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Abstract: To study how calcination temperature influences the structural properties and catalytic
performance of a novel amorphous NiP/Hβ catalyst, amorphous NiP/Hβ catalysts calcined at different
temperatures were prepared for n-hexane isomerization. The optimum calcination temperature was
determined, and the effect of calcination temperature on the structural properties of the catalysts
was investigated using different characterization methods, such as XRD, TPD and so on. It was
found that the optimum calcination temperature was 200 ◦C. Simultaneously, the amorphous NiP/Hβ

catalyst showed good application potential as a non-noble metal catalyst. Calcination temperatures
from 100 to 400 ◦C had almost no effect on pore properties. Meanwhile, the acid properties of the
amorphous NiP/Hβ catalyst were affected very little by calcination temperature. By increasing
calcination temperature, the dispersion state of amorphous NiP became worse at 300 ◦C, and then
the structure of NiP changed from an amorphous structure into a crystalline structure at 400 ◦C.
In addition, the catalyst became more difficult to reduce with the increase in calcination temperature.
Combined with the results of n-hexane isomerization catalyzed by different samples, the mechanism
by which calcination temperature affects n-hexane isomerization over catalyst was revealed. It was
shown that for the amorphous NiP/Hβ catalyst, calcination temperature influences the catalytic
performance mainly by affecting the dispersion degree and structure of active components.

Keywords: n-hexane isomerization; amorphous NiP/Hβ catalyst; calcination temperature; catalytic
performance; influence mechanism

1. Introduction

In recent years, the isomerization of light alkanes has had an increasingly significant effect on
improving the octane number of gasoline [1–5]. Due to the advantage of barely containing aromatics
and olefins in its products, it is considered to be an environmentally friendly method in petroleum
refining industry [6–9]. Recently, cleaner production has attracted more and more attention in various
fields [10,11]. Now bifunctional metal/acid catalysts are extensively applied in the isomerization of light
alkanes, and their active components are usually noble metals such as Pt and Pd [12–16]. Because of
the existence of noble metals, the cost of catalysts is high, and their sulfur resistance is poor. Therefore,
research into non-noble metal catalysts has attracted a lot of attention [17,18].

However, many current non-noble metal catalysts have low catalytic activity in the isomerization
of n-alkanes compared with noble metal catalysts [17–19]. Fortunately, our recent study proved that
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amorphous NiP/Hβ catalysts exhibit a good catalytic function in the isomerization of light alkanes.
It is well known that calcination temperature is a vitally important factor for the catalyst. For different
kinds of catalysts, calcination temperatures exhibit different degrees of influence on the dispersion
state and structure of the active components, pore structures, as well as their acid properties and other
properties [20–22]. Meanwhile, the change of structure and other properties of catalysts would lead to
changes in catalytic activity [23,24], so it is significant to study the relationship between calcination
temperatures and catalytic activity.

In consideration of the key questions mentioned above, a following research with respect to a novel
amorphous NiP/Hβ catalyst was conducted in this paper, so as to systematically clarify the influence
of calcination temperature on the structural properties of the catalyst and its catalytic performance
with respect to isomerization of n-alkanes, which has not been reported before. The research could
provide very important guidance for the development of new non-noble metal catalysts.

2. Materials and Methods

2.1. Catalyst Preparation

Nickel chloride (NiCl2·6H2O) and hypophosphorous acid (H3PO2) were used as reactants to
synthesize amorphous NiP active components via chemical reduction; further details are provided the
Support information [25,26].

The carrier was prepared via the mixture of Hβ molecular sieves and Al2O3. Hβ molecular sieves
and Al2O3 were mixed as carrier according to a mass ratio of 3:1. A certain amount of amorphous NiP
and carrier were fully mixed. After properly distilled water was added into the mixture, the products
were extruded and dried at 70 ◦C for 2 h. Afterwards, products were continually calcined under N2 at
100 ◦C, 200 ◦C, 300 ◦C and 400 ◦C, respectively. Finally, amorphous NiP/Hβ catalysts with different
calcination temperatures were obtained.

2.2. Characterization Methods and Catalytic Activity Measurements

The analysis of the structures of different samples was performed by XRD.
N2 adsorption–desorption isotherms were analyzed by the Quantachrome Autosorb-1MP volumetric
adsorption analyzer. The acid properties of the catalyst surfaces were measured using Py-IR and
NH3-TPD, respectively.

For Py-IR analysis, samples roasted at different temperatures were firstly kept at 100 ◦C for 2 h to
remove water, and then they were exposed to gaseous pyridine at room temperature for 24 h under
vacuum condition. After that, they were degassed for 2 h at 100 ◦C under vacuum condition to
clear the pyridine of physical adsorption. Finally, the IR results were obtained at room temperature.
For NH3-TPD analysis, samples were heated from 50 ◦C to 100 ◦C, and after that, the samples were
kept at 100 ◦C for 2 h under helium flow in order to remove water. Samples were saturated with
ammonia after they had been cooled to 80 ◦C. Then they were purged by helium for 1 h, after which
they were heated to 700 ◦C under helium flow (10 mL/min). The surface reduction properties of
catalysts were characterized by H2-TPR and the crystalline temperatures of the samples were studied
by DSC. SEM-mapping and TEM were used to study the dispersion state. TEM was also used to
analyze the diameters of active components. These methods were conducted as described in the
Support information.

The n-hexane isomerization performance was evaluated using a fixed-bed reactor. The reaction
tube was a 550 mm×8 mm stainless steel tube. Before the test, 4.0 g of the catalyst was placed in
the middle of the reaction tube, and both ends of the catalyst were tightly filled with quartz sand.
The evaluation method for the NiP/Hβ catalysts and the analysis method for the reaction products
were performed as described in the Support information.
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3. Results and Discussion

3.1. Characterization of Catalyst

Nitrogen adsorption isotherms for 10 wt% NiP/Hβ calcined at different temperatures are displayed
in Figure 1, which show similar configurations and belong to the type I+IV isotherm. The hysteresis loops
of all of the samples belong to the type H4, suggesting that narrow slit-like pores are contained in them.
The fast adsorption of nitrogen in the isotherms is generated by the micropore structures of Hβ [27].

Catalysts 2020, 10, x FOR PEER REVIEW 3 of 13 

 

3. Results and Discussion 

3.1. Characterization of Catalyst 

Nitrogen adsorption isotherms for 10 wt% NiP/Hβ calcined at different temperatures are 
displayed in Figure 1, which show similar configurations and belong to the type I+IV isotherm. The 
hysteresis loops of all of the samples belong to the type H4, suggesting that narrow slit-like pores are 
contained in them. The fast adsorption of nitrogen in the isotherms is generated by the micropore 
structures of Hβ [27]. 

 
Figure 1. N2 adsorption–desorption isotherms for 10 wt% NiP/Hβ calcined at different 

temperatures. 

 

 

Figure 1. N2 adsorption–desorption isotherms for 10 wt% NiP/Hβ calcined at different temperatures.

Figure 2 shows the size distribution curves of the samples. It can be observed that samples
calcined at different temperatures have similar narrow pore size distributions. At the same time,
there are two sharp pore distribution peaks, and their pore diameters are between 0.6 nm and 1.3 nm,
respectively. The ranges of pore diameters are mainly from 0.5 nm to 0.7 nm, which is attributed to the
microporous range.
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To better illustrate how calcination temperature further influences catalysts, the textural properties
of different samples are listed in Table 1.

Table 1. Textural properties of 10 wt% NiP/Hβ calcined at different temperatures.

Calcination
Temperatures/◦C

BET
(m2/g)

Vmp. a

(cm3/g)
VT. b

(cm3/g)

100 412.09 0.14 0.30
200 411.10 0.14 0.30
300 412.11 0.14 0.31
400 411.29 0.13 0.30

a Micropore volume as determined by t-plot and normalized per gram of support. b Total pore volume.

It could be clearly shown that the structural characteristics of samples remain almost the same
when increasing roasting temperature. As shown by the above results (Figure 1, Figure 2 and Table 1),
there is almost no change in the pore properties of catalysts when they are calcined from 100 to 400 ◦C,
and the pore structure of catalysts exhibits good stability in this temperature range. The reason for
this lies in the fact that both Hβ and Al2O3 of the carrier have good thermal stability, and the pore
structures of the samples remained intact below 400 ◦C.

The XRD results of the samples calcined from 100 to 400 ◦C are presented in Figure 3. For samples
prepared at temperatures below 300 ◦C, only diffraction signals of Hβ and Al2O3 could be observed in
the catalysts [28], which could be ascribed to the fact that the NiP loadings of samples were relatively
low, and in the meantime, the NiP nanoparticles of the samples at temperatures below 300 ◦C retained
their amorphous structure. When the roasting temperature of NiP/Hβ was further increased to 400 ◦C,
the XRD pattern of the sample began to obviously change. It can be seen that obvious peaks other than
the peaks of carrier begin to appear at 2θ values of 44.6◦ and 51.9◦, implying the formation of more
stable crystalline Ni on the catalyst surface at high temperature [29,30].
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Figure 4 shows the DSC results of the NiP nanoparticles when determining the crystalline
temperature. There is an obvious endothermic peak below 200 ◦C, which is mainly caused by the
release of adsorbed water. As the heating temperature increases, two exothermic peaks located at
about 360 and 460 ◦C can be observed, which are related to the crystallization of amorphous NiP
nanoparticles. The exothermic peak at 360 ◦C can probably be ascribed to the structural transformation
of NiP active components from amorphous phase into crystalline Ni3P [31]. The exothermic peak at
about 460 ◦C is probably related to the transformation of metastable phase to stable Ni phase, a process
that begins at about 440 ◦C.
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As can be seen from Figure 5A, the TEM micrographs of amorphous NiP/Hβ calcined at 200 ◦C
show that NiP nanoparticles have spherical or chainlike structures, with average diameters ranging
from 50 to 100 nm. For NiP/Hβ calcined at 200 ◦C, NiP nanoparticles supported on carrier show
good dispersion. When the calcination temperature was 300 ◦C, there were no obvious changes in the
average diameters and shapes of NiP nanoparticles (Figure 5B), implying that the active components
still retain a good amorphous structure. However, compared with samples calcined at temperatures
below 200 ◦C, the degree of dispersion of active components becomes worse when the temperature
reaches 300 ◦C. With the increase in calcination temperature to 400 ◦C (Figure 5C), the sizes of the NiP
nanoparticles decreased rapidly, and the state of active components changes into a crystalline state.
Owing to the decrease in the size of the NiP nanoparticles after crystallization, the degree of dispersion
of the NiP nanoparticles improves instead. Moreover, the SAED picture of NiP/Hβ calcined at 400 ◦C
is displayed in Figure 5D to further determine the structure of active components. Figure 5D shows
that some bright white spots exist in the SAED picture, sufficiently confirming that the structure of the
NiP active components has partly changed from an amorphous state into a crystalline state. The TEM
results are basically confirmed by the XRD and DSC results.
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Figure 6 shows the SEM-mappings of the catalyst, containing the dispersion of P and Ni,
respectively. For the catalyst calcined at 200 ◦C, the amorphous NiP nanoparticles are dispersed well,
and the results are coincident with the XRD (Figure 3) and TEM results (Figure 5).
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Figure 6. SEM-mappings of NiP/Hβ calcined at 200 ◦C.

Absorbance peaks characteristic of hydrogen-bound pyridine (H), Brønsted (B), weak Lewis (WL),
and strong Lewis (SL) sites are indicated.

The Py-IR spectra of catalysts roasted at different temperatures are shown in Figure 7. The bands
generated by pyridine adsorbed on Bronsted (B) and Lewis (L) acid sites are located at approximately
1540 and 1450 cm−1, respectively. On the whole, there is almost no difference in the number of Brønsted
and Lewis acid sites for samples roasted at different temperatures [32,33]. The bands appearing at
around 1610 and 1575 cm−1 suggest the existence of strong and weak Lewis acid sites, respectively [34].
The numbers of strong Lewis (SL) acid sites in samples calcined at 100 ◦C, 200 ◦C and 300 ◦C are
almost the same [35]; however, the number of SL acid sites in the sample roasted at 400 ◦C is slightly
decreased in comparison with the other samples. The reason for this can be attributed to the fact that
the existence of SL acid sites is closely associated with the unsaturated nickel atoms of amorphous NiP
nanoparticles. When the calcination temperature is increased to 400 ◦C, NiP nanoparticles gradually
transform from their amorphous state into a crystalline Ni phase (Figure 3), decreasing the amount of
unsaturated Ni atoms and ultimately leading to a decrease in the number of SL acid sites.
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The NH3-TPD profiles of samples calcined at different temperatures are displayed in Figure 8.
It can be seen that there is almost no difference in the NH3-TPD patterns for the different samples.
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In the range of 80–650 ◦C, a broad desorption curve with a desorption peak at about 170 ◦C appears for
all samples, and another desorption peak appears at about 390 ◦C, suggesting that there are two types
of acid site existing on the sample surfaces.
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Figure 8. NH3-TPD profiles of 10 wt% NiP/Hβ calcined at different temperatures.

The desorption peak curves below 300 ◦C are closely related with the weak acid sites, and those
above 300 ◦C imply that there are also SL sites on the catalysts [36,37]. Nevertheless, the peak located
at about 500 ◦C becomes very weak for the sample calcined at a temperature of 400 ◦C, due to the fact
that the number of unsaturated Ni atoms decreases as the decomposition of most of the amorphous
NiP nanoparticles into stable Ni (Figures 3 and 4) [38]. It can be observed that the NH3-TPD results are
consistent with the results of Py-IR spectra (Figure 7), indicating that when the calcination temperature
was 400 ◦C, the decrease of strong acid sites was mainly strong Lewis sites. Overall, the above results
reveal that the acid properties of amorphous NiP/Hβ catalysts were minimally affected by calcination
temperature, having good stability at temperatures ranging from 100 ◦C to 400 ◦C.

The reduction profiles of different samples are presented in Figure 9. Two distinct reduction
peaks can be observed in the TPR curves of all of the samples, implying that there are two reducible
species appearing in the reduction process under the H2 atmosphere. The low-temperature peak
is probably generated by the reduction of the amorphous NiP nanoparticles into Ni3P; meanwhile,
the high-temperature peak can be attributed to the reduction of Ni3P into Ni on the catalyst [31,39].
With the increase in calcination temperature for samples from 100 ◦C to 400 ◦C, the low-temperature
reduction peak gradually increases from 330 ◦C to 400 ◦C, and the high-temperature peak gradually
increases from 450 ◦C to 600 ◦C. It can be observed that catalysts are more difficult to reduce with the
increase in calcination temperature, and the increased difficulty in reduction could be related to the
stronger interaction of NiP nanoparticles and Ni3P reducible species with the carrier.
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3.2. Catalytic Activity and Influence Mechanism

Reaction conditions: T = 290 ◦C, P = 2.0 MPa, WHSV = 1.0 h−1, H2-to-n-hexane molar ratio = 4.0,
Reaction time = 4 h.

The effect of calcination temperatures on n-hexane isomerization is displayed in Figure 10,
showing the n-hexane conversion and the yield of isomerization products, respectively. To reduce the
experimental errors of catalytic testing, the data were all tested three times, and then averaged.

Catalysts 2020, 10, x FOR PEER REVIEW 8 of 13 

 

increases from 450 °C to 600 °C. It can be observed that catalysts are more difficult to reduce with the 
increase in calcination temperature, and the increased difficulty in reduction could be related to the 
stronger interaction of NiP nanoparticles and Ni3P reducible species with the carrier. 

 
Figure 9. The TPR profiles of 10 wt% NiP/Hβ calcined at different temperatures. 

3.2. Catalytic Activity and Influence Mechanism 

Reaction conditions: T= 290 °C, P= 2.0 MPa, WHSV= 1.0h−1, H2-to-n-hexane molar ratio= 4.0, 
Reaction time= 4 h. 

The effect of calcination temperatures on n-hexane isomerization is displayed in Figure 10, 
showing the n-hexane conversion and the yield of isomerization products, respectively. To reduce 
the experimental errors of catalytic testing, the data were all tested three times, and then averaged. 

 
 

 
Figure 10. Effect of calcination temperatures on (A) the n-hexane conversion, and (B) the yield of iso-
alkanes (i-C5 and i-C6). 

The results show that n-hexane conversion and yield of isomerization products have the same 
variation tendency, and that they first increase and then subsequently decrease with increasing 
calcination temperatures of the samples. When calcination temperatures were increased to 200 °C, 
both the n-hexane conversion and yield of isomerization products simultaneously reached their 
maximum. The catalytic performance of the sample calcined at 100 °C was slightly reduced in 
comparison with the sample calcined at 200 °C. 

To further confirm the effect of calcination temperatures on catalytic activity, the product 
distributions of 10 wt% NiP/Hβ calcined at different temperatures are listed in Table 2. As shown in 
Table 2, both the n-hexane conversion and yield of iso-alkanes (i-C6 and i-C5-6) first increase and then 
decrease with the increase in calcination temperature from 100 °C to 400 °C. The catalyst calcined at 
200 °C has the best catalytic activity. Especially with respect to the high-octane components 2,2-

Figure 10. Effect of calcination temperatures on (A) the n-hexane conversion, and (B) the yield of
iso-alkanes (i-C5 and i-C6).

The results show that n-hexane conversion and yield of isomerization products have the same
variation tendency, and that they first increase and then subsequently decrease with increasing
calcination temperatures of the samples. When calcination temperatures were increased to 200 ◦C,
both the n-hexane conversion and yield of isomerization products simultaneously reached their
maximum. The catalytic performance of the sample calcined at 100 ◦C was slightly reduced in
comparison with the sample calcined at 200 ◦C.

To further confirm the effect of calcination temperatures on catalytic activity, the product
distributions of 10 wt% NiP/Hβ calcined at different temperatures are listed in Table 2. As shown
in Table 2, both the n-hexane conversion and yield of iso-alkanes (i-C6 and i-C5-6) first increase
and then decrease with the increase in calcination temperature from 100 ◦C to 400 ◦C. The catalyst
calcined at 200 ◦C has the best catalytic activity. Especially with respect to the high-octane components
2,2-dimethyl butane and 2,3-dimethyl butane, their yield reached up to 18.2% when the temperature
is 200 ◦C. Meanwhile, for crystalline Ni/SAPO-11 catalyst, the n-hexane conversion was about 73%
and the yield of high-octane components 2,2-dimethyl butane and 2,3-dimethyl butane was about
5% [40]. Additionally, for noble metal Pt/HY catalyst, the n-hexane conversion was about 74%,
and the yield of high-octane components 2,2-dimethyl butane and 2,3-dimethyl butane was less than
17% [41]. The comparison results convincingly imply that the amorphous NiP/Hβ catalyst has good
application prospects.
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Table 2. The product distribution of 10 wt% NiP/Hβ calcined at different temperatures.

Compenents Wt. % of n-Hexane Converted to Different Components

100 ◦C 200 ◦C 300 ◦C 400 ◦C

<C4 1.0 0.9 0.8 0.7
iC4 0.7 0.6 0.5 0.3
nC4 1.8 1.7 1.3 1.1
iC5 2.5 1.5 0.9 0.3
nC5 1.9 1.8 1.5 1.4

2,2-dimethyl butane 8.1 10.1 6.3 4.7
2,3-dimethyl butane 8.2 8.1 8.4 8.5
2- methyl pentane 32.2 31.5 32.2 32.3
3- methyl pentane 21.7 22.1 22.6 22.4

i-C6 70.2 71.8 69.5 67.9
i-C5-6 72.7 73.3 70.4 68.2
nC6 21.9 21.7 25.5 28.3

Conversion 78.1 78.3 74.5 71.7

Reaction conditions: T = 290 ◦C, P = 2.0 MPa, WHSV = 1.0 h−1, H2-to-n-hexane molar ratio = 4.0, Reaction time = 4 h.

The results for Py-IR (Figure 7) and NH3-TPD (Figure 8) reveal that calcination temperature has
no significant impact on acid properties. At the same time, the results for the textural properties of
the samples (Table 1) show that calcination temperature has almost no influence on pore properties.
Combined with the results of n-hexane isomerization for samples with different calcination temperatures
(Figure 10), the conclusion could be drawn that the difference in catalytic performance is not caused
by the changes in acid properties and pore properties for amorphous NiP/Hβ catalyst. With respect
to NiP nanoparticles as the active components of alkane isomerization catalysts for hydrogenation
and dehydrogenation, their dispersion state and structure in the catalyst have a significant influence
on their catalytic performance. As can be seen from Figures 3 and 5, for the catalysts calcined at
100 ◦C and 200 ◦C, the NiP nanoparticles could maintain their amorphous state and their dispersion
properties were good. At the same time, their catalytic activities were good, and were nearly the same.
By increasing calcination temperature from 200 ◦C to 300 ◦C, although NiP nanoparticles maintained
their amorphous state, the degree of dispersion decreased slightly (Figure 5). These result suggest that
the reduction of the reactivity for the sample calcined at 300 ◦C was probably due to the decreased
dispersion properties of the active components. When the calcination temperature was increased to
400 ◦C, crystalline Ni began to be observed on the sample surface (Figure 3) and the catalytic activity
continued to decrease (Figure 10).

Based on the results described above, the mechanism by which calcination temperature influences
the amorphous NiP/Hβ catalyst is studied and proposed (Scheme 1). In the process of the catalytic
reaction, NiP nanoparticles act as hydrogenation–dehydrogenation centers. Hβ zeolites act as acid
centers and provide the reaction space. For the amorphous NiP/Hβ catalyst, calcination temperature has
no significant impact on pore properties and acid properties, indicating that the acid and pore properties
are not key factors that result in changes of catalytic activity. However, calcination temperature could
significantly affect the dispersion state and structure of active components, which may first transform
from amorphous NiP into crystalline Ni3P and then further convert into stable crystalline Ni. In the
process of increasing the calcination temperature, their dispersion degree first became worse, leading
to a decrease in the uniformity of the metal sites. In addition, the state of the active components then
transformed from an amorphous structure into a crystalline structure, leading to a decrease of the
disorder degree of the active components. Based on the above reasons, the catalytic performance of
n-hexane isomerization is ultimately influenced.
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Scheme 1. Mechanism of the effect of calcination temperature on catalytic performance for amorphous
NiP/Hβ catalyst.

The stability of catalysts is an important aspect for application, and their long-reaction activity
was studied. The results are shown in Figure S1 (Support information). It can be clearly seen that n-C6

conversion remains above 75% after 3 h, with selectivity to isomers (C5–C6) of above 90% and yield of
isomers above 72%. The catalyst could maintain good catalytic stability for at least 300 h, implying
that it has good catalytic stability.

4. Conclusions

For the amorphous NiP/Hβ catalyst, calcination temperatures from 100 to 400 ◦C have almost
no effect on pore properties, due to the fact that Hβ and Al2O3 have good thermal stability in carrier.
Meanwhile, the acid properties of amorphous NiP/Hβ catalysts were minimally affected by calcination
temperature, exhibiting good stability in the temperature range from 100 ◦C to 400 ◦C. However,
the amount of SL acid sites on the sample calcined at 400 ◦C was slightly reduced compared with the
other samples, on account of the reduction of amorphous NiP nanoparticles. Moreover, by increasing
the roasting temperature, catalysts were more difficult to reduce. As calcination temperature increases,
the dispersion state of the amorphous NiP becomes worse at 300 ◦C, while the structure of the
amorphous NiP as an active component subsequently gradually changes into crystalline Ni3P and
Ni. As calcination temperature increases, the catalytic activity of the samples first increased, and then
decreased. When calcination temperature was 200 ◦C, the yield of the high-octane components
2,2-dimethyl butane and 2,3-dimethyl butane reached up to 18.2%.

Combined with the catalytic activity of n-hexane isomerization catalyzed by different samples,
the influence mechanism is revealed. For amorphous NiP/Hβ catalyst, calcination temperature
influences the catalytic activity of n-hexane isomerization mainly by affecting the dispersion state and
the structure of the active components.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/811/s1.
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