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Abstract

A catalyst for the process of upgrading the straight-run gasoline fraction of oil was developed on the basis of 
pentasil zeolite by means of postsynthetic alkaline treatment, followed by the introduction of nanosized nickel 
powder. Three reaction-regeneration cycles were carried out, textural, acidic and catalytic properties of the initial 
and regenerated samples were studied, the amount of carbon compaction products and temperature range of 
their removal were determined. It is shown by IR spectroscopy that triplicate regeneration of carbonised zeolite 
catalysts does not change their crystal structure. It is shown by low-temperature nitrogen adsorption that multi-
ple regenerations of the catalyst lead to an insignificant decrease in total specific surface area and total specific 
pore volume, with an increase in the specific surface area of mesopores. The temperature-programmed desorption 
of ammonia has been used to determine that the strength and concentration of acid sites in the regenerated sam-
ples decreased significantly, compared to the initial zeolite, only after the third regeneration. The activity of initial 
zeolite catalyst and its regenerated forms has been studied in processing the straight-run gasoline fraction of oil 
by the flow method in a reactor with a fixed catalyst bed, without using hydrogen-containing gas, at atmos-
pheric pressure. It has been shown that after each reaction-regeneration cycle, the catalytic activity decreases 
slightly, but at the same time, the octane numbers of the resulting gasolines remain fairly high, and the yield of 
the catalysates increases. Using differential thermal analysis, it was determined that the number of regenerations 
has almost no effect on the amount of carbon compaction products on zeolite catalysts, as well as on the tem-
peratures of decomposition peaks and termination of coke removal, but slightly reduces the temperature at which 
carbon deposits begin to burn out.
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INTRODUCTION

Catalytic systems based on zeolites of pentasil 
type (ZSM-5, MFI) exhibit high activity and se-
lectivity in hydrocarbon conversion and are char-

acterised by the developed specific surface and 
unique molecular-sieve and acid properties. One 
of the promising directions for the application of 
these materials is considered to be reforming of 
the straight-run gasoline fractions of gas conden-
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sates and oil [1–3]. The properties of zeolite cata-
lysts can be altered by carrying out lost-synthet-
ic modifications of the synthesised zeolites, for 
example, alkaline treatment and the introduction 
of nanosized powder (NSP) of nickel [4]. Zeolite 
treatment with an alkaline solution causes wash-
out of unbound silicon oxide, which promotes 
zeolite cavity clearing and enhances the accessi-
bility of the active centres of zeolite for the mol-
ecules of hydrocarbon feedstock [5, 6]. A specific 
feature of pentasil modification with metals is 
that the size and number of atoms or molecules in 
the formed clusters of modifying metal are lim-
ited by the molecular size of zeolite pores, while 
metal fixation on zeolite surface leads to an in-
crease in its stability against oxidation during 
catalyst performance [4, 7].

The activity and selectivity of catalysts used 
in the processes define the efficiency, while the 
stability of catalysts provides sustainable perfor-
mance during long-term operation. According to 
[8], coke formation on zeolite catalysts proceeds 
mainly at strongly acidic centres of the zeolite, as 
well as in its pores. Therefore, a decrease in cata-
lyst acidity, especially a decrease in the concen-
tration of strongly acidic centres, which takes 
place as a result of zeolite treatment with an al-
kaline solution and modification with metals, can 
serve as one of the methods to inhibit coking pro-
cess and to enhance catalyst stability. As demon-
strated by the authors of [9, 10], pentasil-type 
zeolites do not have specific centres at which coke 
formation reactions proceed, and carbon compac-
tion products are formed at all active centres, in-
cluding aluminium atoms at the external surface 
of crystals, where steric constraints are absent.

To decrease the rate of coking, one may intro-
duce metal NSP with a size exceeding the size of 
zeolite pores, to be arranged mainly on the exter-
nal surface of zeolite crystals [4, 11]. In addition to 
a decrease in the rate of carbon compaction prod-
ucts on the surface of metal-containing zeolite 
catalysts, metal centres also actively participate 
in coke removal, thus increasing the efficiency of 
regeneration of carbonised catalytic systems [12].

Catalyst deactivation by coke is a reversible 
phenomenon in most cases, and the formed car-
bon deposits can be removed without structural 
changes of the catalyst itself [13]. The most fre-
quently used method of coked catalyst regenera-
tion in industry is coke combustion in the fixed-
bed reactors using air [14]. 

The goal of the present work was to investigate 
the effect of reaction-regeneration cycles on the 

physicochemical properties of the zeolite nickel-
containing catalyst for upgrading the straight-run 
gasoline fraction of oil. 

EXPERIMENTAL

Procedures for preparation and regeneration  
of the zeolite catalyst

To prepare the initial zeolite catalyst (Cat), we 
used the pentasil-type zeolite with silicate modu-
lus 40, obtained by us through hydrothermal syn-
thesis, treated with a 0.3 M solution of NaOH and 
modified with 0.5 wt% nickel NSP [4]. Postsyn-
thetic alkaline treatment of the zeolite was car-
ried out under intense mixing on a water bath at 
90 °C for 2 h. After treatment, zeolite powder was 
filtered off, washed with distilled water to pH 7, 
dried for 5 h at 100 °C, and annealed for 4 h at 
550 °C. The zeolite powder, treated with the alka-
line solution, and nickel powder were combined 
by dry mechanical mixing in a KM-1 vibratory 
mill for 2 h. The resulting nickel-containing zeo-
lite was pressed in tablets, ground, and the frac-
tion 0.5–1.0 mm in size was sampled for investi-
gation.

To determine the changes occurring with 
nickel-containing zeolite during performance and 
regeneration, carbonised catalysts were subjected 
to annealing at 600 °C for 4 h in air.  

Methods of investigation

The crystal structure of thus prepared initial 
zeolite catalyst and regenerated samples was 
studied by IR spectroscopy according to the pro-
cedure described in [15]. The IR spectra of the 
zeolites were recorded with an IR Fourier spec-
trometer with a Raman attachment Nicolet 5700 
(TermoElectron, USA) within the wavenumber 
range of 2000–400 cm–1. The IR Fourier spec-
trometer was rendered by the Tomsk Regional 
Multi-Access Centre of TSC SB RAS (TomMAC 
SB RAS). 

The specific surface of catalysts was deter-
mined using Brunauer–Emmett–Teller proce-
dure (BET) from the data of low-temperature 
nitrogen adsorption (–196 °C), obtained with an 
automatic gas adsorption analyser Sorbtometr M 
(KATAKON, Russia). Pore volume and size were 
calculated from adsorption and desorption isotherms 
according to the Barrett–Joyner–Halenda (BJH) 
method. The characteristics of zeolite porous 
structure were calculated using the instrument 
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software. The relative error of the method used 
to determine the texture characteristics of zeolite 
catalysts is ±3 %.

The acid properties of catalysts were investigat-
ed by temperature-programmed desorption (TPD) 
of ammonia, allowing determination of acid cen-
tres over their strength, and their number. The 
chromatographic variant of TPD involves heating 
of the sample, with ammonia molecules adsorbed 
on it preliminarily, at a rate of 10 °C/min in he-
lium flow, and recording the spectrum of ammo-
nia desorption. The concentration of acid centres 
corresponds to the amount of desorbed ammonia, 
while the strength of these centres corresponds 
to the temperature maxima on the desorption 
curves. The procedure of thermal desorption 
measurements was proposed in [16]. The relative 
error of the method used to determine the acid 
characteristics of zeolite catalysts is ±3 %.

Procedure to determine  
the catalytic activity of zeolite catalysts 

The catalytic activity of initial and regenerat-
ed zeolites was studied in a flow set-up with a 
fixed catalyst bed in the process of upgrading the 
straight-run gasoline fraction of oil having the 
following composition, wt%: n-alkanes C3–C12 32.4; 
isoalkanes C4–C10 37.4; arenes C6–C12 7.3 and cy-
cloalkanes C5–C10 22.9. The research octane num-
ber was 65. The volume of the catalyst loaded 
into the reactor was 4 cm3. The catalytic transfor-
mation of straight-run gasoline fraction of oil was 
carried out at 360 °C, weight hourly space veloc-
ity 2 h–1 at atmospheric pressure in cycles 40 h 
long each, with subsequent catalyst regeneration 
to bring it back to the process. Three reaction-
regeneration cycles were carried out, lasting for 
120 h as a total, to obtain catalysts Cat1, Cat2 and 
Cat3, having operated for 40, 80 and 120 h, re-
spectively. The gaseous and liquid reaction prod-
ucts were sampled for analysis after catalyst op-
eration for 1 h, both for initial and regenerated 
catalysts in every cycle. 

Chromatographic analysis of straight-run gasoline  
and the products of its transformation 

Chromatographic analysis of straight-run gas-
oline and the products of its transformation was 
carried out using a Chromatec Crystal 5000.2 
chromatograph (Chromatec, Russia). To analyse 
the composition of the liquid phase, we used a 
capillary column BP-1 PONA (Trajan Scientific 
and Medical (Trajan), Australia) with the size of 

100 m × 0.25 mm × 0.5 μm. The gas phase was 
investigated using a capillary column GS-GasPro 
(Agilent, USA) 60 m × 0.32 mm, and a packed 
column Carbosieve S-II from the same manufac-
turer, 4 m × 2 mm in size. The hydrocarbon com-
position of straight-run and resulting gasolines 
was calculated by means of internal normalisa-
tion. The octane numbers of gasoline samples 
were determined by the calculation method from 
chromatographic data. 

Method to determine the characteristics  
of carbon compaction products

The characteristics of carbon compaction prod-
ucts formed on the surface of catalysts under 
investigation during upgrading the straight-run 
gasoline fraction of oil at each cycle were de-
termined by differential thermal analysis (DTA) 
using a Q-1500 D derivatograph of Paulik–
Paulik–Erdey system (MOM, Hungary). Meas-
urement results were processed using Tanaliz 
software, which provided temperature control 
and measurement, heating rates, sample mass 
changes, and thermal effects. The heating rate of 
the samples under study was 10 °C/min, their 
mass was 400 mg, and measurements were car-
ried out in the air. 

RESULTS AND DISCUSSION

Crystal structure of initial and regenerated zeolites 

The IR spectra of initial zeolite (Cat) and the 
sample having operated for 120 h and subjected 
to triple regeneration (Cat3) are shown in Fig. 1. 
It has been established on the basis of IR spec-
troscopic data that all samples have adsorption 
bands (a. b.) characteristic of zeolites with penta-
sil structure [15]. For instance, the a. b. with max-
imum at 450 cm–1 relates to the bending vibra-
tions inside the tetrahedra formed by aluminium 
and silicon atoms, while the band at 550–560 cm–1 
relates to the vibrations at the external bonds of 
SiO4 and AlO4 tetrahedra and is due to the pres-
ence of doubled four-, five- and six-membered 
rings in the framework. The ratio of intensities of 
the absorption bands at 550 and 450 cm–1 allows 
us to assess the crystallinity of samples under in-
vestigation. For the freshly prepared catalyst, it is 
95 % and slightly decreases to 92 % during opera-
tion and subsequent regenerations, which is evi-
dence that the crystal structure of zeolite is re-
tained. 
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Textural characteristics  
of initial and regenerated zeolites 

The textural characteristics of the initial cata-
lyst and regenerated samples are shown in Table 1. 
Catalyst operation and subsequent regenera-
tions promoted a slight decrease in the total spe-
cific surface and total specific pore volume. With 
every next reaction-regeneration cycle, mesopo-
rosity of the regenerated catalysts was observed 
to increase, which is indicated by an increase in 
the specific surface area of mesopores. An in-
crease in mesoporosity causes an increase in the 
accessibility of active centres on the internal sur-
face of the zeolite for reacting molecules and pro-
vides the possibility to remove the formed reac-

tion products, thus decreasing the probability of 
carbonisation. In the opinion of the authors of [17], 
the formation of mesopores during the thermal 
treatment of zeolite can be related to the redistri-
bution of tetrahedral groups of aluminium and 
silicon in the structure of zeolite crystals. 

Acid characteristics  
of initial and regenerated zeolite samples 

The data on the changes of acid properties of 
zeolite catalysts are shown in Fig. 2 and in Table 2. 
Two types of acid centres are characteristic of all 
samples: low-temperature centres, with ammonia 
desorption area ranging from 100 to 300 °C, and 
high-temperature centres, from which ammonia 

Fig. 1. IR spectra of catalysts: 1 – initial (Cat); 2 – after operation for 120 h as a total during three reaction-regeneration 
cycles (Cat3).

TABLE 1

Textural characteristics of zeolite catalysts 

Catalyst (operation time) SBET, m
2/g Smeso, m

2/g Smicro, m
2/g Vtotal, cm

3/g Vmeso, cm
3/g Vmicro, cm

3/g D, nm

Cat (initial) 337 166 171 0.17 0.09 0.08 1.97

Cat1 (40 h) 335 172 163 0.16 0.08 0.08 1.98

Cat2 (80 h) 334 174 160 0.16 0.08 0.08 1.98

Cat3 (120 h) 330 198 132 0.16 0.09 0.07 1.98

Note. SBET – specific surface area of zeolite, measured using BET procedure; Smeso, Smicro – specific surface area of 
meso- and micropores, respectively; Vtotal – total specific pore volume; Vmeso, Vmicro – specific volume of meso- and mi-
cropores, respectively; D – average pore diameter.
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is desorbed within the range of 300–600 °C. The 
strength of acid centres of both types, deter-
mined from the temperature maxima of thermal 
desorption peaks, and the concentration of acid 
centres corresponding to the amount of desorbed 
ammonia decrease for regenerated catalysts in 
comparison with the initial sample. However, sig-
nificant changes in catalyst properties occur only 
after the third reaction-regeneration cycle, which 
is evidence that the acid centres of zeolites are 
retained during upgrading the straight-run gaso-
line, followed by the removal of carbon compac-
tion products. 

Effect of the number of catalyst regenerations  
on the composition of the products  
of upgrading the straight-run gasoline 

The characteristics of reaction products formed 
in the catalytic upgrading of gasoline fraction of 
oil are presented in Table 3. The major compo-
nents of gaseous reaction products are n-alkanes 
С1–С5, among which more than a half is propane, 
the proportion of isoalkanes С4–С5 is rather high, 
alkenes С2–С4 are present in small amounts. The 
structural group composition of gases formed over 
the initial sample is comparable with the composi-
tion of gaseous reaction products obtained over 
regenerated catalysts. An insignificant increase in 
the yield of n-alkanes and alkenes with simulta-
neous decrease in the concentration of isoalkanes 
is observed over the catalysts after regeneration.

The composition of components present in cat-
alysates that were formed over the initial and 
regenerated catalysts is identical. The concentra-
tion of aromatic hydrocarbons formed at the 
strong acid centres of zeolite is maximal for the 
initial catalyst and decreases with each next re-
generation, which is in good agreement with the 
data obtained on the acidity of catalysts. Over 
regenerated samples, the proportion of isoalkanes 
increases: their formation is promoted by a de-
crease in catalyst acidity and an increase in their 
mesoporosity.

Gasoline obtained over the initial catalyst has 
the highest octane number. Over regenerated 
zeolite catalysts, gasolines characterised by lower 

Fig. 2. Curves of the temperature-programmed desorption of ammonia for catalysts: 1 – initial (Cat); 2, 3 – after perfor-
mance for 80 h (Cat2) and 120 h (Cat3) during two and three reaction-regeneration cycles, respectively. 

TABLE 2

Acid characteristics of zeolite catalysts

Catalyst Temperature 
of peaks, °С

Concentration of acid 
centres, μmol/g

ТI ТII СI СII СΣ

Cat 210 405 575 241 816

Cat1 200 405 568 239 807

Cat2 200 405 565 237 802

Cat3 200 390 482 214 696

Note. ТI, TII – temperatures of the maxima of low- and 
high-temperature peaks on the curves of thermoprogramma-
ble desorption of ammonia, respectively; СI, СII and СΣ – con-
centrations of weak and strong acid centres and their sum, 
respectively.
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octane number are formed, which is explained by 
a decrease in the proportion of so high-octane 
components as arenes in the composition of these 
gasolines. However, the octane number of gaso-
lines decreases only insignificantly, especially for 
catalysates obtained after the first and second 
reaction-regeneration cycles. A positive conse-
quence of zeolite catalyst regenerations is an in-

crease in the yield of gasolines with high octane 
number, which is due to a decrease in the acidity 
of regenerated zeolite samples and a decrease of 
their catalytic activity in cracking and aromatisa-
tion, leading to the formation of gaseous and aro-
matic hydrocarbons. 

Characteristics of carbon compaction products  
on zeolite catalysts 

The data of DTA for the zeolite catalyst that 
has operated 80 h as a total in the process of 
straight-run gasoline fraction transformation are 
shown in Fig. 3. Thermograms for the catalysts 
operated for 40 and 120 h look similar, so they 
are not shown. The quantitative characteristics of 
compaction products removed from the catalysts 
are shown in Table 4. At a temperature below 
340 °C, the substances sorbed on the catalysts, 
such as water and С8+ hydrocarbons of kerosene 
and diesel fractions, are removed; the carbon 
compaction products (coke deposits) are observed 
to burn off within the temperature range of 340–
700 °C [18]. The amount of substances sorbed on 
zeolite catalyst Cat1 is larger than on Cat2 and 
Cat3 samples, mainly due to adsorbed water. The 
amounts of compaction products removed within 
the temperature range from 340 to 670 °C, as 
well as the temperature points of coke decompo-

TABLE 3

Parameters of the reaction of upgrading  
the straight-run gasoline fraction of oil over zeolite catalysts 

Parameter Catalyst

Cat Cat1 Cat2 Cat3

Composition of gaseous reaction products, wt%

n-Alkanes C1–С5 67.9 68.7 68.8 69.3

Isoalkanes С4–С5 28.8 28.1 27.9 27.2

Alkenes С2–С4 3.3 3.2 3.3 3.5

Composition of liquid reaction products, wt%

n-Alkanes С3–C12 11.1 12.8 13.0 13.8

Isoalkanes C4–C10 34.9 35.0 35.6 36.3

Arenes С6–C12 30.7 29.2 28.7 27.4

Cycloalkanes С5–C10 20.2 20.0 19.7 19.3

Alkenes C4–C10 3.1 3.0 3.0 3.2

Octane number and the yield of liquid reaction products 

Octane number 91 90 90 89

Yield of catalysate, vol% 78 79 80 83

Fig. 3. Thermogram of zeolite catalyst Cat2.
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sition maxima and the end of this process are 
comparable for all catalysts. The only difference 
is the temperature of coke deposit removal onset, 
which is higher for Cat1, perhaps due to the 
higher acidity of this sample in comparison with 
Cat2 and Cat3 catalysts. So, the number of reac-
tion-regeneration cycles had almost no influence 
on the characteristics of carbon compaction prod-
ucts, which confirms the stable catalyst operation 
for 120 h.

The duration of stable operation of the nickel-
containing zeolite catalyst sample is comparable 
with the duration of runs between regenera-
tions for zeolite catalysts in various processes [9]. 
Among the native technologies of obtaining high-
octane gasoline over zeolite catalysts of pentasil 
type, the best known technology is BIMF (binary 
motor fuels), which is a process of single-step 
processing of the middle oil distillate fractions 
and gas condensates [19]. The time of stable op-
eration of zeolite catalyst in BIMF technology, 
depending on the working parameters of the pro-
cess and on the composition of the products, is 
150–280 h, but the process is carried out in the 
mode of reaction temperature rising from 350 to 
450 °C and at a pressure up to 20 atm. 

Thus, an advantage of the proposed zeolite cat-
alyst and the method of upgrading the straight-
run gasoline fraction of oil into high-octane gaso-
line is the absence of increased pressure and the 
isothermal process mode at 360 °C. Taking into 
account slight changes of the textural and acid 
properties of regenerated samples and an insig-
nificant decrease in their catalytic activity during 
their performance life, we may assume the pos-
sibility to enhance the duration of their operation 
between regeneration stages and the total time of 
catalyst performance with an increase in process 
temperature and pressure. 

CONCLUSION

The studies of textural, acid and catalytic 
properties of nickel-containing zeolite catalyst, 
performed in three reaction-regeneration cycles 

of upgrading the straight-run gasoline fraction of 
oil, as well as analysis of the carbon compaction 
products formed on the catalysts during each 
cycle, show that the physicochemical properties 
of initial and regenerated samples differ only in-
significantly. The data obtained provide evidence 
that the structure of zeolite catalyst is retained 
during its performance before and after regen-
erations, which allows us to conclude that it is a 
promising catalyst for obtaining high-octane gas-
olines.
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