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Abstract

Isoalkanes are ideal gasoline components, and the isomerization reaction of light alkanes is the most
effective way to increase the octane number of gasoline. Non-precious metal/zeolite catalysts are the
mainstream bifunctional catalysts for alkane isomerization reactions, but there are still challenges in
achieving high octane number components - multi branched isoalkanes in isomerization reactions. In
this article, Ni-heteropoly acid/zeolite alkane isomerization catalyst (Ni-HTA/HB) was prepared by
impregnation method. Under optimized conditions, the conversion rate of n-hexane was 80.7%, the yield
of isoalkanes was 79.8%, and the selectivity of isoalkanes was as high as 98.9%. In the product
distribution, the Ni-HTA/H catalyst can obtain more multi branched isoalkanes, namely 2,2-
dimethylbutane and 2,3-dimethylbutane, with a total content of up to 19.2%, achieving the goal of further
improving the yield of double branched alkanes in C¢ alkane isomerization products.

Highlights
(1) Ni-HTA/HB showed excellent hexane conversion rate and multi branched isoalkanes yield
(2) Coexistence of multiple types of acid distributions improved the isomerization of intermediates.

(3) The introduction of heteropolyacids can reduce cracking and increase the selectivity of isoalkane,
especially multi-branched isoalkane.

1. Introduction

With the upgrading of environmental protection, clean gasoline products are developing towards high
octane number, low sulfur, low olefins, low benzene, low aromatics, and low vapor pressure. Due to the
activities of alkenes and aromatics in gasoline, the oil is prone to deterioration, or the concentration of
pollutants in the combustion exhaust exceeds the standard, and it is easy to increase the sediment in the
intake valve and combustion chamber. Therefore, the gasoline standards of many countries limit the
content of aromatics and alkenes [ 2. But both aromatics and alkenes are high octane components (in
Table S1), and the decrease in their content has a serious impact on the octane number of gasoline Bl A
consensus alternative solution is to increase the proportion of isoalkanes in the gasoline pool through
the isomerization of Cs/Cq alkanes, which can significantly increase the octane number of gasoline [4-6]
For example, after the isomerization of n-hexane to 2,2-dimethylbutane, the octane number increases by
67 units, while the isomerization of n-pentane to 2,2-dimethylpropane increases the octane number by 23
units. At present, Cs/Cq alkane isomerization technology has become the mainstream gasoline

upgrading technology for optimizing gasoline components.

At present, C5/Cq alkane isomerization catalysts widely used in industrial production include precious
metal supported zeolite catalysts and aluminum chloride-based catalysts. Due to the fact that the active
component is usually a precious metal such as Pt, it has the drawbacks of high cost and poor sulfur

Page 2/28



tolerance =81, For aluminum chloride-based catalysts, due to their abnormal sensitivity to moisture, they
are prone to deactivation and require a large amount of catalyst consumption. Therefore, developing
catalysts with high activity, good sulfur resistance, and low cost, especially those with excellent
selectivity for multi branched isoalkanes, has become a very urgent technical demand for gasoline
production enterprises.

Exploration and research on new catalysts have been ongoing, such as, Mih a lyi et al. prepared nickel
loaded aluminum and/or boron containing BEA zeolites catalysts by recrystallization of magnetite
variations, which were used for n-heptane isomerization [°. The Ni/ZSM-5 + Al,O4 catalysts were
prepared for transformation of n-hexane and the effect of metal support interactions in them were
investigated further (01, Zinc/HZSM-5 catalysts were prepared by impregnating zinc into HZSM-5 and
their catalytic activity for n-pentane isomerization was studied [, Generally speaking, these non-

precious metal catalysts are currently inexpensive, but the dispersibility is not as good as that of
precious metal catalysts, leading to the need for further improvement in catalytic activity.

Heteropoly acid is a general term for condensed oxygen-containing acids produced by the condensation
of different oxygen-containing acids. It is a type of oxygen-containing polyacid composed of
heteroatoms (such as P, Si, Fe, Co, etc.) and polyatoms (such as Mo, W, V, Nb, Ta, etc.) in a certain
structure, bridged through oxygen atom coordination. HPAs not only have acidity, but also have
oxidation-reduction properties, thus possessing special catalytic activity. It is a green catalyst with both
acid-base and oxidation-reduction properties

Due to the unique acidity, heteropoly acid has become an important modifier component in catalyst
research for petroleum processing ['%). The strong acidity of HPAs makes them attractive candidates for
addressing the current challenges of alkane isomerization [12-131 'However, current research mainly
focuses on the preparation of supported heteropoly acid salt catalysts to improve the dispersion and low
specific surface area of heteropoly acids, and has made certain progress ['4 191,

Essayem et al. [el prepared a series of H3PW,0,, heteropoly acid catalysts using Pt-SiO, as a carrier,
and their catalytic performance for n-hexane isomerization reaction were investigated. The experimental
results showed that heteropoly acid have high catalytic activity for n-hexane isomerization reaction.
Compared with Pt loaded dealuminated mordenite catalysts, although heteropoly acid catalysts have
higher acid strength, they exhibit lower selectivity for dimethylbutane. Travers et al. ['! studied the
catalytic performance of Pt/CsxHz-xPW,,0,4, catalyst for the isomerization reaction of n-hexane. The
conversion rate of n-hexane and the selectivity of isomeric alkanes were significantly improved, but the
selectivity of multi branched isoalkanes did not significantly increase.

It is generally believed that in a bifunctional catalytic system, metal active centers play a role in
catalyzing the hydrogenation of raw material molecules to produce alkenes, while acid sites catalyze the
isomerization reaction of alkenes. Heteropoly acids, as a solid superacid, determine the unique overall
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acidity and acid distribution characteristics of catalysts. The phosphotungstic acid (HPW) loaded on
Ni/MCM-41 catalyst increases its strong acidity, thus strengthening the conversion pathways of
hydrocracking and isomerization. After adding heteropoly acids, the strong acid density of the catalyst
increases from 0.563 to 0.730 mmol/g (8] HPWs exhibit better catalytic activity than MCM-41 in both
hydrocracking and isomerization processes. Kozhevnikov (9 found that heteropoly acid had pure B-acid
centers and exhibit higher catalytic activity than molecular sieves, but their thermal stability was
generally poor, especially when reacting at temperatures ranging from 350 °C to 500 °C, the structure of
the catalyst was destroyed.

Later, Kozhevnikov et al. [29 found that loading precious metals such as Pt and Pd onto HPAs through
impregnation can improve the thermal stability and regeneration performance of the catalyst, while also
significantly improving its catalytic performance.

Belandria et al. 2" |oaded phosphotungstic acid onto mesoporous silica (with a loading amount of 30
wt.%) as a carrier, and further prepared Pt HWP/HMS catalyst by loading precious metal Pt or Pd onto
the aforementioned carrier. The catalytic performance of Pt HWP/HMS catalyst for n-pentane

isomerization was investigated at a reaction temperature of 200-400 °C, and the results showed that

the catalyst had the best catalytic effect at a reaction temperature of 350 °C. Under the same reaction
conditions, Pt HWP/HMS catalyst has higher catalytic activity for n-pentane isomerization than Pd
HWP/HMS catalyst.

In the industrial application of isomerization process, the most concerned aspect is the selectivity of the
catalyst, as low conversion in a single reaction can be overcome through a cyclic reaction that enters the
reactor again or a series reaction. The high selectivity, especially for dimethylbutane with high octane
number, determined the octane number of isomerization oil, which is particularly important for the
industrial application of catalysts. At the same time, improving the selectivity of the high octane
components can minimize the generation of cracking -i.e., C, and below components, which is also very
important for improving liquid reception.

Travers et al. 22 successfully synthesized Pt CsxH;-xPW,,0,, catalyst by adjusting the stoichiometric
ratios of H3PW;,0,40-nH,0 and Cs3PW,,0,0, and further investigated the catalytic performance of the
catalyst for n-hexane isomerization. The results indicate that the catalytic performance of Pt-CsxH;-
xPW,,0,, catalyst is similar to that of industrial molecular sieve catalyst, but the catalyst exhibits higher

selectivity for double branched alkanes.

By adjusting the strength and proportion of acid centers, the selectivity of the catalyst can be improved.
However, in general, the increase in acid ratio through changing preparation conditions or doping metal
modification is limited. However, the introduction of heteropoly acids into the catalyst plays a decisive
role in improving the strength and proportion of acids, thereby significantly improving the selectivity of

multi branched isoalkanes. X. Yang et al. 23] reported on the noble metal catalyst Pt/MCM-41 grafted
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with tungsten phosphate, where highly dispersed HPW produced approximately 143 of moderate
strength pmol/g Bronsted acid sites. In the isomerization reaction of n-heptane, the conversion rate of n-
heptane was 79.2%, and the isomerization selectivity was 100%. The ratio of multi branched isoalkanes
to single branched isoalkanes ranged from 0.60 to 0.85. These results indicate that mesoporous
catalysts exhibit unique shape selectivity in the skeletal isomerization of n-heptane.

The regulation of acidic sites can improve the selectivity of multi branched isoalkanes. For example,
Fuente et al. prepared Pt/H;PW,,0,,/SBA-15 trifunctional catalysts with high selectivity for

hydroisomerization of n-heptane [24. Lewis (L) and Brensted (B) acid sites are present in the catalyst,
and reduction treatment results in better dispersion of heteropoly acids and smaller Pt nanoparticles.
The catalyst achieved 100% isomerization selectivity and 56.74% n-heptane conversion at 320 ° C.
Among these products, the content of dibranched isoalkanes was greater than 50%, with 2, 2-
dimethylpentane having the highest content. The author believes that the Pt nanocrystals, appropriate
acidity, balanced B/L acid site ratio, and highly ordered large mesopores of the catalyst are the main
reasons for high isomerization selectivity.

It is widely accepted that heteropoly acid type catalysts have high activity in alkane isomerization
reactions, do not pollute the environment, and do not corrode equipment, making them a type of green
and environmentally friendly catalyst [2%. By appropriately reducing the hydrogenation activity of metal
active sites and promoting further isomerization reactions of intermediate products, thereby improving
the selectivity for multi branched isoalkanes, it is considered an important way for industrial
applications. At present, heteropoly acid catalysts mainly focus on improving the specific surface area
by loading, and mainly use precious metals as metal active components. However, at present, heteropoly
acid catalysts mainly focus on improving the specific surface area by loading, and mainly use precious
metals as metal active components. There are few studies on the development of non-precious metal
catalysts and improving the selectivity of multi branched isoalkanes.

The nickel phosphide supported 3 zeolite catalysts have been used in isomerization related research [26,
27] achieving good catalytic performance. In order to further improve the selectivity of multi branched
isoalkanes, this article introduces ternary heteropoly acids into the catalyst system on the basis of
strong acidic B-zeolite carriers, further adjusting the acid strength distribution of the catalyst. A novel
alkane isomerization catalyst supported by nickel and heteropoly acids on B-zeolite was prepared and
applied to catalyze C5/C¢ alkane isomerization reaction. By improving the dispersion of metal active
sites and utilizing heteropoly acids to improve the distribution of acid content and acidic sites, the
hydrogenation activity and isomerization reaction activity are balanced, thereby increasing the selectivity
of double branched isomeric alkanes and obtaining isomerized products with higher octane numbers.

2. Experiment
2.1 Materials

Page 5/28



Sodium borohydride (A.R), ammonia-water (A.R) and nickel chloride hexahydrate (NiCl,-6H,0, A. R) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Sodium molybdate (Na,M00,-2H,0, AR), Sodium
tungstate (Na,W0,-2H,0-2H,0, AR), Disodium phosphate (Na,HP0O,-12H,0, AR) and sulfuric acid were
supplied by Aladdin Reagent Co., Ltd. HB zeolites (Si/Al = 25) and n-hexane (A.R) were supplied by the
catalyst plant of Nankai University and Xilong Chemical Co., Ltd, respectively. And commercial catalyst

(Pt/H-mordenite) was provided by Dong ming Petrochemical Group and its platinum content was 0.4 wt.
%.

2.2. Preparation of catalysts
Preparation of Ternary Heteropoly Acid (HTA)

50 mL of distilled water was placed in a 250 mL three necked flask equipped with a reflux condenser
tube. The 3.630 g (0.015 mol) of Na,MoO, - 2H,0 and 4.950 g (0.015 mol) of Na,WOQ, - 2H,0 were
added into the three-necked flask, stirring and heating until boiling. Then the 0.895 g (0.0025 mol) of
Na,HPO, - 12H,0 was added into the three-necked flask, stirred to dissolve and heated to boiling again.

After heating and refluxing for 30 minutes, 6 mol/L hydrochloric acid was added dropwise into the
mixture, and the pH value of the reaction solution was adjusted to 1.0. After further refluxing for 5 hours,

the three-necked flask was placed in a water bath and cooled to 60 °C.

Then the mixture was transferred to a separating funnel and about 15mL of ether was added before fully
shaking. Then about 15mL of 1:1 sulfuric acid was dropped into the separating funnel, and oily
substances appeared in the bottom of separating funnel. Then the oily substance was separated and
placed in an evaporating dish. The 2—3 drops of distilled water were added. The ternary heteropoly acid-
HTA as light-yellow green crystals precipitated after 1-2 days. According to the material
calculationternary, the structure of the synthesized HTA is H;PMogWg0 4.

Preparation of Ni heteropoly acid/zeolite catalyst (Ni-HTA/HB)

By equal volume impregnation method, a certain amount of nickel nitrate and HTA were dissolved in a
certain amount of deionized water, and then the HB zeolite was added into the solution and immersed
for 24 hours. After drying at 110 °C for 4 hours, it was calcined at 400 °C for 4 h in a muffle furnace. Then
the solid was crushed and sieved to obtain 20—80 mesh particles, which is the oxidized catalyst. After
high-temperature reduction treatment in hydrogen of the oxidized catalyst, the Ni-HTA/HpB with catalytic
activity was finally obtained. In the process of preparing the catalyst, in addition to adding heteropoly
acids, other processes are consistent with Ni-HTA/H, resulting in the preparation of Ni/Hf catalyst. The
characterization methods and parameters of catalysts are included in the supporting information.

In order to investigate the effect of HTA content on catalyst performance, catalysts were prepared with
HTA content of 10%, 20%, 30%, and 40% to the Hp, and the other steps were the same as Ni-HTA/HpB.

2.3 Catalyst performance evaluation process
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The C¢ alkane isomerization performance evaluation of catalyst was carried out by using a high-pressure
micro-reaction device. The reaction tube was a 550mmx8mm stainless steel tube. The reaction tube was
filled with 4.0 g catalyst in the middle, and the two ends of the reaction tube were filled with quartz sand,
so that the raw materials and hydrogen can be mixed evenly as far as possible. After checking the gas
tightness, the reaction pressure was adjusted to the required conditions. i) Reduction: Before the
reaction, the temperature was raised to 340 °C, so that the catalyst was reduced in hydrogen
atmosphere for 4h. ii) Then, under the reaction conditions of reaction temperature, reaction pressure of
2.0 MPa, mass space velocity of 1.0 h™ ! and molar ratio of hydrogen to oil of 4.0, the feed was started.
3) After the reaction was stable, the sample composition was analyzed by gas chromatograph.

3. Results and discussion
3.1. Characterization of catalyst

(1) BET

Nitrogen adsorption and desorption curves are consistent with the type IV isotherm. All the samples
adsorbed nitrogen rapidly at low pressure, indicating that there were a large number of microporous
structures in the samples, which were mainly generated by HB. In addition, in the P/Po of 0.4-1.0
pressure range, there is a hysteresis loop belonging to the H4 type in the curve, which indicates that
mesoporous structures exist in all samples 28] This is primarily attributed to the interparticle
accumulation pores between heteropolyacids or heteropolyacids and zeolite. Compared with HB and
Ni/Hp, the fissure pore of Ni-HTA/HB was significantly reduced. Based on the nitrogen adsorption-
desorption curve, the specific surface area, micropore volume and total pore volume were compared,
and the results were listed in Table S2. The specific surface area and pore volume of the HB decreased
after compounded with heteropoly acid, and decreased further after nickel loaded. This shows that as a
supplement to acidity, heteropoly acid and metal-active nickel are distributed in the pore channels or
mesopore of the zeolite. From the point of view of pore size distribution, the pore size distribution
becomes more concentrated after the load is reduced. It shows that heteropoly acid and nickel enter into
the pore and fully combine with zeolite. The full combination of HpB, heteropoly acid and nickel on the
microscopic level provided a guarantee for the catalytic activity.

(2) FTHR

Infrared spectroscopy was used to characterize the functional groups inside the catalyst Ni-HTA/HB and
compared with the infrared spectra of HTA and Hp zeolites, and the results are shown in Fig. 3.

As can be seen from Fig. 3, the vibration peak of HTA are 1070.7 cm™,981.8 cm™,879.1 cm-1,784.7 cm’
1595.4cm™,518.6 cm™, respectively, which is consistent with the literature 2°!. between 700-1100 cm™,
the four characteristic peaks of the Kegan structure appeared, among which, 1050-1100 cm™ is the
expansion and contraction vibration wave number of P-O bond, and the 900-1000 cm™ is the expansion
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and contraction vibration wave number of M-O (M = Mo, W) bond. The 850-900 cm™ is the telescopic
vibration wave number of the M-0-M bridge (oxygen bridge of different groups of MOg octahedral

bonds), and the 750-800 cm' is the telescopic vibration wave number of the M-O-M bridge (oxygen
bridge of the same group of MO¢ octahedral bonds).

In addition, around 1620 cm™ is the bending vibration number of H-O-H in water molecules B9 1t can be
seen that the HTA are Keggin structures. On the other hand, Ni-HTA/HB and H have similar infrared
vibration peaks, indicating that the introduction of the active components HTA and nickel did not destroy
the structure of HpB zeolite.

Ni-HTA/HP has four characteristic peaks of Keggin structure, but the intensity of the four characteristic
peaks of Keggin structure is weaker and the peak shape is broader compared to the FT-IR spectrum of
HTA. It is accompanied by a weak blue shift in the wavenumber. It can be inferred that there is an
interaction between the active component HTA and Hp, which distorts the structure of HTA.

(3) Pyridine infrared
The pyridine adsorbed Fourier transformed infrared (Py-FTIR) spectroscopy

In order to further analyze the distribution of acidic sites on the surface of the catalyst, Py-FTIR
spectroscopy was performed on the Ni-HTA/HB catalyst. As can be seen in Fig. 4, the sample at different
temperatures has a hydrogen bond absorption band of pyridine around 1595 cm’ B1 The absorption
peaks at approximately 1544 cm™ and 1455 cm™ can be attributed to pyridine adsorbed on the acidic
sites of Bronsted (B) and Lewis (L), respectively 32 331 At the same time, a strong absorption peak

appears at about 1450 cm™, which is attributed to the chemisorption of pyridine at the Lewis acid site [25,

34].

In addition, an absorption peak around 1575 cm™ implies the presence of a weak Lewis acid site [32], [35]
and the peak at 1620 cm™ indicates the presence of strong acidic sites (SL). However, there is not a
strong Lewis acid site at 1620 cm™ of HB 128l indicating that the new acidic site formed after the
compound of heteropoly acid and nickel with the support. It is believed that the number of strong Lewis
acid sites is related to Ni and heteropoly acid, while the Brgnsted acid sites are generated by the support,
and the strong Lewis acid site at 1620 cm™ plays an important role in promoting the performance of the
alkane isomerization reaction.

The effect of temperature on the acidic position of the surface was further investigated. From the
experimental results, it can be found that the overall peak intensity decreases with the increase of
temperature. The absorption band of hydrogen bond pyridine located at 1595 cm™ ' disappeared, due to
the desorption of the pyridine molecule. All the other peaks have not disappeared. This shows that under
the conditions of catalyst preparation and reaction temperature, the acidic and basic sites of the catalyst
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will not be destroyed, and the acidic site of the catalyst can effectively play the role of isomerization
reaction.

(4) H; TPR

The precursor of Ni-HTA/HP obtained after roasting was analyzed by H,-TPR to investigate the
appropriate reduction temperature of the catalyst. The experimental results are shown in Fig. 5.

As can be seen from Fig. 5, there is a significant reduction peak as the temperature gradually increases
from 300 °C to 700 °C for 3 samples. When the temperature is higher than 300°C, the TPR signal value
increases slowly, which is mainly due to the reduction of NiO and HTA on the surface of the carrier to
metal Ni and new species in the hydrogen atmosphere. When the temperature is higher than 400°C, the
TPR curve increases rapidly and significantly, which indicates that the active components on the surface
are reduced by hydrogen, and a large amount of hydrogen is consumed. The above results show that
nickel in the oxidized state can be reduced at the reaction temperature, and the nickel is mainly in the
form of reduced species %%, At the same time, the structure of the HTA is HsPMogW0,4, in this
hydrogen atmosphere, some HTA structures are disrupted, releasing P, Mo, and W atoms. These atoms
may interact with the carrier or Ni to produce new species.

Above 500 °C, the three curves appear significant differences. The author believes that this is due to the
presence of a large amount of heteropolyacid on Ni-HTA/Hp, which is reduced to produce hydrogen gas
consumption under high temperature conditions. However, the reduction of Ni/HB mainly comes from
nickel, but the loaded amount of nickel is small, so the reduction peak is relatively low.

(5) NHs-TPD

Comparative analysis by NH5-TPD was conducted on HTA-Ni/H, Ni/HpB, and NiNO3, as shown in Fig. 6.
As can be seen from the Fig. 6, firstly, nickel nitrate has no acidity, so no desorption peak was detected.
Compared to Ni/HpB, due to the introduction of heteropolyacid into the catalyst, the Ni-HTA/Hp has three
ammonia desorption peaks, and their maximum values are around 270°C, 430°C and 550°C, respectively,
indicating that there are three different types of acidic sites on the surface of the catalyst. The ammonia
desorption temperature in the NH5-TPD spectrum is related to the strength of the acidic site on the
catalyst surface. When the catalyst peaks in the range of ammonia desorption temperature below 300°C,
it indicates that the catalyst has a weak acid position, when the ammonia desorption temperature peaks
in the range of 300—-500°C, it indicates that the catalyst has a moderately strong acid position, and when
the desorption temperature peaks in the range of 500°C, it indicates that the catalyst has a strong acid or
super acid position [37-38]. Therefore, the Ni-HTA/HB catalyst has a relatively large number of weak acid
centers, some moderately strong acid centers, and relatively few strong acid centers.

Comparing several samples, it was found that the strong acids were mainly derived from nickel-loaded
zeolites, while the introduction of heteropoly acid significantly increased the number of weakly acidic
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sites 139 The weakening of the acid site after loading the metal nickel is due to the fact that some of the
metal occupies the acid site, which reduces the strength of the acid site through the action of an
electron donor 147,

In conclusion, the three types of Ni-HTA/HP are abundant in acidic sites, with weakly acidic sites,
moderately strong acidic sites, and strongly acidic sites. The coexistence of multiple types of acidic
sites may be an important reason for the high catalytic activity. This is because in the alkane reaction
process, the carbocation intermediate can fully isomerize at the abundant acidic site, providing sufficient
reaction sites to ensure the conversion rate and selectivity of multiple branched alkanes.

(6) Morphological characteristics

The morphological features of the as-prepared samples were evaluated by both SEM and TEM imaging.
The Fig. 7 and Fig. 8 illustrated the morphologies of the catalyst.

As can be seen from the SEM diagram, the catalyst looks uniform. On the surface, there is no obvious
gathering of hybrid acid and nickel salt. It can be seen from the SEM-MAPPING diagram that the
distribution of Ni, P, W, Mo, O element on the surface of the particles is evenly distributed, indicating that
the HTA and nickel are evenly scattered on the carrier. The experimental results are consistent with the
XRD results. Uniformly distributed appearance of active components on the surface of the carrier have
an important role in the performance of catalytic performance. The experimental results consistently
reflect the distribution of active components on the catalyst.

The NiP nanoparticles are usually spherical or chain shaped and interconnected, and their average
diameter is about 100 nm [2¢]. By statistically analyzing the particle size in TEM images, the particle size
distribution ranges from 1.0 to 3.1 nm, with an average size of 1.74 nm. The nickel nanoparticles of Ni-
HTA/HpB, the aggregation of Ni is effectively inhibited. Moreover, after the introduction of heteropoly acid,
it is evident that nickel nanoparticles are more evenly distributed on the carrier. In Fig. 7B, the dispersed
black particles are nickel particles, which are the active sites for hydrogenation and dehydrogenation
catalysis.

The particle size of most nickel particles is around 1-3 nm with uniform distribution. Nickel has been
well dispersed. This may be because heteropoly acid is rich in phosphorus atoms, which can prevent the

aggregation of nickel. 1l

(7) XPS

In order to verify the combination form and chemical composition of nickel and heteropoly acid of the
catalyst on the support, the samples were further studied by high resolution XPS spectrum analysis, as
shown in Fig. 9, meanwhile Table S3 indicates the atomic concentration for narrow scan. The XPS survey
spectrum (Fig. 9a) confirms the presence of C, O, P, Si, Mo, Ni and W elements, further indicating that
nickel and heteropoly acid had been successfully introduced and loaded onto B zeolite.
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Correspondingly, in the case of O 1s XPS (Fig. 9b), the spectrum of O 1s could be fitted by four peaks at
binding energies of 531.2, 532.6, and 533.3 eV, which are ascribed to the W-O-W, P-0, and C-OH,

respectively [4243] the peak at around 531.9 eV was originated from Si-O bonds 4. This confirmed the
structural integrity of zeolite and heteropoly acid carriers [43],

The binding energy of Ni?* is 862.5 and 856.4, corresponding to Ni 2p4, and Ni 2p5,,, respectively, and
high-binding energy belongs to Ni?* species [451 1 general, Ni(2p3/,) binding energy is generally in the
range of 855.6-856.6 eV. For example, according to literature, the 2p3,, binding energy of Ni (ll) is
generally 854.6eV or 855.1eV [46:47] Compared with reported nickel ions, the binding energy 856.4 of Ni-
HTA/HB (Fig. 9c) is shifted towards higher binding energy, which makes Ni?* exhibit stronger electron
deficiency. This may be due to the influence of heteropolyacids on nickel. The enhanced electron

deficiency is more favorable for nickel to activate hydrogen molecules, so the overall isomerization
catalytic activity of Ni-HTA/HB is enhanced.

The high-resolution XPS spectrum of W4f (Fig. 9d) presented four peaks at 35.8 eV and 34.9 eVii37.0 eV
and 37.9 eV 8], The binding energies of W4f,,, and W, are 35.8 and 37.9eV respectively (area ratio
4:3). The position and shape of these peaks represent the W (VI) oxidation state [491 1 addition, at the
lower binding energies W4f,,,=34.9 eV and W4f5,,=37.0 eV, there are two distinct peaks (area ratio 4:3),
which are related to the reduced W (V) ions on the catalyst surface, indicating that during the preparation
of the catalyst, these heteropoly acids are partially reduced by hydrogen to produce low-valent tungsten
501, This chemical binding energy characteristic of tungsten can be attributed to the tungsten-oxygen
octahedron structure in Keggin unit 51,

The high -resolution spectrum of Mo 3d is shown in Fig. 9e. Due to the division of spin-orbit, the peak can
be divided into Mo 3ds/, and Mo 3ds,. The peaks at 232.6 eV and 235.3 eV belong to Mo®*, and the

peaks at 231.4 eV and 234.3 eV belong to Mo®* 5233 Mo®* should be generated by the reduction of the
heteropoly acid, which indicates the formation of heteropoly acid. Moreover, the peaks of 229.8 eV and
233.3 eV come from the contribution of phosphorum molybdenum. The source of high -valent
molybdenum may be caused by air oxidation during the preparation process. This result is consistent

with the high -resolution 01S spectrum [26],

For high -resolution spectrum of P2p (in Fig. 9f), it can only be observed one peak at 133.9 eV, because
the content of phosphorus is very low. The binding energy of 133.9 eV can be attributed to the oxidation
state of phosphorus. Generally speaking, the binding energy of phosphotungstic acid is 134.5 eV 541 The
binding energy is closer to the binding energy (133.9 eV) of NiP 26l Compared with phosphotungstic
acid, the binding energy shifted to a lower field, which indicated that, under the preparation conditions,
the nickel acted with phosphorus in heteropoly acid. This increases the exposure of active sites,
improves the high-temperature stability of nickel species, and has a significant inhibitory effect on the
high-temperature deactivation of catalysts.
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On the other hand, from the atomic distribution on the catalyst surface in Table S3, the mass fractions of
W, B, and Mo are 7.4%, 0.2%, and 3.6%, respectively. According to the valence state coordination of
oxygen atoms, the mass fraction of ternary heteropoly acid is calculated to be about 14%, which is lower
than the amount of heteropoly acid added at 20%. This may be due to the preferential entry of heteropoly
acids into the pores after dissolving in water during the loading process, while the heteropoly acid
located on the surface migrate, and some heteropoly acid enter the pores of the zeolite. In addition,
thermal decomposition occurred during the roasting process, resulting in the loss of phosphorus
element, and the content decreased to 0.2%, which was lower than the added amount (0.8%). The
proportion of Ni atoms obtained from the test is 2.0%, which is consistent with the amount added,
indicating that the nickel substance has not been lost.

3.2 Isomerization reaction performance of Ni-HTA/HB for n-
hexane

A series of Ni-HTA/Hp catalysts were prepared by equal-volume impregnation method according to
different heteropoly acid loads. The Ni load content was 2%, and the HTA load content was 0, 10%, 20%,
30% and 40%, respectively. The Ni-HTA/HB catalyst was investigated by calcination at 400 °C for 4h in
Muffle furnace and reduction at 400 °C for 4h, as shown in Fig. 10.

As can be seen from Fig. 10 (a), with the increase of HTA load content of heteropoly acid, the n-hexane
conversion and isoalkanes yield gradually decreased, while the selectivity of isoalkanes showed a trend
of first increasing and then decreasing. From the analysis of the mechanism of alkane isomerization
reaction, the metal center of the catalyst used for mainly the hydrogenation/dehydrogenation of alkane
and alkene, while the acidic center used for mainly the skeleton isomerization and cracking reaction.
Therefore, the matching between the metal center and the acid site of the catalyst is the key factor
affecting the catalytic performance of n-hexane isomerization reaction. When the HTA loading of
heteropoly acid was 0 and 10%, the conversion of n-hexane was the highest, but the selectivity was low.
When the loading amount of heteropolyacid was low,, the dehydrogenation reaction ability is relatively
stronger, and a large amount of n-hexane dehydrogenates to produce olefins on the metal center, so the
conversion of n-hexane was high. Excessive strong acid sites leaded to significant cracking reactions, so
the high content of C5 and C,., alkanes was detected. With the increase of HTA, the number and
distribution of acidic sites underwent changes. When the loaded HTA was 20%, the metal activity on the
catalyst surface matched with the acid activity. Although the conversion rate was not high, the selectivity
was the highest, reaching 98.3%. When the HTA load was higher than 20%, the acid centers were
sufficient, but the metal centers were obviously insufficient, resulting in the reduction of catalytic activity,
the conversion rate and the yield.

Figure 10 (b) showed the change of total isohexane content, total C5 alkane content and total < C, alkane

content with the change of HTA load content. With the increase of HTA load content, the total content of
Cs alkane and C,., alkane decreased first and then increased, while the total content of isohexane

increased first and then decreased gradually with the increase of HTA load content. When the HTA load
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was 20%, the total isohexane content reached the highest content (76.7%), while the total C5 alkane
content and the total < C, alkane content reached the lowest (1.1% and 1.7%, respectively). In this case,
the matching degree between the metal center and the acid center of the catalyst was the best, and the
side reactions such as cracking reaction were less. The catalyst showed excellent catalytic
isomerization performance.

It can be seen from Fig. 10 (c) that with the increase of HTA load of heteropoly acid, the contents of four
hexane isomers showed the same change trend, and their contents increased first and then decreased
with the increase of HTA load. The contents of 2-methylpentane, 3-methylpentane and 2, 3-
dimethylbutane were similar to the contents of isohexane. When the heteropoly acid load was 20%, the
contents of these three hexane isomers reached the maximum value. It is obvious that the optimal HTA
load content for Ni-HTA/HP catalyst is 20%, the conversion rate of n-hexane is 79.5%, the yield of
isoalkanes is 78.1%, and the selectivity of isoalkanes is 98.3%. Among them, the total content of
dimethyl butane also reached the highest, which was 17.6%.

Therefore, this indicates that the introduction of heteropolyacids can regulate acid distribution. The
medium-strong acidity of the catalyst is more favorable for the isomerization reaction of intermediates,
while strong acidity tends to lead to the cracking reaction of carbocations. The medium-strong acidity
provides active sites for the cracking of carbocations. Therefore, the introduction of heteropolyacids can
reduce cracking and increase the selectivity of isoalkane, especially multi-branched isoalkane.

Figure 11 showed the reaction mechanism of dehydrogenation-isomerization-hydrogenation of n-alkanes
on Ni-HTA/Hp to prepare multi branched alkanes, with the isomerization reaction mechanism of
carboncation in central illustration. The n-alkane first undergo dehydrogenation at the Ni active site to
obtain n-alkene, which then undergo a proton transformation at the acid center to become a
carboncation. The carboncation undergo isomerization reactions to generate multi branched
carboncation. Multiple methyl transfer reactions and electron transfer reactions occur during the
isomerization process of carbocation. This also indicates that in order to improve the selectivity of multi
branched alkanes, sufficient reaction time and space must be provided for carbocations. Next, the
isomeric carbocation loses one proton to generate isomeric olefin. Finally, the alkene is hydrogenated at
the Ni active site to generate multi branched isoalkanes. From the perspective of reaction mechanism,
the hydrogenation activity and isomerization activity must be finely matched to achieve high selectivity.
This is also the fundamental reason for the excellent performance of the Ni-HTA/H catalyst.

3.3 Investigation of long-term operation performance of
catalysts

From Fig. 11(d, e, f), it can be seen that the conversion rate and selectivity of the catalyst remain stable
within 60 hours, and the product distribution remains stable during the investigation time, indicating that
the catalytic activity of Ni-HTA/HP has reached a stable state. The catalyst has excellent stability, and
after isomerization of n-hexane, a large number of isomeric alkanes are generated, especially double
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branched alkanes reaching 19.2%, which plays an important role in providing octane numbers for light
alkanes. This catalyst is suitable for further industrial application testing.

In the products of isomerization reaction, there are isobutane, isopentane, and four isomers of hexane
(including 2-methylpentane, 3-methylpentane, 2,3-dimethylbutane, and 2,2-dimethylbutane). In the
product distribution, 2-methylpentane and 3-methylpentane have lower octane numbers, with research
octane numbers (RON) of 74.4 and 75.5, respectively. However, 2,3-dimethylbutane and 2,2-
dimethylbutane have higher octane numbers, with RON of 103.5 and 91.8, respectively. Therefore,
increasing the content of dimethyl butane in the product of n-hexane isomerization reaction plays a very
important role in improving the octane number of gasoline.

Comparison of catalytic performance of varTisg'lse;atalysts for n-hexane isomerization reaction
item/% Ni-HTA/HB  NiB /HB27]  NiP/HB!2¢! commercial sample
Conversion rate 80.7 75 77.8 86.4
isoalkanes selectivity 98.9 80.1 93.7 88.1
isoalkanes yield 79.8 65.2 76.2 76.2
multi branched isomerizations  19.2 14.2 18.9 16.6

In order to compare the performance of catalysts, several common catalysts and commercial catalysts
were evaluated under the same laboratory conditions, and the data obtained are shown in Table 1.
According to Table 1, in terms of conversion rate, NiB/HB, and commercial catalysts (Pt/zeolite) have
higher conversion rates for n-hexane, about 4-6 percentage points higher than Ni-HTA/H catalysts.
However, in terms of the selectivity of isomerizations, the Ni-HTA/HB has the highest selectivity of
isomerization, reaching up to 98.9%. In addition, the proportion of multi branched isoalkanes in the
product of Ni-HTA/Hp catalyst is the highest, much higher than other catalysts, which can significantly
increase the octane numbers. This is because the introduction of heteropoly acid into the catalyst
provides the abundant acidic sites of weak acid, medium strong acid, and strong acid. The coexistence
of multiple types of acidic sites improves the isomerization activity of Ni-HTA/H, which has a positive
effect on the selectivity of multi branched isomerizations. On the other hand, heteropoly acid, under the
influence of heteropoly acidity, high-temperature aggregation of the nickel in Ni-HTA/H is reduced,
which provides more hydrogenation and dehydrogenation active sites for catalytic reactions. Therefore,
this can promote the intermediate to undergo multiple isomerization reactions more easily, thereby
obtaining multi branched isoalkanes.

4. Conclusion

In the process of alkane isomerization, improving the conversion rate and selectivity of catalysts is the
most important research goal of this technology. Improving the selectivity of multi branched isoalkanes
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plays a very important role in increasing the octane number of the gasoline. Under optimized reaction
conditions, the Ni-HTA/H catalyst exhibitd excellent isomerization performance. The conversion rate of
n-hexane was 77.9%, the yield of isoalkanes was 77.4%, and the selectivity of isoalkanes was as high as
99.4%. In the product distribution, more double branched isomers were obtained, namely 2,2-
dimethylbutane and 2,3-dimethylbutane, with a total content of 19.2wt%.

The characterization of the catalyst proved that the nickel active component and HTA were uniformly
dispersed on the carrier, at the same time, the acid distribution was optimized by heteropolyacid. The
medium-strong acidity site was more favorable for the isomerization reaction of intermediates. The
introduction of heteropolyacids can reduce cracking and increase the selectivity of isoalkane, especially
multi-branched isoalkane.
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Fig. 2 Nitrogen adsorption and desorption isotherms and pore size distribution
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Fig. 3 Infrared spectra of catalyst Ni-HTA/HB, HB and HTA
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Fig. 5 The H,-TPR profiles of Ni-HTA/HB and HTA
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Fig. 6 The result of NH5-TPD of samples
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Fig. 7 SEM image and mapping of Ni-HTA/HB
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Figure 7

Fig. 8 TEM image of Ni-HTA/HpB
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Fig. 10 The effect of the content of HTA on isomerization performance and long term operation of Ni-
HTA/HB catalyst for n-hexane. The a (d) is the overall catalytic performance, the b (e) and c (f) are the
contents of isohexane, C° alkane and small molecule alkane, and kinds of Cg isoalkanes.
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Figure 10

Fig. 11 The reaction mechanism of preparing multi-branched alkanes from n-alkanes on Ni-HTA/H B. The
central illustration shows the mechanism of carbocation isomerization reaction.
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