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Abstract 

The Ni/SAPO-11 bifunctional catalyst for hydroisomerization of n-hexane was prepared 

via a novel synthesis method. It involved grinding of nickel source with amorphous 

precursors used for SAPO-11 followed by crystallization at 473 K for 24 h, thus avoiding the 

use of extra solvents in the synthesis. The highly dispersed nickel species and acid sites in the 

Ni/SAPO-11 bifunctional catalyst were instantaneouslyformed. The Ni/SAPO-11 catalyst 

contains framework nickel, nickel monoxide (NiO) and nickel aluminate spinel. The nickel 

monoxide with a size of 2-4 nm provides (de)hydrogenation function after reduction, while 

the framework nickel supplies more acid sites leading to an enhancedisomerization activity. 

The Ni/SAPO-11 catalyst shows a great synergeticeffect between the metallic nickel and acid 

sites with a high metal-to-acid sites ratio (CNi/CA) and close proximity. A single metallic 

nickel site is able to balance ca. 5 acid sites (CNi/CA≈0.19) over the Ni/SAPO-11 catalyst in 

n-hexane hydroisomerization.The high dispersion of nickel over the catalyst provides 

relatively excessive metal sites (CNi/CA>0.19), leaving the rate limiting reaction to occur on 

the acid sites. The Ni/SAPO-11 catalyst exhibits comparable n-hexane conversion (71.2%) 

and iso-hexane yield (66.7%) to the classical Pt/SAPO-11 catalyst.With enhancing acidity, the 

Ni/SAPO-11 catalyst exhibits one of the highest iso-hexane yields reported in the n-hexane 

hydroisomerization, which render the new material as a promising candidate for the 

hydroisomerization catalysts.  

 

 

1. Introduction 
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Hydroisomerization of light n-alkanes is an important catalytic process to obtain clean 

gasoline with high octane number [1-3]. Increasing proportion of the isomerized gasoline in 

the gasoline pool contributes to the products upgrading and environmental protection[2, 4, 

5].The current catalysts used in the hydroisomerization process are bifunctional, namely 

containing acid sites for skeletal isomerization and metal sites for (de)hydrogenation[6, 

7].Noble metals (platinum, palladium) are widely used in the bifunctional catalysts[2, 8-10], 

butsuffer fromlimited availability and high costs. The widely used Pt-promoted chlorinated 

alumina catalysts cause serious corrosion problems and environmental pollution due to the 

need of continuous chlorine addition [11]. Therefore, the development of non-noble metal 

(nickel) based hydroisomerization catalysts is an appealing task. Several attempts have been 

made to prepare non-noble metal catalysts, and it has been shown that large metal particles 

are formed caused by a severe sintering which is unavoidable especially at high metal 

loading[12, 13]. This problem restricts the optimization of the existing non-noble catalysts. 

Therefore, it is vital to look for a novel strategy for preparation of the non-noble metalswith 

reducedparticle sizesfor hydroisomerization catalysts.  

In order to reduce the particle size of metal species in catalysts, strengthening of the 

interactions between the metal species and support to inhibit the metals aggregation is of 

critical importance[14, 15]. Using the impregnation method with solvents with weak 

polarities is an effective way to achieve this goal[16-19]. In the previous work[13], ethanol 

was used as solvent to support nickel on SAPO-11 and to produce Ni/SAPO-11 catalyst.The 

particle size of nickel monoxide (20 nm) was much smaller than that over the catalyst 

prepared with water as solvent (50 nm). Compared with the conventional impregnation 
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method, a stronger metal-support interaction can be obtained through equilibrium adsorption 

method. The metal species were deposited through adsorption and reaction with receptor sites 

developed on thesupport[20]. Goula et al. [21] prepared Ni/Al2O3by equilibrium adsorption 

method for the biogas dry reforming reaction. They found that a smaller metal particle size of 

8 nm was obtained through this method compared with metal particles of 13 nm of the 

catalysts prepared by the impregnation method;the former catalystshowed enhanced catalytic 

performance. Controllable absorption method could also be used to strengthen the 

metal-support interaction in Ni/Al2O3catalysts. Optimal absorption conditionswere identified 

using point of zero charge, pH precipitation and adsorption experiments[22]. The 

Ni/Al2O3catalyst prepared under such conditions presented a stronger metal-support 

interaction and higher metal dispersion than the catalyst prepared by impregnation.Many 

other trialsincluding introduction of additives [23-25] or changing metal precursors [10, 26, 

27] to inhibit the aggregation of metal species have been performed.  

However, most of these methods lead to more complex synthesis procedures, violating the 

green synthesis of the catalyst. Besides, the main focus is on metal dispersion without paying 

due attention to acidity. Even more the acid sites on supports during the impregnation or 

adsorption of metal precursor are modified.This is not a favorable situation for bifunctional 

catalysts whose performance depends not only on the metal sites, but also on the acidity and 

metal-acid balance.  

In the present work, direct synthesis method was used forinstantaneouslysynthesis of 

highly-dispersed nickel species and acid sites over the Ni/SAPO-11 hydroisomerization 

catalyst. The synthesis method involved initial grinding of SAPO-11 precursorswith nickel 
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source without extra solvents followed by crystallization. This method leads to significant 

reduction of waste and solvent use as well as the synthesis procedure is shortened 

significantly. It differs from the solvent-free methodthat requires pre-reaction of the raw 

materials and washing of intermediates with ethanol[28, 29]. The features of metal andacid 

sites over the Ni/SAPO-11 catalyst were investigated systematically. The catalytic 

performance was assessed by hydroisomerization of n-hexane, and active site for 

(de)hydrogenation reaction was disclosed. The metal-acid balance and reaction pathway were 

also discussed.  

2. Experimental  

2.1 Materials  

Pseudo-boehmite (70.0 wt.% Al2O3) was purchased from Yantai Henghui Petrochemical 

Co., Ltd. Phosphoric acid (85.0wt.% H3PO4) was purchased from XiRong Petrochemical Co., 

Ltd. Di-propylamine (DPA, ≥99.0 wt.% C6H15N) and Nickel (II) nitrate hexahydrate 

(Ni(NO3)2·6H2O) were purchased from Sinopharm Chemical Reagent Co., Ltd. Silica sol 

(30.0 wt.% SiO2) was purchased from Qingdao Haiyang Petrochemical Co., Ltd.All 

chemicals were used without purification.  

2.2 Sample synthesis 

Direct synthesis of Ni/SAPO-11(s) was carried out using a mixture with the following 

molar ratio: 1.0 P2O5: 1.9 DPA: 0.4 SiO2: 0.19Ni(NO3)2·6H2O:1.0 Al2O3. In a typical run, 

4.38 g of pseudo-boehmite, 6.92 gof H3PO4, 5.76 g DPA, 2.4 g of silica sol and 1.65 g of 

Ni(NO3)2·6H2O were mixed in a mortar. After grinding for 10 min, the mixture was 

transformed to an autoclave and heated at 473 Kfor 24 h. The solid product was washed with 
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deionized water, dried at 373 K for 12 h and calcined at 773 K in a muffle oven for 6 h. 

Varying the amount of nickel addition, catalysts with different nickel loading were 

prepared.When H-Beta zeolite was added into the initial synthesis gel of the Ni/SAPO-11(s), 

the final product was abbreviated as Ni/SAPO-11-β(s). The mass ratio of H-Beta relative to 

the alumina source used for the SAPO-11 (pseudo-boehmite) was 0.1. As a reference, 

SAPO-11(s) without nickel was also prepared by the same procedure. 

For comparison, two samples via incipient impregnation method abbreviated as 

Ni/SAPO-11(im) and Pt/SAPO-11(im) were prepared as follow: SAPO-11 was immersed in 

aqueous solutions of Ni(NO3)2·6H2O or H2PtCl6. After the impregnation, the material was 

dried at 383 K for 2 h and then calcined in air at 673 K for 4 h. The loading of nickel in the 

Ni/SAPO-11(im) sample was 4.0 wt.% that was the same as for the Ni/SAPO-11(s) sample; 

the loading of Pt was 0.3 wt.%. The SAPO-11 used for the impregnation was synthesized 

according to the procedure reported before [13]. 

2.3 Characterization 

X-ray diffraction (XRD) patterns of samples were collected with X’ Pert PRO MPD 

diffractometer (PANalytical B.V. Netherlands) with Cu Kα radiation (λ = 0.15418 nm) 

operated at 40 kV and 40 mA. Transmission electron microscopy (TEM) and elemental 

mapping of nickel were performed using a FEI Titan G2 80-200 TEM/STEM. The elemental 

mapping was obtained by energy dispersive X-ray spectroscopy using the super-X detector. 

X-ray photoelectron spectroscopy (XPS) was carried out using a PHI 500 spectrometer with 

Al Kα radiation. The binding energywas calibrated by measuring the C1s peak at 284.8 eV. 

Practical metal loading and chemical compositions of the samples were measured by X-ray 
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fluorescence (XRF, ZSX-100e using Rh and Au excitation tubes). X-ray absorption fine 

structure (XAFS) spectra were obtained at the 1W1B station in the BSRF (Beijing 

Synchrotron Radiation Facility, People’s Republic of China) operated at 2.5 GeV with a 

maximum current of 250 mA. X-ray absorption spectroscopy (XAS) measurements at the Ni 

K-edge were performed in fluorescence mode using a Lytle detector. All samples were 

pelletized as disks of 13 mm diameter with 1 mm thickness using graphite powder as a 

binder.Temperature programmed reduction of hydrogen (H2-TPR) and temperature 

programmed desorption of ammonia (NH3-TPD) were carried out on a dynamic 

chemisorption analyzer (Micromeritics AutoChem 2920). The IR spectra of catalysts were 

recorded by a Nicolet-6700 FTIR spectrometer. The acidity of the catalysts was evaluated 

using pyridine as a probe molecule followed by FTIR. All samples were evacuated at 573 K 

for 3 h, followed by adsorption of pyridine at room temperature and desorption of pyridine in 

a vacuum at 423 K. Finally the spectra were recorded at room temperature.H2 chemisorption 

measurements were carried out on a Micromeritics AutoChem 2920; the accessible metal 

sites (CNi) of the catalysts after reduction were studied. Prior to the chemisorption at ambient 

temperature, the samples were pretreated in hydrogen atmosphere at 823 K for 2 h and 

purged at this temperature in an argon flow for 2 h to avoid the presence of residual absorbed 

hydrogen. The ratio (CNi/CA) of metal sites (CNi) relative to the acid sites (CA) was calculated 

according to the method disclosed before [30-32]. Ultraviolet-visible (UV-vis) diffuse 

reflectance spectra were recorded on a UV-2600 UV-vis spectrophotometer using BaSO4 as a 

reference. The turnover frequency (TOF) per acid site, labeled as TOFn-C6, was calculated 

using the following equation: 
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TOFn-C6 =
Rate of converted n-hexane (molg

cat

-1
h

-1
)

Number of acid sites (molg
cat

-1
)

 

2.4 Catalytic Tests 

The hydroisomerization of n-hexane (n-C6) was selected as a model reaction to assess the 

catalytic performance of the catalysts. The catalytic tests were carried out at a pressure of 2.0 

MPa, a weight hourly space velocity (WHSV) of 1.0 h
-1

, and a H2/n-C6 molar ratio of 4.0. 

Prior to the reaction, the catalyst was reduced in situ under a hydrogen flow at 823 K for 2 h 

and then cooled to reaction temperature. The reaction products were analyzed on-line by a 

gas chromatograph (Agilent 7820) equipped with a flame ionization detector.The n-hexane 

conversion might be increased due to the thermal behavior of the reaction at high temperature. 

The thermal reaction of the current feed was carried out at the highest temperature (653 K) in 

the present work. The n-hexane conversion was less than 1.0 %, indicating that in all cases 

investigated, thermal reaction did not bias the hydroisomerization results.  

3. Results and discussion 

3.1 Crystalline phases 

Fig. 1 shows XRD patterns of the calcinedNi/SAPO-11(s), Ni/SAPO-11(im) and 

SAPO-11(s) samples. All the XRD patterns (Fig. 1 (a)) correspond to well-crystalline samples 

with the AEL type framework structure [33, 34]. The relative crystallinity of Ni/SAPO-11(s) 

increases compared withSAPO-11(s) and the growth of (002) crystal plane is enhanced 

mostly.Only a slight decrease in the peak width is observed for the Ni/SAPO-11(s) compared 

with the SAPO-11(s), which implies a small difference in grain size between the two samples. 

Thus, the increased crystallinity of the Ni/SAPO-11(s) might be due to the effective structure 
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directing effect of amine complex of nickel formed by nickel and di-propylamine in the 

synthesis gel of Ni/SAPO-11(s). Similar phenomenon was observed in the synthesis of 

aluminophosphates molecular sieves with nickel or cobalt complex of diethylenetriamine as a 

structure directing agent[35, 36].In this case, part of nickel ultimately resided in tetrahedral 

sites in the framework of SAPO-11[36], which is confirmed by the slight shifting of the 

diffraction peak to a lower angle for the Ni/SAPO-11(s) (0.03 degree) compared with the 

SAPO-11(s) (Fig. 1(b)). The substitution of smaller tetrahedrally coordinated skeletal atoms 

(Al 0.51 Å or P 0.38 Å in crystal form) with heteroatoms of nickel that has a larger size (0.69 

Å) as ions in crystalline environment, yields an increased lattice parameter value[37]. 

 

Fig. 1. XRD patternsof(a) as synthesized SAPO-11(s), calcined Ni/SAPO-11(s)and Ni/SAPO-11(im) in the 

range of 5-80° 2 Theta,and (b) SAPO-11(s) and calcined Ni/SAPO-11(s) in the range of 20.9-23.9 ° 2 

Theta.  

3.2 State of nickel Species  

UV-vis diffuse reflectance spectra of the calcined catalysts are shown in Fig.2; the 

spectrum of pure NiO is added as a reference.The UV-vis spectra of the Ni/SAPO-11(im) 

catalyst andthe bulk NiO are very similar in bands positions, consisting of absorption bands 

at 280, 380, 420, 640 and 720 nm.This implies thatthe nickel in the Ni/SAPO-11(im) exists as 
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NiO[38]. For the Ni/SAPO-11(s), apart from the absorption bands assigned to the NiO, the 

new one at 257 nm is attributed to the electron transfer from O
2-

 (2p) to tetrahedral Ni
2+ 

(3d) 

in framework of the SAPO-11[39-41]; the peak at 400 nm (Fig.2 (b)) is assigned to the 

octahedrally coordinated nickel species in nickel aluminate spinel[42, 43]. 

 

Fig. 2. UV-vis diffuse reflectance spectra of the calcined Ni/SAPO-11(s), Ni/SAPO-11(im) and bulk NiO 

samples (a) and peak simulation for the spectrum of sample Ni/SAPO-11(s) in the range of 350-520 nm (b)  

XPS was also carried out to further elucidatethe chemical environment and nature of 

nickel species in the Ni/SAPO-11(s) and Ni/SAPO-11(im) catalysts(Fig.3); the spectrum of 

bulk NiO is added as a reference. The Ni 2p region of the bulk NiO comprises four easily 

discernible features: the Ni 2p3/2 main peak and its satellite at ~ 854.6 and ~ 861.2 eV, and 

the Ni 2p1/2 main peak and its satellite at ~ 871.8 and ~ 879.1 eV. This result is consistent 

with the XPS spectrum of bulk NiO reported in literature[44]. However, the electronic 

structure is more complex. The two peaks at 853.8 and 855.4 eV in the Ni 2p3/2 region after 

deconvolution can be explained in terms of a simplified model of final state effects in which 

photoemission is potentially accompanied by rearrangement of electrons in the valence 

band[45]. They shifted to higher binding energy (854.3 and 856.1 eV) for the 

Ni/SAPO-11(im) due to the interaction between NiO and the support. In contrast, for the 
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Ni/SAPO-11(s), the peak at 856.3 eV of Ni 2p3/2, together with the one at 873.6 eV of Ni 

2p1/2indicate the existence of octahedral Ni
2+

 in the NiO that strongly interacts with the 

SAPO-11[46, 47]. The peaks at 857.6 and 875.3 eV, which are in the range of Ni 2p3/2 and 

Ni 2p1/2, respectively, are assigned to nickel aluminate spinel[48]. The small peaks at 859.0 

(Ni 2p3/2) and 876.9 eV (Ni 2p1/2) can be assigned to tetrahedral Ni
2+

 in the framework of 

SAPO-11 [46], which is also supportedby the UV-vis results. 

 

Fig. 3. XPS spectra of the Ni2p core levelfor calcined Ni/SAPO-11(s),Ni/SAPO-11(im) and bulk NiO 

samples recorded at room temperature  

X-ray absorption near-edge structure (XANES) was carried out to provide further insights 

into the electronic structure of nickel in the Ni-SAPO-11(s) (Fig.4). Compared with the NiO 

reference, white line of the Ni/SAPO-11(s) shifts towards lower energy, probably due to the 

formation of tetrahedral Ni
2+ 

[49] in the SAPO-11 framework, consistent with the XRD, 

XPS and UV-vis results. The experimental and fitted EXAFS curves for the Ni/SAPO-11(s) 

catalyst is shown in Fig. S1, and Table S1 shows the average shell distances around the 

nickel atoms. The Ni-O distance of 2.09 Å and Ni-Ni distance of 2.96 Å are assigned to the 
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nickel in octahedral sites of NiO[50]. The average Ni-O distance of 1.97 Å is mainly 

assigned to the nickel aluminate spinel [51]that has predominant content in the nickelspecies 

as indicated by the strongest peak at 857.6 eV in XPS spectrum (Fig. 3) for the 

Ni/SAPO-11(s) catalyst. Meanwhile, Ni-P shell is also found by fitting confirming the 

incorporation of nickel into the framework of SAPO-11. In brief, three types of nickel 

speciesare identified in the calcined Ni/SAPO-11(s) catalyst: NiO, nickel aluminate spinel 

and framework nickel.  

 

Fig. 4. XANES spectra at the Ni K-edge of (a) NiO reference, (b) Ni/SAPO-11(s) and (c) Ni foil reference.  

Diffraction peaks of NiO are not observable for the Ni/SAPO-11(s) sample, but clearlythe 

NiO peaks are seen in the Ni/SAPO-11(im) sample (see partly enlarged XRD patterns in Fig. 

S2). This indicatesa higher dispersion of NiOin the Ni/SAPO-11(s) sample. The NiO 

spherical particles with a homogenous size (2-4 nm in diameter) and high dispersion in the 

Ni/SAPO-11(s) catalyst are observed (Fig. 5). Heavily agglomerated NiO particles with a size 

of 30-100 nm and sharp edge on the surfaceof the Ni/SAPO-11(im) catalyst are formed. 

Additionally,the elemental maps of nickel (Fig. 6(f)) also show that nickel species aggregated 

in some regions, showing an uneven distribution on the surface of the Ni/SAPO-11(im). The 

catalyst prepared by the direct method presents a uniform distribution of nickel (Fig. 6(c)). 
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The higher dispersion of nickel species could be ascribed to the spatial effect of the raw 

material used for the preparation of the SAPO-11 support. All the raw materials including the 

nickel source (nickel nitrate) were mixed with the precursor of SAPO-11 before the 

crystallization was performed in order to inhibit the contact between the nickel species. 

 

Fig. 5. TEM images of the calcinedNi/SAPO-11(s) (left) and Ni/SAPO-11(im) (right)catalysts  

 

Fig.6. STEM images and the corresponding EDS elemental maps of nickel of calcinedNi/SAPO-11(s) (a, b 

and c) and Ni/SAPO-11(im) (d, e and f) catalysts  

3.3 Reducibility  

The H2-TPR profiles of samples Ni/SAPO-11(s), Ni/SAPO-11(im) and SAPO-11(s) are 

shown in Fig. 7. The Ni/SAPO-11(im) contains two peaks centering at ca. 643 and 715 K, 

which are assigned to the reduction of NiO with weak and strong interactions with SAPO-11,  

respectively[52].Compared with Ni/SAPO-11(im), the Ni/SAPO-11(s) catalyst exhibits 

higher reduction temperature suggesting the stronger interaction between the nickel species 



14 
 

and the SAPO-11 support [53]. The maximum peak at 990 K is assigned to the reduction of 

nickel aluminate spinel[54]. The small shoulder at 1050 K is ascribed to the reduction of 

framework nickel species, supporting the incorporation of nickel into the framework of 

SAPO-11 as previously shown by UV-vis and XPS. Another distinct peak at ca. 823 K 

corresponds to the reduction of NiO strongly interacting with SAPO-11. The hydrogen 

consumption at ca. 1250 K is attributed to the reduction of PO4
3-

species in SAPO-11. Such 

high temperature is due to the high stability of P-O bond [55].Notably, only NiO could be 

reduced during the reduction step according to the H2-TPR profile of the Ni/SAPO-11(s) 

catalyst. 

 

Fig. 7. H2-TPR profiles ofsamples Ni/SAPO-11(s), Ni/SAPO-11(im) andSAPO-11(s) 

3.4 Acidity 

The FT-IR spectra of pyridine (Py-IR) absorbed on reduced Ni/SAPO-11(s), 

Ni/SAPO-11(im) and SAPO-11(s) samples are depicted in Fig. 8. The IR bands at 1540 and 

1450 cm
-1

are assigned to pyridine adsorbed on Brønsted and Lewis acid sites, respectively[56, 

57]. Obviously, impregnated catalyst has less acid sites than the Ni/SAPO-11(s) catalyst. It 

should be noticed that the Ni/SAPO-11(s) has more Brønsted acid sites than the SAPO-11(s). 

The Ni/SAPO-11(s) and SAPO-11(s) exhibit similar compositions in terms of Si, P and Al 
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(Table S2). The increased Brønsted acid sites over the Ni/SAPO-11(s) catalyst are mainly 

contributed by the incorporation of divalent nickel ions into the SAPO-11 framework that 

introduces more negative charges, thus generating more Brønsted acid sites.The Ni
2+

 was 

most likely to substitute for Al
3+

 to form bridged NiP-OH structures in the Ni/SAPO-11(s) 

sample[58]. Similar phenomenon was observed in the metal-substituted AlPO4 molecular 

sieves[59]. The Brønsted acid sites from bridged MeP-OH (Me
2+

) in the MeAPO-11 sample 

are proposed to be strong[59]and this will be confirmed by the NH3-TPD (see Fig. S3). The 

acid distribution of all catalysts is summarized in Table S3. The Ni/SAPO-11(s) catalyst 

shows more acid sites than the Ni/SAPO-11(im).The amount of weak acid sites for 

Ni/SAPO-11(s) and SAPO-11(s) is similar, while the Ni/SAPO-11(s) contains more medium 

and strong acid sites. The Py-IR spectra collected after desorption at different temperatures 

(Fig. S4) implythatthe increased acid sites in the Ni/SAPO-11(s)are mainly composed of 

strong Brønsted acid sites. 

 

Fig.8. FT-IR spectra recorded under pyridine adsorption on SAPO-11(s), and reduced Ni/SAPO-11(s) 

andNi/SAPO-11(im) catalysts 

3.5 Metal sites for (de)hydrogenation reaction  

Three types of nickel species in the Ni/SAPO-11(s) catalyst are identified as described 
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above. Given that only NiO could be reduced into metallic nickel during the reduction step 

and nickel aluminate spinel is inactive in n-hexane hydroisomerization, the reactions were 

carried out over SAPO-11(s), unreduced and reduced Ni/SAPO-11(s) samples at 593 K (Fig. 

9). Compared with the SAPO-11(s), there is only a slight increase in the n-hexane conversion 

and iso-hexane (i-C6) yield over the unreduced catalyst. This increase is attributed to the 

contribution of weak (de)hydrogenation function of NiO and enhanced isomerization function 

by framework nickel species. In contrast, the n-C6 conversion and i-C6 yield over 

reducedNi/SAPO-11(s) catalyst are much higher than that over the unreduced Ni/SAPO-11(s). 

This indicates that the active sites for (de)hydrogenation are provided predominantly by 

metallic nickel rather than by the framework nickel species. 

 

Fig. 9. Catalytic performanceof SAPO-11(s), unreduced and reduced Ni/SAPO-11(s) catalysts 

The nickel content and concentration of metallic nickel sites (CNi) in the reduced catalysts 

are shown in Table 1. Obviously, the reduced Ni/SAPO-11(s) contains more metal sites on the 

surface in comparison to the reduced Ni/SAPO-11(im). Thisis attributed to the smaller Ni 

particles formed over the reduced Ni/SAPO-11(s) catalyst, which can be confirmed by the 

TEM images and Ni particle size distributions of the reduced Ni/SAPO-11(s) and 

Ni/SAPO-11(im) catalysts (Fig. S5). The Ni particles with a relative homogenous size (8-12 
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nm) are observed over the reduced Ni/SAPO-11(s) catalyst. In contrast, much bigger Ni 

particles (30-90 nm) are formed over the reduced Ni/SAPO-11(im) catalyst. 

Table 1 Nickel content, nickel sites (CNi), acid cites (CA) and the CNi/CAratio over the Ni/SAPO-11(s) and 

Ni/SAPO-11(im) catalysts  

Sample Ni content (wt %) CNi (μmol/g) CA (μmol/g) CNi/CA 

Ni/SAPO-11(s) 4.0 55.4 247.6 0.224 

Ni/SAPO-11(im) 4.0 28.0 176.9 0.158 

 

3.6 Catalytic test  

The results from the catalytictests of samples Ni/SAPO-11(s) and Ni/SAPO-11(im) are 

shown in Fig. 10; the Pt/SAPO-11(im) sample is used only for comparison (reference sample). 

The Ni/SAPO-11(s) shows much higher n-hexaneconversion than the Ni/SAPO-11(im) in the 

whole reaction temperature range (Fig. 10 (a)). Compared with the reference Pt/SAPO-11(im), 

the Ni/SAPO-11(s) shows aslightly lower n-hexane conversion at temperature below 613 K. 

As the temperature increased, they exhibit almost the same n-hexane conversion, suggesting 

the high activity of the Ni/SAPO-11(s) catalyst.  
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Fig. 10. Catalytic performance of samples Ni/SAPO-11(s), Ni/SAPO-11(im) and Pt/SAPO-11(im) 

(reference): n-C6 conversion (a) and i-C6 yield (b) versus temperature, selectivity to i-C6 (c) and cracking 

products (< C6) (d) versus n-C6 conversion 

The iso-hexane selectivity decreases with n-hexane conversion over all the catalysts (Fig. 

10 (c)),indicating the increased rate of side reaction at higher n-hexane conversion.The 

Ni/SAPO-11(s) and Pt/SAPO-11(im)catalysts show similar iso-hexane selectivity. Both 

samples have much higher iso-hexane selectivity than the Ni/SAPO-11(im)which show a 

significant increase in cracking with n-hexane conversion (Fig. 10 (d)). In all cases, the 

iso-hexane selectivity follows the order: Ni/SAPO-11(s) ≈ Pt/SAPO-11(im)> 

Ni/SAPO-11(im). The yield of iso-hexane over the Ni/SAPO-11(s) is slightly lower than that 

over the Pt/SAPO-11(im) at temperature below 613 K, while it exceeds the latter as the 

temperature increases continuously (Fig.10 (b)). Most interestingly, the Ni/SAPO-11(s) and 

Pt/SAPO-11(im) catalysts have nearly the same maximum iso-hexane yield at ca. 66.7 % at 

613 K. In contrast, the Ni/SAPO-11(im) has the lowest iso-hexane yield at all the 
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temperatures tested. Therefore, the Ni/SAPO-11(s) catalyst prepared by the novel direct 

synthesis method has comparable performance to the noble metalcatalyst Pt/SAPO-11(im) in 

terms of n-hexane conversion and iso-hexane selectivity. This resultsuggests that the 

Ni/SAPO-11(s) is a promising candidate for hydroisomerization catalysts. 

A detailed products distribution for the Ni/SAPO-11(s), Ni/SAPO-11(im) and 

Pt/SAPO-11(im) at similar n-hexane conversion is shown in Table 2. The selectivity to 

iso-hexane over the Ni/SAPO-11(s), Ni/SAPO-11(im) and Pt/SAPO-11(im) is 95.1, 84.4 and 

95.7%, respectively. The Ni/SAPO-11(s) catalyst and the Pt/SAPO-11(im) referencecatalyst 

exhibit similar selectivity to methyl pentanes (MP),92.8% and 94.6%, respectively.While the 

selectivity to methyl pentanes over Ni/SAPO-11(im) is only 81.3%. Ni/SAPO-11(s) and 

Ni/SAPO-11(im) show slightly higher selectivity to dimethyl butanes (DMB), 2.3 and 3.1%, 

respectively than that for the Pt/SAPO-11(im) (1.1%). This result indicates that nickel based 

hydroisomerization catalysts (Ni/SAPO-11(s) and Ni/SAPO-11(im)) favor the formation of 

di-branched isomers that have higher octane number than the mono-branched ones. It is 

consistent with the previous report by Eswaramoorthi and Lingappan, who found that the 

addition of nickel to Pt/H-β or Pt/H-mordenite catalysts increased the n-hexane conversion 

and DMB selectivity, and they attributed this behavior to the metal-acid balance[60]. The 

Ni/SAPO-11(im) shows the highest selectivity to cracking products(15.6 %) vs the other 

catalysts Ni/SAPO-11(s)(4.9%) and Pt/SAPO-11(im) (4.3%). It might be attributed to the 

poor balance between (de)hydrogenation and acid functions which will be discussed later.  

Table 2 Products distribution of n-hexane hydroisomerization over Ni/SAPO-11(s), Ni/SAPO-11(im) and 

Pt/SAPO-11(im) catalysts at the n-hexane conversion of 51.5 (±2.0)%. 
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Sample Ni/SAPO-11(s) Ni/SAPO-11(im) Pt/SAPO-11(im) 

Conversion (%) 49.5 53.5 53.4 

St
a 
(%) 95.1 84.4 95.7 

SMP
a
 (%) 92.8 81.3 94.6 

2-MP 57.5 49.2 58.3 

3-MP 35.3 32.1 36.3 

SDMB
a 
(%) 2.3 3.1 1.1 

2,2-DMB 0.1 0.5 - 

2,3-DMB 2.2 2.6 1.1 

SC
a
 (%) 4.9 15.6 4.3 

a
SMP, SDMB, St, andSCcorrespond to the selectivity to methyl pentanes, dimethyl butanes, iso-hexanes 

and cracking products, respectively.  

High catalytic stability is also indispensable for practical application of the 

hydroisomerization catalyst. The stability of the Ni/SAPO-11(s) was studied preliminarily at 

613 K and the result is shown in Fig. S6. The n-hexane conversion and iso-hexane yield 

exhibit a slight decrease during the initial 2 h and then remain almost constant. The 

iso-hexane selectivity experiences no significant change in spite of a slight increase in the 

initial 2 h. The results indicate that the Ni/SAPO-11(s) catalyst prepared via the novel method 

has a promising stability in the hydroisomerization of n-hexane.  

3.7 Synergetic effect of metal and acid sites  

The classical mechanism describing the alkanes hydroisomerization involves the following 

successive chemical steps: (i) dehydrogenation of alkanes into alkenes on metal sites, (ii) 

skeletal rearrangement of the alkenes on acid sites and (iii) hydrogenation of the branched 

alkenes to corresponding branched alkanes[32]. Thus, the catalytic behavior of the 
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hydroisomerization catalyst is closely related to features of (de)hydrogenation sites and acid 

sites as well as the balance between them. TheNi/SAPO-11(s) in comparison to the 

Ni/SAPO-11(im)exhibits enhanced activity, which is attributed to more accessible metal and 

acid sites. The Ni/SAPO-11(s) catalyst also demonstrates higher iso-hexane selectivity than 

the Ni/SAPO-11(im). The better metal-acid balance for the Ni/SAPO-11(s), which is 

confirmed by its higher CNi/CA ratio (0.224) than that over the Ni/SAPO-11(im) (0.158, Table 

1), is the first explanation for this phenomenon. Under such circumstance, each alkene 

intermediate comes into fewer acid sites during its diffusion from one Ni site to another[61]. 

Thus, the subsequent cracking reaction on acid sites is suppressed, resulting in high 

iso-hexane selectivity. In contrast, owing to the small amount of metal sites in the 

Ni/SAPO-11(im) catalyst, the alkene intermediates will confront acid sites that are relatively 

excessive and then crack into smaller molecules, thus reducing the iso-hexane 

selectivity.Another explanation could be the proximity between metal and acid sites. For an 

ideal isomerization catalyst, metal and acid sites should be close enough so that the number 

of acid sties between two metal sites is low enough to catalyze only one step of skeletal 

rearrangement[62]. It helps to reduce the probability of cracking the alkene intermediates 

during the diffusion from acid sites to the nearest metal sites. The Ni/SAPO-11(s) catalyst has 

better metal-acid balance and closer metal-acid proximity which is contributed by the small 

metal particles. It seems to have higher level of ideality in terms of synergetic effect between 

metal and acid sites, which can be evidenced by the reaction pathway and products 

distribution as discussed later.  

The cracking/isomer (C/I) and di-branched/mono-branched (DMB/MP) ratios vs. n-hexane 
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conversions over the Ni/SAPO-11(s), Ni/SAPO-11(im) and Pt/SAPO-11(im) catalysts are 

shown in Fig. 11. When the n-hexane conversion is extrapolated to zero, the high DMB/MP 

value over the Ni/SAPO-11(im) indicates that both the di-branched and mono-branched 

isomers are primary products. The DMB/MP and C/I ratios increase significantly with 

n-hexane conversion, indicating the large number of transformation of mono-branched 

isomers to di-branched or even cracking products. It seems that the n-hexane 

hydroisomerization over the Ni/SAPO-11(im) follows the route shown in Fig. 12 (a), which is 

attributed to the poor metal-acid balance. However, for Ni/SAPO-11(s) or Pt/SAPO-11(im), 

the DMB/MP and C/I ratios are approximately zero when the n-hexane conversion is 

extrapolated to zero, and they increase slightly until the n-hexane conversion reaches 70.0 %. 

This implies that n-hexane hydroisomerization over the Ni/SAPO-11(s) follows a successive 

route (Fig. 12 (b)). Through this route, the alkene intermediates prefer to be hydrogenated on 

the metal sites, instead of further transformed on acid sites, which is evidenced by the 

predominant content of mono-branched isomers in the isomer products (Fig. S7). Therefore, 

the catalytic behavior ofthe Ni/SAPO-11(s) is superior to the Ni/SAPO-11(im) prepared by 

impregnation. 

 

Fig.11. The product distribution of n-hexane hydroisomerization over Ni/SAPO-11(s), Ni/SAPO-11(im) 
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and Pt/SAPO-11(im) catalysts: (a) di-branched/mono-branched and (b) cracking/isomer ratios vs. n-C6 

conversions 

 

Fig. 12. Reaction pathways of n-hexane hydroisomerization over catalysts with (a) poor and (b) ideal 

metal-acid balance 

The skeletal rearrangements of alkene intermediates on the acid sites are suggested to be 

the rate limiting step over the Ni/SAPO-11(s), according to the reaction pathway and products 

distribution. In order to verify this point, different ratios of metal sites to acid sites (CNi/CA) 

were attainedin the Ni/SAPO-11(s) catalysts by varying nickel loading. The n-hexane 

conversion and turn over frequency (TOFn-C6) per acid site as a function of CNi/CAare shown 

in Fig. S8. Theyincrease at CNi/CA< 0.193, and then remain constant at higher CNi/CA values. 

Similar phenomenonhas been observed for noble metal based bifunctional catalyst.[62]This 

result is in agreement with the change in rate limiting reaction: from (de)hydrogenation on 

the nickel sites at low CNi/CA values, to skeletal arrangements on the acid sites at high values. 

Therefore, the hypothesis proposed earlier is confirmed by the results presented for the 

Ni/SAPO-11(s) catalyst with a CNi/CAof 0.224.  

The insufficient acid sites limit the hydroisomerization process over Ni/SAPO-11(s), and 

therefore H-Beta zeolite was added in the synthesis system of Ni/SAPO-11(s) to increase the 
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acidity and improve the catalytic performance. The final crystalline product was named as 

Ni/SAPO-11-β(s). The total acid sites increase to 374.1 μmol/gfor sample Ni/SAPO-11-β(s). 

The number of accessible metal sites over the Ni/SAPO-11-β(s) (54.6 μmol/g) is similar to 

that over the Ni/SAPO-11(s). The catalytic performance of the Ni/SAPO-11-β(s)catalyst at 

613 K is shown in Fig. 13. The n-hexane conversion and iso-hexane yield over the 

Ni/SAPO-11(s) are 71.2% and 66.7%, respectively while they increase to 80.9% and 73.3% 

over the Ni/SAPO-11-β(s), respectively. The n-hexane conversion and iso-hexane yield are 

alsohigher than the corresponding values over the classical catalyst Pt/SAPO-11(im) (72.8% 

and 67.1%). Besides, the Ni/SAPO-11-β(s)has approximately 9 and 10 times higher 

selectivity to di-branched isomers compared tocatalysts Ni/SAPO-11(s) and Pt/SAPO-11(im), 

respectively. Most interestingly, with reducing the reaction temperature to 593 K, no 

significant change in the n-hexane conversion (79.3%) is observed.While the yield of 

iso-hexane increases to 76.0%, which is among the highest values reported for n-hexane 

hydroisomerization to our knowledge up to now. Therefore, the nickel based catalyst prepared 

via the direct synthesis method shows promising catalytic properties.  

 

  n-C6 conversion     i-C6 yield DMB selectivity  

Fig.13. Catalytic performance of the Ni/SAPO-11(s), Ni/SAPO-11-β(s) and Pt/SAPO-11(im) samples at 



25 
 

613 K, 2.0 MPa, H2/n-C6 = 4.0 and WHSV = 1.0 h
-1 

4. Conclusions  

The Ni/SAPO-11(s) hydroisomerization catalyst with high dispersion of nickel species was 

prepared via the novel direct synthesis method; the nickel species and acid sites were 

instantaneouslyformedin the catalyst. Three types of nickel species in the catalyst were 

identified. The metallic nickel is the main active site for (de)hydrogenation and framework 

nickel supplies more acid sites for the n-hexane hydroisomerization. A great balance between 

the metal and the acid sites wasachieved via the direct synthesis method. The isomerization of 

alkene intermediates on the acid sites is the rate limiting step. The Ni/SAPO-11(s) catalyst 

exhibits one of the highest iso-hexane yields reported in the hydroisomerization of n-hexane. 

The novel directsynthesis method opens a new door for preparation of metal supported 

catalysts.  
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