mesopores
blocked by the dissolved fragment were recovered. The pore size distribution derived
from the BJH adsorption branch is plotted in Figure 2b. The intercrystalline mesopore
in the Pt/SS5Z32 was centered at 25 nm. After alkali treatment, the average mesopore
size significantly increased up to 30 nm for Pt/SS5Z32-0.3A and 40 nm for Pt/SSZ32-0.6A
because of the generation of a large number of mesopores. With additional acid treatment,
the mesopore size further increase slightly by about 3 nm due to the removal of leached
extra-framework oxides. Additionally, the signal strength also increased significantly with
the increase in desilication degree from alkali treatment, and further increased after acid
treatment, especially for the Pt/SSZ32-0.6AS. This indicated that the content of meso-
pore increased significantly. As listed in Table 1, the parent SSZ32-supported Pt catalyst
(Pt/S5Z32) showed a BET-specific surface area (Sggr) of 103.73 m?/ g with a Spjcro value of
71.65 m? /g, indicating the microporous characteristic of a SSZ-32 support. With the increase
in alkali concentration, the Spjcr, value of alkali-treated catalysts decreased significantly
with an increase in Speso Value. The Sggt value first showed a decrease for Pt/SSZ32-0.3A
and then an increase for Pt/SSZ32-0.6A because of the significant increase in Speso value.
Additionally, the mesopore volume significantly increased from 0.118 cm®/g for Pt/SSZ32
to 0.127 cm3 /g for Pt/SSZ32-0.3A and 0.144 cm3/g for Pt/SSZ32-0.6A. After further acid
treatment, the total Sggr value increased significantly with the increase in Spjcro and Smeso
values, especially for Pt/SS5Z32-0.6AS with a high Spjcro value (68.63 m2/ g) and Smeso
value (92.12 m?/g). Consequently, the mesopore volume of Pt/SSZ32-0.6AS increased
significantly, up to 0.184 cm3/g, derived from the quick increase of generated mesopores.
In the alkali treatment, internal Si-OH groups of the zeolite were partially dissociated, and
part of the micropores were etched to form the mesopores located on the external surface
of the crystal structure or in the defect regions. Within the molecular sieve framework, the
reaction occurred between the hydroxide anions (OH") and the silanol groups (defect sites).
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The alkali metal cation stabilized the extracted silicate anions, leading to voids within the
skeleton. The Na+ ion is the best leaching agent for silicon atoms because of its excellent
ability to stabilize silicate anions [38]. In the meantime, partial framework Al species
are usually removed and deposited on the external surface of the zeolite in the form of
amorphous etched oxides to block part of the pore mouth, which resulted in the significant
decrease in Spicro and Viicro Values. Simultaneously, the Vo values of Pt/SSZ32-0.3AS
and Pt/SSZ32-0.6AS were still smaller than that of the Pt/SSZ32 because of the transfor-
mation of micropores into mesopores. These results indicated that the acid treatment of
desilicated SSZ-32 in sequential alkali-acid treatment plays a vital role in recovering the
pore surface area and volume by significantly removing the etched oxide species.
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Figure 2. N, adsorption—-desorption isotherm (a) and pore size distribution (b) of parent and hierar-
chical SSZ-32-supported Pt catalysts.

The chemical environment and coordination of Al species in all the samples were
characterized by Al MAS NMR. As shown in Figure 3, a sharp peak at ca. 57 ppm
was observed in all the catalysts, which could be assigned to framework tetrahedral
coordination Al species (FAI). A weak peak at 0 ppm assigned to extra-framework Al
(EFAL) species was also observed. In the meantime, the framework Al signal at ~ 57 ppm
of the Pt/S5732-xA(S) samples showed a broad shoulder resonance extending to the
upfield. This broadening might be associated with the distorted tetrahedral Al atoms
(40-50 ppm region, Figure 3) [39-41]. The coordination environmental distribution of Al
species was further calculated and listed in Table 2. The Pt/SS5Z32 had a FAl content of 83.6%
with a small number of distorted FAI species (6.1%) and EFAl species (10.3%). The EFAI
species in this sample were probably generated from the conversion of the tetrahedrally
coordinated framework Al at a high calcination temperature [42]. With the increase in
alkali concentration, the framework and distorted framework Al species of the desilicated
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samples decreased with the significant increase in extra-framework Al species, up to 14%
for Pt/S5732-0.3 and 24.8% for Pt/S5732-0.6A. The increased extra-framework Al species
might have resulted in the channels in the zeolites becoming blocked [43]. After further
acid treatment, the extra-framework Al species was obviously removed. The content
of EFAI species decreased to 10.8% for the Pt/SSZ32-0.3AS sample. However, for the
Pt/S5732-0.6AS sample, only 5.2% EFAI species was observed, indicating the removal
of most extra-framework Al species. Part of the distorted framework Al species was
converted into the framework Al species in the Pt/55232-0.3AS sample. In contrast, part of
the framework Al species was converted into the distorted framework Al species in the
Pt/S5Z32-0.6AS sample. This indicated that in the process of the sequential alkali-acid
treatment, acid treatment could not only remove the fragment and the generated extra-
framework Al species in the alkali treatment, but also alter the distribution of framework
and distorted framework Al species.

Pt/ SSZ32-0.6AS

Pt/ S5232-0.3AS

Pt/ SSZ32-0.6A

Pt/ SSZ32-0.3A

Pt/SSZ32

100 l 80 l 60 l 40 l 20 l 0 l -20 l -40
S/ ppm
Figure 3. 2 Al MAS NMR spectra of parent and hierarchical SSZ—32—supported Pt catalysts.

Table 2. Quantitative analysis of Al proportions in different coordination states based on 27 A1MAS
NMR spectra.

The Proportion of Different Al Species

Catalysts Si/Al
FAl % (57 ppm) Distorted FA1(~52 ppm) EFA1l % (0 ppm)
Pt/SS5732 83.6 6.1 10.3 20.6
Pt/SS5732-0.3A 80.6 5.4 14.0 174
Pt/SSZ32-0.6A 71.5 3.7 24.8 14.3
Pt/SS732-0.3AS 85.4 3.8 10.8 22.5
Pt/SSZ732-0.6AS 85.9 8.9 5.2 19.6
Acidity Properties

The acidity of different catalysts was determined by Py-FTIR and NH3-TPD. To quan-
tify the acid sites of zeolites after alkali treatment and sequential alkali-acid treatment,
the Py-FTIR spectra at different temperature were obtained. As shown in Figure 4, the
characteristic peaks at 1545 cm ™! and 1450 cm ™! belonged to the absorption vibration
of pyridine adsorbed on the Brensted acid sites (BAS) and Lewis acid sites (LAS). The
quantitative analysis of Brensted acidity (B) and Lewis acidity (L) was conducted according
to the spectra measured at 200 °C and 350 °C, and the results are listed in Table 3. The
Pt/SSZ32 catalyst showed a high B/L ratio (1.85) with a total acidity of 133.8 ummol/g
and a high ratio of strong BAS to strong LAS, indicating the dominance of BAS. As for the
alkali-treated samples, the Bronsted and total acidity decreased with the increased Lewis
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acidity, especially the strong Lewis acidity. In addition, it can be observed that the decrease
in total Brensted acidity mainly came from the reduction in strong Brensted acidity for
Pt/S5732-0.3A. However, for Pt/SS5Z32-0.6A, the decrease in total Brensted acidity came
from the decrease in weak Brensted acidity. The change in acid sites was attributed to the
partial destruction of the SSZ-32 microporous framework and the formation of mesoporous
structure, generating the more accessible extra-framework Al and Si species. The generated
extra-framework Al species was the precursor of LAS, which promoted the formation of
acid sites directly and gave rise to Lewis acidity [44,45], and the B acidity was derived
from the framework Al species [45]. As a result, the total acidity and the B/L ratio for the
alkali-treated samples decreased, especially the ratio of strong B acid sites to strong L acid
sites. After further acid treatment, more BAS sites were generated on the alkali-acid-treated
catalyst with fewer LAS sites. This could be attributed to the formation of mesopores
exposing more framework acid sites. Additionally, the Brensted acidity and total acid-
ity were increased and reached a maximum on the Pt/SSA32-0.6AS, and the increase in
Brensted acidity mainly derived from the strong Brensted acidity for the Pt/SSA32-0.3AS
but switched from the weak Bronsted acidity for Pt/SSA32-0.6AS. The Lewis acidity did
not show an obvious change, probably due to the similar total extra-framework and dis-
torted FAl species, both of which were the LAS [44]. Moreover, the B/L ratios significantly
increased up to 2.44 for Pt/SSA32-0.3AS and 3.54 for Pt/SSA32-0.6AS, elucidating that
Brensted acidity contributed more to the total acidity for the alkali-acid-treated catalysts.

——Pt/SSZ32 200°C
——Pt/SSZ32-0.3A
——Pt/SSZ32-0.6A
——Pt/S8732-0.3AS
Pt/SSZ32-0.6AS

M,-/\
/\J\J\
AT s

T T T T T T T
1440 1460 1480 1500 1520 1540 1560
Wavenumber(cm™)
—— Pt/SSZ32 350°C
—— Pt/SSZ32-0.3A
—— Pt/SSZ32-0.6A
—— Pt/SSZ32-0.3AS
Pt/SSZ32-0.6AS

_/L/\_/\
A

T T T T T T T
1440 1460 1480 1500 1520 1540 1560
Wavenumber(cm™)

Absorbance

Absorbance

Figure 4. FTIR spectra of pyridine adsorption on parent and hierarchical SSZ—32—supported Pt catalysts.
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Table 3. Acidity of parent and hierarchical SSZ-32-supported Pt catalysts determined by Py-FTIR spectra.

Bronsted Acidity Lewis Acidity Total Acidity

B/L Rati
Samples (umol g1) (umol g1) (umol g-1) ane
200 °C 350 °C 200 °C 350 °C 200 °C 350 °C 200 °C 350 °C

Pt/SSZ32 86.8 40.8 47.0 13.1 133.8 539 1.85 3.12
Pt/SS732-0.3A 83.0 35.4 47.8 29.6 130.8 65.0 1.74 1.20
Pt/SS732-0.6A 72.5 34.8 53.7 35.4 126.3 70.2 1.35 0.98
Pt/SS732-0.3AS 95.5 43.8 39.1 27.9 134.6 71.7 2.44 157
Pt/SSZ32-0.6AS 116.1 50.0 32.8 20.2 149.0 70.2 3.54 2.47

The acid properties of different catalysts after alkali and sequential alkali-acid treat-
ment were further characterized by NH3-TPD. As shown in Figure 5, there were two peaks
of NHj; desorption at 210-230 °C and 370440 °C, which are usually assigned to the weak
and strong acid sites, respectively [19]. Compared with the Pt/SSZ32 catalyst, the peak at
high temperature shifted to a lower temperature for the alkali-treated catalysts, implying
the decreased acid strength of the alkali-treated catalysts, especially for Pt/SSZ32-0.6A.
However, after the alkali-acid treatment, both the NH3 desorption peaks shifted toward
a higher temperature. This suggested the enhanced overall acid strength of the sequen-
tial alkali-acid-treated catalysts, especially for Pt/S5232-0.6AS. The acid strength change
in these catalysts was ascribed to the reduced framework Al species with the increased
extra-framework Al species after NaOH treatment, more exposed framework Al species in
the formed mesopore, and the regenerated channels by the removal of extra-framework
Al species after further acid treatment. These resulted in the increased acid sites per unit
of catalyst mass (Table 3). These results indicated that the Pt/SSZ32-0.6AS catalyst had
a stronger acidity strength than other catalysts, which was consistent with the results of
Py-FTIR, textual properties, and XRF analysis. The acidity variation changed by the alkali—
acid treatment would subsequently have a significant direct impact on the performance of
the n-hexadecane hydroisomerization process.

— Pt/SSZ32

— Pt/SSZ32-0.3A

— Pt/SSZ32-0.6A

— Pt/SSZ32-0.3AS
Pt/SSZ32-0.6AS

TCD signal/a.u.

T T T T T T T
200 300 400 500 600

Temperature /°C

Figure 5. NH3-TPD profiles of parent and hierarchical SSZ-32-supported Pt catalysts.

2.2. Catalytic Hydroisomerization of n-Hexadecane over Different Catalysts

The influence of post-treated SSZ-32-zeolite-supported Pt catalysts on the hydroiso-
merization reaction process was further investigated. The hydroisomerization performance
of different catalysts was evaluated using n-hexadecane as the model compound in a fixed-
bed reactor. As shown in Figure 6, the conversion of n-hexadecane over different catalysts
gradually increased with the elevating temperature. The Pt/SSZ32 catalyst showed a
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high activity for the n-hexadecane hydroisomerization with the conversion of ca. 100%
at the temperature of 280 °C. Compared with the Pt/S5Z32 catalyst, the conversion of n-
hexadecane over the alkali-treated catalysts at the same reaction temperature became lower
and decreased in the order Pt/SSZ32 > Pt/SS5Z32-0.3A > Pt/SSZ32-0.6A. On the contrary,
the activity of alkali-acid-treated catalysts was significantly enhanced and became higher
than that of the Pt/SSZ32 catalyst. The highest activity was achieved over the Pt/SS5Z32-
0.6AS catalyst with a relatively low temperature at 260 °C to reach the conversion of 100%.
Although the apparent hierarchical structure was generated in the alkali-treated catalysts,
the catalytic activity was not enhanced. Obviously, the catalytic activity depended on the
total B acidity (Table 3). The Pt/SS5Z32-0.3A catalyst showed a similar B acidity with the
Pt/SSZ32 catalyst. The similar curve of conversion versus temperature was also obtained
over these two catalysts. A much lower activity was obtained on the Pt/S5Z32-0.6A catalyst
because of the lowest B acidity, while for the Pt/S5Z32-0.3AS and Pt/SS5Z32-0.6AS catalysts,
the total B acidity increased more than that of Pt/SSZ32, and, accordingly, the activity be-
came much higher. These results indicated that the total B acidity played the vital role in the
hydroisomerization of n-alkanes on the bifunctional catalysts, which was consistent with
the literature [46,47]. This further proved that the B acid sites participate in the reaction of
alkane hydroisomerization, and more B acid sites could enhance n-hexadecane protonation
to boost the catalytic performance according to the bifunctional catalytic mechanism [32,47].
Of course, the formed mesopore also contributed to providing more accessible acid sites
and reducing the diffusion restriction of reactants and/or intermediates, which was also
beneficial to improving the catalytic activity.

100 4 =——— Pt/SSZ32
| — Pt/SSZ32-0.3A
—— Pt/SSZ32-0.6A
80 4 —— Pt/SSZ32-0.3AS
Pt/SSZ32-0.6AS
9
= 60
2
5
z
S 40 1
Q
20 4
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Temperature(°C)

Figure 6. n-Hexadecane conversion over parent and hierarchical SSZ-32-supported Pt catalysts.

The yields of total Cq4 isomers on different catalysts are shown in Figure 7a. The
similar yield curves were obtained on all catalysts. As the reaction temperature increased,
the yield of i-Cy4 products increased then decreased at high conversion. The highest
yield of i-Cy¢ products (71.5%) was achieved on the Pt/S57232-0.6AS catalyst at 255 °C,
while the maximum yield of i-Ci¢ products was only 65~68% over other catalysts. In
the hydroisomerization of n-alkanes, the rearrangement of carbenium ions is the rate-
determining step [47]. The rearrangement of carbenium ions can be accelerated with
an increase in reaction temperature, resulting in an increase in isomer yield. However,
at higher temperature, the hydrocracking of isomers occurred via two types of scission
(type A tertiary alkylcarbenium ions intervene, and type B, B-scission) and became severe.
Therefore, the yield of isomers decreased. n-Hexadecane underwent hydroisomerization
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and hydrocracking reactions simultaneously over the bifunctional catalysts, which were
competitive reactions. The regulation of the isomerization-cracking equilibrium mainly
focuses on the control of the probability of the intermediates meeting with acid sites and
the retention time for intermediates over acid sites. The post-treated catalysts showed
different catalytic selectivity for the reactions of hydroisomerization and hydrocracking.
As shown in Figure 7b, the selectivity of i-Cy4 products decreased gradually with the
increase in conversion. As the conversion exceeded 90%, the selectivity of i-C14 products
dramatically decreased due to the rapid increase in cracking products (Figure 7c). All the
catalysts except Pt/SSZ32-0.6A showed a high selectivity of i-C¢ products over 85%, with
the conversion below 80%. The Pt/SSZ32-0.6A catalyst exhibited the lowest selectivity
of ca. 80% with the highest cracking product selectivity (ca. 20%). In the conversion of
35~85%, the selectivity of i-Cy4 products decreased over the catalysts as follows: Pt/SS5Z732-
0.3A > Pt/SSZ32-0.6AS > Pt/SSZ32-0.3AS > Pt/SSZ32 > Pt/SSZ32-0.6A. The yield ratio of
isomers to cracking products (iso/C ratio) was further obtained to compare the influence
of post-treatment on the selectivity of two reaction pathways. As shown in Figure 7d, the
iso/C ratio decreased as follows: Pt/S5732-0.3A > Pt/SS5Z232-0.6AS > Pt/S57232-0.3AS >
Pt/SSZ32 > Pt/SS5Z32-0.6A. These results indicated that the post-treated catalysts, except
Pt/S5732-0.6A, significantly enhanced the hydroisomerization reaction pathway rather
than the cracking reaction pathway. This could be attributed to the variation in Brensted
acidity, especially the weak B acidity. As for the hydroisomerization over different zeolites,
a detailed understanding of the reaction mechanism in the presence and/or absence of
shape selectivity has been developed by extensive studies with both large-pore zeolites
and with medium-pore zeolites [48-52]. According to the reported mechanism of alkane
hydroisomerization, the consecutive reaction steps occur on an ideal bifunctional catalyst: 7n-
hexadecane <+ monobranched isohexadecane «+ multibranched isohexadecane <+ cracked
products. Furthermore, the weak Brensted acidity is beneficial to the hydroisomerization
reaction, while the strong B acidity mainly promotes the excessive isomerism reaction, and
the generated multibranched isomeric products are likely to crack, thus, contributing to the
cracking reaction [53]. It was speculated that the variation in iso/C ratios was relative to
the change in Bronsted acidity distribution. As listed in Table 3, the alkali treatment caused
the decrease of Brensted acidity for Pt/S5732-0.3A and Pt/S5732-0.6A. Although more
mesopores were generated in Pt/SSZ32-0.6A than in Pt/S5Z32-0.3A, the ratio of weak to
strong Brensted acidity (B /Bs) for Pt/S5Z32-0.6A (1.09) became much lower than that
for Pt/55232-0.3A (1.35) due to the partial coverage of BAS in the formed hierarchical
structure. Moreover, the B,, /Bs ratio for Pt/S5732-0.3A was also much higher than that
of Pt/SS5Z32 (1.13). As shown in Figure 7c, the Pt/S5Z32-0.3A catalyst showed a much
higher hydroisomerization selectivity than the Pt/SS5Z32 and Pt/S5732-0.6A catalysts. This
indicated that the reaction pathway selectivity of hydroisomerization and cracking strongly
depended on the weak Brensted acidity distribution of the SSZ-32 zeolite. Compared
with Pt/SSZ32-0.3A, the acid-treated Pt/SSZ32-0.3AS catalyst exhibited more and larger
mesopores but a lower B,y /B; ratio (1.18) because of the removal of desilicated Al fragments
and the destruction of some framework Al species. In contrary, the Pt/S5732-0.6AS
showed more mesopores and a higher By, /Bs ratio (1.32) than that of Pt/55232-0.6A due
to the removal of extra-framework Al species. These two catalysts showed higher iso/C
values than the Pt/S5Z732 catalyst. Interestingly, the iso/C values almost showed a linear
increase with the increase in By, /Bs ratio, as shown in Figure 7d. These results confirmed
that the selectivity of the hydroisomerization reaction strongly depended on the B, /Bs
ratio. Different from the reported results, the generated hierarchical structure in the post-
treatment had no direct influence on the reaction pathways of hydroisomerization and
cracking but could regulate the acidity distribution.
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Figure 7. The reaction pathways’ selectivity of hydroisomerization and hydrocracking over parent
and hierarchical SSZ-32-supported Pt catalysts. (a) Yield of i-C16 products; (b) the selectivity of
isomers and cracking products; (c) the ratio of isomerization/cracking reaction pathways versus
conversion; (d) the iso/cracking ratios at ca. 80% conversion versus By, /Bs ratios.

As per the aforementioned reaction mechanism, the hydroisomerization of n-hexadecane
could convert it into the monobranched i-Cy4 products and multibranched i-Cj4 products.
The isomer distribution over different catalysts is plotted in Figure 8. All the catalysts
showed similar variations in monobranched and multibranched i-C1¢ products. As shown
in Figure 8c, the ratio of mono-/multibranched i-Cy4 products was much higher than 1 and
decreased linearly with the increase in n-C1¢ conversion. This indicated that the hydrocracking
of multibranched isomer occurred similarly on all the catalysts, and the dibranched and
tribranched alkanes could not be accommodated by sterical restrictions; thus, monobranched
isomers were exclusively formed on these bifunctional catalysts [44]. Compared with the
Pt/S5732 catalyst, the alkali- and alkali-acid-treated catalysts showed a higher ratio of mono-
/multibranched i-C;4 products, and the ratio deceased in the following order: Pt/S5232-0.3A
> Pt/S5732-0.6A =~ Pt/SS5Z32-0.6AS > Pt/S5732-0.3AS > Pt/SSZ32. This result suggests that
the formed hierarchical structure dominantly enhanced the selectivity of monobranched i-Cy4
products by enhancing the diffusion of the reactants and intermediates in the bifunctional
catalysts. However, comparing the different hierarchical catalysts, it could be inferred that the
synergetic effect of hierarchical structure and acidity regulation promoted the selectivity of
monobranched i-Cy¢ products.

The product distribution of monobranched i-Cy4 products was further analyzed to
investigate the reaction mechanisms involved. Figure 9 shows the distribution of 2-,3-,4-,
5- and 6/7/8-methyl isomers. All the catalysts showed the highest selectivity of 2-methyl
isomer, probably because this skeletal isomer possessed a minimum diffusion limit [54].
Additionally, high central position branching, such as 6/7/8-methyl isomers, were obtained
on all the catalysts. The selectivity of 2-methyl isomer over the Pt/S5732, Pt/SSZ-0.3A,
and Pt/SSZ-0.6A catalysts decreased gradually from the initial 30% to 20% at the n-Cyg
conversion of 80%. However, for the Pt/SSZ-0.3AS and Pt/SSZ-0.6AS catalysts, the se-
lectivity of 2-methyl isomer decreased gradually from the initial 35% to 25%. At high



Catalysts 2023, 13, 702

12 0f 18

conversion (80~100%), the selectivity of 2-methyl isomer showed a rapid decrease to ca.
15%. The total selectivity of 6/7/8-methyl isomers showed an almost linear increase from
ca. 32% to 42% with the increase in n-Cy4 conversion up to 100% at the same time. The
selectivity of 3-, 4- and 5-methyl isomers showed almost the same change over the different
catalysts. All the catalysts showed a selectivity of 3-methyl isomers of about 15%. About
12% selectivity of 4-methyl isomers was obtained at the conversion below 80% and then
gradually increased by about 3% at 100% conversion, while the selectivity of 5-methyl iso-
mers slowly increased at below 80% conversion and then also gradually increased by about
3% at 100% conversion. As reported, the isomer product distributions could be explained
by the pore mouth and key-lock modes of physisorption of long n-alkanes in pore openings
of the zeolite [54]. The 2- and 3-methyl-branched isomers were more favorably formed
via the pore mouth mechanism, and key—lock modes favored the central branching of the
chain, such as 6/7/8-methylbranched isomers along the carbon chain [19,54]. To further
investigate the influence of post-treatment on the isomerization modes, the typical product
distribution at 80% conversion was obtained and listed in Table 4. It can be observed
that the yield ratio of 2-/3-methylbranched to 6/7/8-methylbranched isomers (P/K ratio)
changed over the different post-treated catalysts. The alkali-treated Pt/S5732-0.3A and
Pt/S5732-0.6A showed almost the same P/K ratios (~0.96) with the Pt/SS5Z32 catalyst,
indicating that the key—lock mode dominated the formation of monobranched isomers
over these catalysts. However, the alkali-acid-treated catalysts exhibited a higher P/K ratio
(1.009 for Pt/S5Z732-0.3AS and 1.063 for Pt/S5Z32-0.6AS), indicating that the pore mouth
mode became the dominant reaction pathway in the formation of monobranched isomers.
This suggests that only alkali-treated catalysts had no influence on the isomerization path-
ways, but the sequential alkali-acid-treated catalysts could tailor the adsorption mode of
isomerization intermediates, probably due to the pore widening and more exposed pore
mouth, as well as the more exposed acid sites in the pore mouth.
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Figure 8. The C;4 isomer distribution over different catalysts. (a) The selectivity of monobranched
i-C16 products; (b) the selectivity of multibranched i-C16 products; (c) the ratio of mono- to multi-
branched i-C16 products.
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Figure 9. The selectivity of methyl-branched i-Cy¢ isomers versus n-Cj4 conversion over different
catalysts. (a) Pt/SS5Z32; (b) Pt/SSZ32-0.3A; (c) Pt/SSZ32-0.6A; (d) Pt/SSZ32-0.3AS; (e) Pt/SS5Z32-0.6AS.

Table 4. The product distribution of n-C16 hydroisomerization on different catalysts at the conversion

rate of 80%.
Yield (%)
i-C16 Products Pt/SSZ32- Pt/SSZ32- Pt/SSZ32- Pt/SSZ32-
Pt/S5252 0.3A 0.6A 0.3AS 0.6AS
2-Methyl isomer 13.30 14.03 11.19 13.27 15.04
(pore mouth)
3-Methyl isomer 9.02 9.40 8.07 8.85 9.19
(pore mouth)
4-Methyl isomer 5.97 6.18 5.52 5.77 5.82
5-Methyl isomer 6.08 5.90 5.78 5.48 5.57
6/7/8-Methyl isomers 23.03 24.62 20.02 21.92 22.80
(key—lock)
Pore mouth/key-lock 0.969 0.952 0.962 1.009 1.063
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3. Experimental Section
3.1. Catalysts Preparation
3.1.1. Synthesis of Parent SSZ-32

The parent SSZ-32 zeolite used in this work was synthesized by a hydrothermal
method according to the literature [18]. First, 1.2 g of N'N-diisopropylimidazolium chloride
(Acros) was dissolved in 17.6 g of deionized water, and 9.35 g of 1.0 M KOH aqueous
solution was added to adjust the pH value. After stirring for 15 min, 5.93 g of Ludox
AS- 30 (Sigma-Aldrich, Shanghai, China) was added, followed by dropping 1.87 g of
Nalco’s 1056 colloid sol (Sigma-Aldrich, Shanghai, China) into the mixture. Then, 0.7 g of
isobutylamine was added and further stirred for an additional 15 min. The obtained gel
was transferred into a Teflon-lined steel autoclave for dynamic crystallization (120 rpm) at
175 °C for 9 days. The product was filtered, washed, and dried at 120 °C for 12 h, and then
finally calcined at 595 °C for 5 h.

3.1.2. Synthesis of Hierarchical SSZ-32

The parent SSZ-32 was calcined at 595 °C in air for 5 h before the following treatment.
The desilication of SSZ-32 was first carried out. In a typical run, 1 g of SSZ-32 zeolite was
mixed with 10 mL NaOH solution (0.3 M, 0.6 M) and heated at 80 °C for 1.5 h under stirring.
Subsequently, the obtained slurry was cooled to room temperature, filtered, washed with
deionized water to pH = 7.0, and then dried overnight at 120 °C. The resultant zeolites were
subjected to continuous ion exchange three times with a 1.0 M NH4Cl solution at 80 °C
for 4 h, filtered, dried, and finally calcined at 550 °C for 4 h. The obtained samples were
denoted as SSZ32-nA, where n represents the concentration of NaOH alkaline solution
in desilication.

Then, the sequential dealumination of desilicated SSZ-32 zeolites was further carried
out. Part of the above desilicated zeolite was subjected to acid treatment in 0.1 M HNO;
solution at 80 °C for 6 h with a solid concentration of 20 g L~!. The obtained slurry was
cooled to room temperature, filtered, washed with deionized water to be neutral and
dried overnight at 120 °C. Then, the resultant zeolites were ion-exchanged three times
with NHClI (1.0 M) solution at 80 °C for 4 h and calcined at 550 °C for 4 h to prepare the
protonated samples. The obtained samples were denoted as SSZ32-nAS.

The parent and as-prepared hierarchical SSZ-32-zeolite-supported 0.5 wt.% Pt catalysts
were prepared by an incipient wetness impregnation method using H;PtClgs aqueous
solution. The samples were dried overnight at room temperature. Then, the samples
were calcined at 450 °C in air for 4 h. Finally, the obtained catalysts loaded with Pt
were named Pt/S5732, Pt/SSZ32-0.3A, Pt/SS5732-0.6A, Pt/S5732-0.3AS, and Pt/SSZ32-
0.6AS, respectively.

3.2. Catalyst Characterization

The phase purity and relative crystallinity of the samples were characterized by X-ray
diffraction (XRD) on a D8 advance X-ray diffractometer with (Cu K«x) radiation at 40 kV
and 140 mA. The morphology and structure of the samples were characterized by field
emission scanning electron microscopy (SEM, Hitachi 5-4800) and transmission electron
microscopy (TEM, Tecnai G2 F20). The pore structure and specific surface area of the
catalysts were measured using a Micromeritics Model ASAP 2460 Version 3.01 volumetric
instrument. Prior to the test, the samples were degassed at 300 °C for 12 h under vacuum.
The Brunauer-Emmett-Teller (BET) method was used to calculate the total specific surface
area. The total pore volume of the pores was obtained at p/p, = 0.95 and the ¢-plot method
was used to determine the micropore volume and micropore area. The mesopore size
distribution was obtained from the adsorption branch of the isotherm using the Barrett—
Joyner-Halenda (BJH) model. The Si and Al content of each sample were determined
with an X-ray fluorescence spectrometer (XRF, Supermini200). Pyridine adsorption Fourier
transform infrared spectra (Py-IR) was collected on a VERTEX 70 spectrometer (Bruker)
in the scanning range of 4004000 cm ™! to make a distinction between the Lewis (LAS)
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and Brensted (BAS) acid sites. The densities of the Lewis and Brensted acid sites were
calculated by integrating the absorbance at 1545 and 1455 cm ™!, respectively, in the py-IR
spectra at 200 °C and 350 °C. Temperature-programmed desorption of ammonia (NH3-
TPD) was carried out with an AMI-300 chemisorption analyzer to measure the total number
of acid sites of the samples. Solid-state 2 Al magic-angle spinning (MAS) nuclear magnetic
resonance spectra (*/ AI-NMR) were acquired on a Varian Infinity Plus 300 MHz solid-state
NMR spectrometer.

3.3. Catalytic Hydroisomerization of n-Hexadecane

The hydroisomerization of n-C16 was carried out in a down-flow fixed bed (1.0 cm
i.d. and 45 cm in length). The reaction temperature was monitored with a thermocouple
in the catalyst bed and controlled by three thermocouples on the reactor. Typically, 2 g of
the catalysts in 2040 mesh were loaded into the reactor. Before the reaction, the catalysts
were reduced in situ with hydrogen at 400 °C and 3 MPa for 4 h. Then, the reaction
was carried out under 260-330 °C at 3 MPa with a H, /n-C16 volume ratio of 1000 and
weight hourly space velocity (WHSV) of 2.0 h~!. After the reaction became stable, the
products were cooled with a heat exchanger and were separated into gas and liquid
fractions in a separator. Different liquid samples at an interval of 30 min were collected.
The products were qualitatively and quantitatively analyzed by an Agilent 6890 N gas
chromatography /5975 N mass spectrometer (GC/MS) and a gas chromatographer (Agilent
7890A GC). The conversion of n-hexadecane(n-C16) and selectivity of isomers (i-C16) were
calculated according to [18]. The average results from the three replicated experiments
were used.

4. Conclusions

In summary, the hierarchical SSZ-32-zeolite-supported Pt catalysts were prepared by
alkali treatment and sequential alkali-acid treatment for n-hexadecane hydroisomerization.
The hierarchical structure and acidity of support SSZ-32 zeolite were tailored. The sequen-
tial acid treatment after alkali treatment generated more mesopore and more Bronsted
acidity and increased the B, /Bs ratio. Compared with Pt/SSZ32(1.13), the Pt/SSZ32-
0.3AS and Pt/S5Z32-0.6AS BW/BS ratios prepared by sequential alkali-acid treatment
were 1.18 and 1.32, respectively. The mesopores generated by post-treatment had nearly
no effect on the reaction pathway selectivity of hydroisomerization and cracking. The
selectivity on the hydroisomerization reaction strongly depended on the B, /B ratio. The
iso/C values almost had a linear increase with the increase in By, /Bs ratio. The iso/C
ratio increased as follows: Pt/S5732-0.6A(3.17) < Pt/S5732(3.92) < Pt/SSZ32-0.3AS(3.98)
< Pt/S5732-0.6AS(4.51) < Pt/S5Z32-0.3A(5.27); the corresponding BW/BS ratio is 1.09,
1.13,1.18, 1.32, and 1.35, respectively. The synergetic effect of hierarchical structure and
acidity regulation promoted the selectivity of monobranched i-Ci¢ products. Moreover,
the alkali-treated SSZ-32-supported Pt catalysts had no influence on the isomerization
mechanism of monobranching via pore mouth or key-lock modes, but the sequential
alkali—acid-treated SSZ-32-supported Pt catalysts could enhance the pore mouth mode to
form the monobranched i-Cy¢ products. This work could provide guidance on designing
high-performance bifunctional catalysts and a more comprehensive understanding of the
support’s roles in the hydroisomerization of long-chain n-alkanes. Meanwhile, it also
provided an alternative strategy for enhancing the low-temperature performance of diesel
or lubricating oils in the petroleum industry.
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