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Abstract

The dec-1-ene transformations were studied in the presence of Y, Beta, ZSM-12 and ZSM-5 zeolites in the 
H-form. It is established that the main products of the reaction in the presence of zeolites H-Y, H-Beta,  H-ZSM-12 
are dec-1-ene isomers and its oligomers, while in the presence of zeolite H-ZSM-5 dec-1-ene isomerization pre-
dominantly occurs. The mentioned catalytic systems can be arranged in the following series by the activity: 
 H-Beta > H-Y > H-ZSM-12 >> H-ZSM-5, and by the selectivity of oligomers: H-ZSM-12 > H-Beta ~ H-Y >> 
H-ZSM-5 in the temperature range of 150–220 °С. Among oligomers the dimers of decene are predominant, have 
an alkyl-naphthenic structure, contain unsaturated hydrocarbons with tri- and tetra-substituted double bonds of 
2.2–3.2 % was established. Physicochemical properties of the synthesized decene oligomers are similar to the hy-
drogenated poly-a-olefins obtained on the catalytic AlCl

3
 complexes.
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INTRODUCTION

Poly-a-olefin oils (PAOO) are the most essen-
tial type of synthetic lubricating oils [1–3] includ-
ed in the IV group of five, according to the clas-
sification of base oils developed at the American 
Petroleum Institute (API), USA.

In the known industrial technologies of ob-
taining PAOO, oligomerization of a-olefins is car-
ried out in the presence of aluminium chloride, 
boron fluoride or their complexes with various 
compounds [4, 5]. A large number of stages in the 
process, the formation of a large amount of wastes 
(chlorides or fluorinated oligomers) high toxicity 
and corrosion activity of the catalysts used stimu-
late the search for new ecologically safe catalysts 
for oligomerization of linear a-olefins.

At the end of the ХХ century, the leading 
manufacturers of lubricating oils (Теxaco Chеm. 
Corp., USA; Chеvron Rеs. Corp., USA; Enichеm 

Augusta S.p.A., Italy) developed heterogeneous 
catalysts based on zeolites for the oligomerization 
of linear a-olefins [6–12]. The advantages of the 
use of zeolites include their good ecological safe-
ty, thermal stability, the possibility of multiple 
use, the ability to change activity and selectivity 
by modifying. 

Previously we studied oligomerization of oct-
1-en in the presence of zeolites Y (structural type 
FAU), Bеta (ВЕА), ZSМ-12 (МТW) and ZSМ-5 
(МFI) in the Н form [13] and found that the high-
est activity in oligomerization of oct-1-en is ex-
hibited by zeolites Н-Y, Н-Bеta and Н-ZSМ-12; 
under the action of these catalysts, the conversion 
of the olefin reaches 90–96 %. The major products 
of oct-1-ene transformation in the presence of 
zeolites Н-Y, Н-Bеtа and Н-ZSМ-12 are oligomers 
among which dimers are prevailing. The dimers of 
oct-1-ene are formed with the highest selectivity 
(up to 100 %) in the case when zeolite Н-ZSМ-12 
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is used as a catalyst. In the present work, we de-
scribe the results of the studies of catalytic prop-
erties of zeolites Н-Y, Н-Bеtа, Н-ZSМ-12,  Н-ZSМ-5 
in dec-1-ene oligomerization.

EXPERIMENTAL

Dec-1-ene (99 %) manufactured by Acros was 
used in the investigation. .

Zeolites Н-Y, Н-Bеtа, Н-ZSМ-12 and  Н-ZSМ-5 
were used as catalysts. The methods of their pre-
paration were described in [14–16].

The chemical composition of the resulting zeo-
lite samples was analyzed by means of X-ray fluo-
rescence spectrometry with a Shimаdzu ЕDX-
720/900HS instrument (Japan).

The phase composition and crystallinity degree 
of the samples were determined in comparison 
with the references using a Brukеr D8 Advаncе 
diffractometer (Germany) in monochromatized 
CuKa-radiation within the angle range 5–40° by 
2θ with a step of 0.5 deg/min and accumulation 
time in each point 20 s.

The sizes of crystallites in zeolites were deter-
mined with the help of scanning electron micros-
copy with a JЕOI. JSМ-6490 I.V instrument.

To determine the equilibrium adsorption ca-
pacities of zeolites with respect to water vapour 
and n-heptane at 23–25 °C and P/P

s
 = 0.80–0.85, 

the desiccator method was used. It is based on 
the determination of the complete saturation of 
zeolite with adsorbate vapour. 

The acid properties of the samples of zeolite 
catalysts were studied by means of temperature-
programmed desorption (TPD) of ammonia.

Oligomerization of dec-1-ene in the presence 
of zeolite catalysts was carried out for 1–5 h in a 
continuously rotating thermostated autoclave at 
150–250 °C without any solvent. The amount of 
the catalyst was 10–30 mass %. Before catalytic 
tests, zeolite samples were subjected to thermal 
treatment in the air at 540 °C for 4 h.

The reaction mixture was separated from the 
catalyst by filtering and analyzed by means of 
gas-liquid chromatography (GLC) with a Cаrlo 
Еrbа HRGS 5300 Меgа Sеriеs chromatograph 
with a flame ionization detector. Analysis condi-
tions: a glass capillary column 25 m long, SЕ-30 
phase, analysis temperature 50–280 °С with pro-
grammed heating 8 °C/min, detector tempera-
ture 250 °C, evaporator temperature 300 °С, car-
rier gas – helium (30 mL/min).

To determine the composition of the oligomer 
fraction, analysis by means of high performance 

liquid chromatography (HPLC) was carried out 
with a Shimаdzu LC-20 Prominеncе instrument 
(Japan). Analysis conditions: polystyrene column 
Plgеl 500 Å, toluene flow rate 0.8 mL/min, refrac-
tometric detector RID-20A.

Reaction products were characterized with the 
help of the following methods: gas chromato-
graphy – mass spectrometry, IR, NMR 1Н and 
13C spectroscopy, 13С-DЕPT.

IR spectra were recorded with an IR Fourier 
transform spectrometer VЕRTЕX 70v in tablets 
with KBr.

NMR 1H and 13С spectra were recorded with 
a Brukеr AVANCЕ-400 spectrometer with the 
working frequency for 1H nuclei 400.13 MHz, for 
13С nuclei 100.62 MHz in standard cells 5 mm in 
diameter for the solutions of substances in CDCl

3
. 

Benzene-d
6
, toluene-d

8
 were used as internal 

standards.
High-resolution mass spectra were recorded 

with an instrument manufactured by Fisons com-
pany; the chromatograph is equipped with a DB 
560 capillary quartz column 50 m long.

Physicochemical properties of decene oligomers 
(solidification temperature, flash point, viscosity) 
were determined using standard procedures [17].

Iodine number (IN) – the amount of iodine 
consumed for 100 mL of hydrocarbon (in grams) 
was determined according to the procedure de-
scribed in [18].

RESULTS AND DISCUSSION

Physicochemical characteristics of the stud-
ied zeolite samples are presented in Table 1. All 
of them contain no admixture phases, the degree 
of their crystallinity is close to 100 %, crystallite 
size is 1–10 mm.

The acidity spectra of zeolite catalysts, record-
ed by means of TPD NH

3
, contain two peaks 

characterizing “weak” acid centres with the tem-
perature maximum Т

mаx
 within the region 100–

350 °C (Т
1
) and “strong” acid centres with Т

mаx
 in 

the region above 350 °C (Т
2
). Chemical transfor-

mations of zeolites take place mainly with the 
participation of the “strong” acid centres the con-
centration of which decreases in the sequence: 
Н-Y > H-Bеtа > H-ZSМ-12 > H-ZSМ-5. The 
strength of these sites, which was estimated from 
the shift of the temperature maximum T

2
 in 

thermodesorbograms to the higher temperature 
region, increased passing from zeolite Н-Y to zeo-
lites H-Beta, H-ZSM-12 and H-ZSM-5.
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Dec-1-ene, similarly to oct-1-ene studied by 
us previously, is transformed in the presence of 
zeolite catalysts into isomers and oligomers. Reac-
tion products contain the isomers of dec-1-ene 
differing from each other by the position of the 
double bond (cis- and trans-isomers of dec-2-, 
-3-, -4-, -5- and -6-enes), and structural isomers 
(methyl nonenes, dimethyl octenes, trimethyl 
heptenes etc.). Dimers and trimers of decene are 

observed in the oligomers. In addition, oligomers 
of olefins with the molecular masses smaller than 
those of the dimers of decene are present (they 
are designated as the oligomers of cracking prod-
ucts, OCP). These compounds are formed as a re-
sult of destruction of decenes with the formation 
of olefines with a smaller molecular mass, which 
are then oligomerized into hydrocarbons C

m
Н

2m
, 

where m = 11–19. 

TABLE 1
Physicochemical characteristics of zeolite samples 

Parameter Н-Y Н-Beta Н-ZSM-12 Н-ZSM-5

SiO
2
/Al

2
O

3 
(M) 5.0 18.0 24.0 30.0

Phase composition, % 100 100 100 100

Crystallinity degree, % ~100 ~100 ~100 ~100

Decationation degree, a 0.96 0.97 0.97 0.97

Crystal size, m 1–10 1–10 1–10 1–10

Equilibrium adsorption capacity for vapour, cm3/g:

H
2
O 0.30 0.18 0.14 0.14

C
7
H

16
0.30 0.31 0.17 0.17

Concentration of acid centres, mmol NH
3
/g

cat

C
I

622 530 409 380

C
II

560 340 280 240

C
total

1202 870 689 620

Temperature of peak maximum, °С:

T
1

250 280 300 290

T
2

430 450 450 450

Note. C
I
, C

II
, C

total
 are the concentrations of weak (I), strong (II) acid centres and the total concentration, respectively. 

Fig. 1. Effect of the structural type of zeolite on conversion and on the composition of the products of dec-1-ene  
transformation (reaction conditions: catalyst 10 mass %, 180 °C, 5 h): 1 – conversion; 2 – isomers; 3 – dimers;  
4 – trimers; 5 – OCP.
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The results of dec-1-ene oligomerization in the 
presence of zeolite catalysts are shown in Fig. 1. 
The total activity of the catalysts, which was 
estimated from the conversion of dec-1-ene, is 
maximal for zeolites Н-Y and Н-Веtа (71 %), and 
decreases when passing to pentasil Н-ZSМ-12 (55 %) 
and Н-ZSМ-5 (13 %). However, zeolite catalysts 
may be arranged according to their activity in oli-
gomerization in the following sequence: Н-Веtа ≈ 
Н-ZSМ-12 > Н-Y >> Н-ZSМ-5. Under the men-
tioned conditions (10 mass % catalyst, 180 °С, 5 h), 
the major products of the reaction on zeolites 
Н-Веtа and Н-ZSМ-12 are decene oligomers, on 
zeolite Н-Y – mainly isomers of decene, on zeolite 
Н-ZSМ-5 – practically only decene isomers (99.4 %). 
Prevailing in the formed oligomers of decene are 
dimers. Their amount is maximal in the oligomer 
fraction formed on zeolite Н-ZSМ-12 (91 %). In 
the oligomers obtained on zeolite Н-Веtа, the 
fraction of dimers reaches 89 %, on zeolite Н-Y – 
76 %. It should be noted that the larger is the 
diameter of zeolite pores, the higher is the frac-
tion of trimers in the oligomers: Н-ZSМ-12 
(5.5 %) < Н-Веtа (8.4 %) < Н-Y (14 %).

Comparison of the activity of the studied cata-
lysts in dec-1-ene oligomerization with their acid 
properties and the characteristics of the porous 
structure shows that the most active catalysts (ac-
cording to the total olefin conversion) in the reac-
tion are zeolites Н-Веtа and Н-Y, which possess 
high concentrations of acid centres (see Table 1) 
and the broadest channels (the size of channels in 
zeolite Веtа is 0.66 × 0.77 nm) and cavities (the size 
of cavities in zeolite Н-Y is 0.75 nm). Zeolite 
Н-ZSМ-12, in spite of the activity close to that of 
zeolite Н-Веtа in oligomerization) lags behind the 

latter in total activity. This may be due either to 
the smaller concentration of reaction centres or to 
the structural features. Н-ZSМ-12, unlike all other 
catalysts, possesses not a three-dimensional sys-
tem of channels but a two-dimensional one, which 
may hinder the diffusion of the molecules of rea-
gents and reaction products inside the lattice. Zeo-
lite with the most narrow pores Н-ZSМ-5 (chan-
nel size 0.56 nm and 0.51 × 0.55 nm) exhibits a 
minimal activity in the reaction and catalyzes only 
isomerization of dec-1-ene. 

Oligomers of decene are formed with the high-
est selectivity on zeolite catalysts Н-Веtа and 
Н-ZSМ-12. This may be due to the presence of 
the strongest acid centres on their surface. These 
centres promote oligomerization as shown previ-
ously [19]. A lower selectivity of oligomer forma-
tion on zeolite H-Y in comparison with zeolites 
Н-Веtа and Н-ZSМ-12 may be explained by the 
presence of weaker acid centres in zeolite H-Y [20].

For all the studied catalyst samples, the effect 
of reaction conditions on the conversion of dec-1-
ene and the composition of reaction products 
were studied. The conversion of the initial olefin 
increases with an increase in process tempera-
ture from 150 to 200 °C and the amount of the 
catalyst from 10 to 30 mass %, which is the evi-
dence of the availability of acid centres (Fig. 2). 
Almost complete conversion of dec-1-ene (more 
than 95 %) is achieved on zeolites Н-Beta and 
Н-ZSМ-12 at 200 °С in the presence of the cata-
lyst at a level of 20–30 mass %, while on zeolite 
Н-Y it is achieved under more rigid conditions: 
250 °С and 30 mass %, respectively. As we have 
already mentioned, zeolite Н-ZSМ-5 exhibits low 
activity within the studied range of reaction pa-

Fig. 2. Dependence of the degree of dec-1-ene transformation on reaction temperature and catalyst content: a – zeolite Н-Веtа, 
b – zeolite Н-ZSМ-12, c – zeolite H-Y. Here and in Fig. 3: temperature, °C: 150 (1), 180 (2) and 200 (3).
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rameters, and the conversion of dec-1-ene on this 
catalyst at 250 °C and catalyst content 30 mass % 
was 45 %.

In the case of zeolites Н-Y, Н-Beta and Н-ZSМ-
12, the content of decene isomers decreases and 
the fraction of oligomers increases with an increase 

in temperature and the amount of the catalyst 
(Fig. 3). With an increase in reaction temperature, 
an increase in the amount of trimers is observed in 
the composition of the oligomers of decene. In the 
presence of zeolite H-ZSM-5 within the tempera-
ture range 150–200 °C and with the catalyst con-

Fig. 3. Dependence of the selectivity of the formation of isomers (a, c, e) and oligomers (b, d, f) of decene-1 on reaction tem-
perature and catalyst content: a, b – zeolite Н-Beta, c, d – zeolite Н-ZSМ-12, e, f – zeolite H-Y. For designations, see Fig. 2. 
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tent 10–30 mass %, mainly the polymers of decene 
were obtained (98.5–99.6 %).

An increase in the process temperature above 
200 °C causes enhancement of the destruction of 
decene isomers and oligomerization of the formed 
low-molecular compounds; the amount of the lat-
ter in the reaction mixture starts to increase. For 
instance, the selectivity of OCP formation in the 
reaction mass obtained on zeolites H-Y and 
H-ZSM-5 (250 °С, catalyst 30 mass. %), is 26–27 %. 
The smallest amount of OCP is formed on zeolite 
H-Beta (from trace amounts up to 1–2 %). No 
OCP formation is observed on zeolite ZSM-12 
within the whole studied range of reaction condi-
tions (150–250 °C, catalyst 10–30 mass %). The 
results provide evidence for the absence of the 
cracking activity of this catalyst. 

The structure of the obtained dec-1-ene di-
mers was studied by means of IR and NMR spec-
troscopy. The results of the investigation show 
that aliphatic cyclic compounds prevail in them. 
The high spectral density within the spectral 
range 13С 12–50 ppm points to the naphthene na-
ture of the compounds. 

Unsaturated compounds are present in insig-
nificant amount. They are represented mainly by 
olefins with tri- and tetrasubstituted double 
bonds. Their presence is confirmed by the weak 
signals observed within the range 120–140 ppm 
in the 13С spectrum. These signals characterize 
carbon atoms at tri- (120, 140 ppm) and tetrasu-
bstituted double bonds (120, 130 ppm), and weak 
signals in the NMR 1Н spectrum in the region 
4.7–5.4 ppm, which are due to the protons of –
С=Н<, =СН–, =СН

2
 groups. It follows from the 

ratios of the integral intensities of the bands 
characterising methyl and methylene groups that 
hydrocarbon chains are branched but not linear. 

Intense absorption bands in the IR spectra are 
observed at 1380 and 1460 cm–1, characteristic of 
–СН

3 
and –СН

2
– groups, and at 720 cm–1, corre-

sponding to the higher deformation vibrations of 
С–Н in non-branched –(СН

2
)
n
– chains. The pres-

ence of compounds containing trans-disubstituted 
double bonds is confirmed by the absorption band 
observed at 970 cm–1.

The physicochemical characteristics (solidifica-
tion temperature, flash point) of dec-1-ene oli-
gomers obtained in the presence of zeolite H-Веtа 
are presented in Table 2. Comparing these data 
with the properties of hydrogenated oligomers of 
decene obtained under the action of AlCl

3
 [4], one 

can see that the oligomers synthesized in the 
presence of zeolites are characterized by the same 
low solidification temperatures and close viscosity. 
The low IN of decene oligomers is the evidence of 
the insignificant amount (2.8–3.2 %) of unsatu-
rated compounds and determines the possibility 
of their use without the hydrogenation stage. 

CONCLUSION

For the purpose of developing an ecologically 
friendly heterogeneous catalytic method of ob-
taining the oligomers of dec-1-ene, a systematic 
investigation of the oligomerization of dec-1-ene 
in the presence of zeolites Н-Y, H-Beta,  Н-ZSM-12 
and H-ZSM-5 was carried out. It was established 
that the activity and selectivity of zeolite cata-
lysts in olefin oligomerization are due both to the 
concentration and strength of Brönsted acid cen-
tres and to the structural features of the lattice. 

The highest selectivity (64–77 %) in dec-1-ene 
oligomerization with nearly complete conversion 
of the olefin (200 °C, catalyst 10–30 mass %) is 
exhibited by zeolites H-Beta and Н-ZSM-12. Zeo-

TABLE 2

Physicochemical properties of a mixture of decene oligomers (di- and trimers) 

Parameter Decene oligomers obtained  
on zeolite H–Вeta (dimers – 89.4  
and trimers – 10.6 mass %, respectively)

Hydrogenated decene oligomers  
obtained on AlCl

3
 [3]

dimers trimers

Temperature, °C:

of solidification –59 70 66

of flash 141 120 168

Viscosity, s/St, at temperature, °С:

20 18.4 – –

40 9.6 – –

100 1.2 1.19 2.64

Iodine number 2.8 – 0.2

Note. Dash means the absence of data.
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lite Н-Y is less selective in the oligomerization of 
dec-1-ene: for the same conversion, selectivity 
with respect to oligomers is 33–49 %. Zeolite 
Н-ZSM-5 at 150–200 °C exhibits low activity and 
promotes mainly isomerization of dec-1-ene. With 
an increase in temperature to 250 °C, destruc-
tion processes are enhanced, and the content of 
oligomers C

m
H

2m
 (where m = 11 – 19) in reaction 

products increases. 
Among decene oligomers formed on zeolites 

Н-Y, H-Beta and Н-ZSM-12, dominate dimers 
comprising 76–100 % of the fraction of oligomers. 
Decene dimers are formed most selectively on zeo-
lite H-ZSM-12 (91–100 %).

Investigation of the chemical structure of 
decene oligomers showed the predominance of 
hydrocarbons with alkyl naphthene structure. 
The amount of unsaturated compounds in the 
oligomer fraction is at a level of 2.2–3.2 %. The 
physicochemical properties of the obtained decene 
oligomers (solidification temperature, flash point, 
viscosity) are close to the characteristics of hydro-
genated poly-a-olefins synthesized in the pres-
ence of AlCl

3
. The formed products may be re-

lated to the bases of low-viscosity oil to be used 
for obtaining hydraulic liquids in aviation and 
other machines operating at low temperatures, 
drill oils and liquids for the seabed mining of natu-
ral gas, high-speed spindle oil and cosmetics [4].
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