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This study investigates the radical oligomeriza-
tion of the C9 fraction of liquid by-products from
diesel fuel pyrolysis. The task addressed is to estab-
lish patterns of influence of the radical oligomeri-
zation technique on the properties of C9 hydrocar-
bon resins.

The effect of radical oligomerization tech-
nique on the physicochemical, molecular weight,
rheological, and structural characteristics of res-
ins obtained by high-temperature (thermal, initiat-
ed) and low-temperature (emulsion, suspension)
methods has been studied. It was established that
high-temperature methods provide higher yields of
resins (15-32%), lower average molecular weight
(455-670 g/mol), and a wider molecular weight
distribution (1.20-1.25). Low-temperature disper-
sion processes are characterized by lower yields
(4-29.3%), higher molecular weight (550-750 g/mol)
and narrower distribution (1.02-1.06). Emulsion
and suspension methods provide lighter resins
(10-40 mg 12/100 ml) compared to high-tempera-
ture analogs (40-80 mg 12/100 ml).

The results and structural differences recorded
by IR spectroscopy are attributed to the tempera-
ture regime of synthesis. High-temperature resins
are characterized by a higher content of condensed
cyclic structures. This is explained by the intensifi-
cation of side chain transfer reactions at high tem-
peratures.

Special features of the results are determining
the complex relationship between the oligomeriza-
tion technique and the characteristics of the resins.
This allows for a purposeful selection of synthesis
conditions for specific product requirements.

The scope of practical implementation of the
results includes the chemical and paint industries;
as well as the possibility of directed regulation of
the properties of C9 resins for their use in adhesives,
sealants, and film formers
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1. Introduction

Petroleum polymer, or hydrocarbon, resins are low-mo-
lecular thermoplastic oligomerization products of unsaturated
hydrocarbons contained in liquid by-products of pyrolysis of pe-
troleum raw materials [1]. One of the main methods for the pro-
duction of ethylene and propylene is the pyrolysis of petroleum
fractions. About 30-35% of liquid pyrolysis products (LPPs) are
formed during pyrolysis. In particular, the C9 fraction is iso-
lated from LPP, which contains vinyl aromatic and condensed
unsaturated compounds and is used as a raw material for the
synthesis of aromatic hydrocarbon resins [2, 3].

By chemical nature, resins are divided mainly into al-
iphatic C5, aromatic C9, and hydrogenated C5/C9 resins.
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13C PMR and IR spectroscopy methods have shown that aro-
matic C9 hydrocarbon resins have a complex structure. They
contain aromatic, aliphatic, and cyclic fragments. Resins are
characterized by styrene, indene, vinyl toluene, and cyclo-
pentadiene structural units [4].

Hydrocarbon resins are widely used as film formers and
modifiers of paints and varnishes, as well as components of
anticorrosive coatings, adhesives, sealants, rubber mixtures,
bitumen, and polymer compositions [2, 3]. Their structure
significantly affects the rheological, adhesive, and mechan-
ical properties of such systems [5, 6]. The practical value of
resins is determined by their physicochemical properties:
molecular weight, bromine number, softening temperature,
color, solubility and compatibility with polymer and bitumen




systems. The properties of resins significantly depend on the
technique of production and oligomerization conditions.

Catalytic and radical oligomerization are used to obtain
hydrocarbon resins. High-temperature (453-493 K) radical
methods include thermal and initiated oligomerization [2, 3].
Low-temperature (303-353 K) processes in dispersed sys-
tems, in particular suspension and emulsion oligomerization,
are also being investigated [7, 8].0ligomerization conditions
significantly affect the ratio of aromatic and aliphatic frag-
ments in the resin structure, as well as their yield, color,
and temperature characteristics. Differential scanning calo-
rimetry, IR, and PMR spectroscopy are used to analyze the
structure of hydrocarbon resins [1, 9].

High-temperature processes provide increased resin
yields. However, they are accompanied by the formation of
more condensed and structurally inhomogeneous products,
deterioration of color, and limited control over molecular
weight distribution. Increasing the oligomerization tempera-
ture intensifies chain transfer reactions and contributes to a
decrease in the average molecular weight of resins [3, 9].

Low-temperature emulsion and suspension oligomeriza-
tion contributes to the formation of resins with a lower color
index with a relatively narrow molecular weight distribution,
low polydispersity, and a lower content of high-molecular
fractions [10, 11]. However, low-temperature oligomerization
is characterized by lower product yields, which is associated
with the practical non-participation of dicyclopentadiene in
radical processes at temperatures of 303-353 K [12].

It is relevant to establish the relationship between the
technique of preparation, structure, and properties of C9
hydrocarbon resins. Comparative analysis of resins obtained
by different methods of radical oligomerization allows us to
assess the influence of synthesis conditions on their physico-
chemical properties, molecular weight, as well as rheological
characteristics.

2. Literature review and problem statement

Fraction C9 is a by-product of the pyrolysis of petroleum
raw materials and contains unsaturated aromatic and cyclic
hydrocarbons, in particular styrene, vinyl toluene, indene,
dicyclopentadiene, and their derivatives. The composition of
the fraction determines the reactivity of the system and the
properties of the obtained hydrocarbon resins. The complex-
ity of predicting the properties of resins is associated with
the complex multicomponent composition of fraction C9 [6].
The cited study lacks a systematic comparison of the physi-
cochemical properties of resins obtained under significantly
different temperature conditions.

Styrene and its derivatives form aromatic oligomers with
a lower color index and a relatively narrow molecular weight
distribution. Cyclopentadiene units contribute to the forma-
tion of more condensed structures with increased molecular
weight and softening temperature [3]. The regularities of
oligomer formation were considered without taking into
account temperature factors. That does not make it possible
to assess the influence of the process temperature on color
change and softening temperature of hydrocarbon resins C9.

In [9] it is shown that the method of oligomerization of
the C9 fraction determines the physicochemical character-
istics of resins, in particular the molecular weight, color,
and softening temperature. It was established that the main
structural fragments of resins are styrene and cyclopentadi-

ene co-oligomers. However, the work did not investigate the
molecular weight distribution and rheological properties of
resins, and low-temperature dispersion synthesis methods
were not considered.

In [13], the molecular dynamics method was used to
investigate the compatibility of C5- and C9-resins with elas-
tomers. It was shown that compatibility is determined by the
chemical nature of the structural fragments of resins and the
rubber matrix. The solubility parameters, binding energy,
diffusion coefficients, and intermolecular interaction energy
were used to assess the interaction. It was established that
aromatic styrene fragments provide a stronger interaction of
resins with rubbers compared to aliphatic structures. Howev-
er, the work did not consider the influence of the technique
for obtaining resins on the formation of their structure and
physicochemical properties.

In [14], the thermal behavior of C9 hydrocarbon resins
and their hydrogenated analogs was studied using thermo-
gravimetric analysis, IR spectroscopy, and quantum-chemi-
cal modeling. It was found that the thermal decomposition of
resins occurs due to the primary destruction of aliphatic frag-
ments with subsequent destruction of aromatic structures.
The results confirm the significant influence of the structural
organization of resins on their properties. However, the work
did not consider the influence of oligomerization technique
on the formation of resin structure and the features of their
thermal destruction.

The rheological behavior of resins is determined not only
by the average molecular weight but also by the width of the
molecular weight distribution and the structural heteroge-
neity of the products [15, 16]. In particular, the influence of
C9 resins on the rheological, microstructural, and chemical
properties of styrene-butadiene-styrene modified bitumen
was studied in [17]. Rheological, spectroscopic, microscopic,
and molecular modeling methods were used to study the
properties of the compositions. It was found that the intro-
duction of C9 resins improves high-temperature rheological
characteristics, increases storage stability, and promotes the
formation of a more homogeneous bitumen microstructure
due to the compatibility of the aromatic structure of the resin
with the bitumen components and the styrene-butadiene-sty-
rene modifier. However, the study was carried out only for
commercial resin obtained by catalytic oligomerization of
the C9 fraction, without comparing its properties with resins
synthesized by radical oligomerization methods.

In earlier papers [11, 15], the molecular weight distri-
bution and rheological properties of C9 hydrocarbon resins
obtained by various oligomerization methods were investi-
gated. It was shown that low-temperature processes provide
the formation of resins with a narrow molecular weight
distribution and low polydispersity (Mw/Mn = 1.01-1.13).
The temperature regime and phase composition of the re-
action system determine the degree of homogeneity of the
resins and the nature of their molecular weight distribution.
It was established that resin solutions exhibit pseudoplastic
behavior, and their viscosity significantly depends on the
temperature and the method of synthesis. Molecular weight
and rheological characteristics were considered separately,
without a comprehensive analysis of their relationship with
the main physicochemical properties of the resins.

The oligomerization technique determines the structure,
molecular weight characteristics, and operational properties
of C9 hydrocarbon resins. High-temperature and low-tem-
perature processes differ in the mechanism of the reaction,



the degree of transformation of the components of the C9
fraction, and the nature of the resulting oligomeric struc-
tures. In the literature [3, 6, 9, 13-15], comprehensive com-
parative studies of the physicochemical, molecular weight,
structural and rheological properties of resins obtained by
different methods are not detailed. That makes it advisable to
conduct a systematic study on the relationship between the syn-
thesis technique and the properties of C9 hydrocarbon resins.

3. The aim and objectives of the study

The aim of our study is to determine the influence of the
radical oligomerization technique on the properties of C9
hydrocarbon resins. This will allow for targeted regulation
of resin characteristics depending on product requirements.

To achieve this goal, the following tasks were set:

- to determine the physicochemical characteristics of C9
hydrocarbon resins under the influence of different oligom-
erization techniques;

- to establish the features of the molecular weight dis-
tribution and rheological properties of resins obtained by
different methods.

4. The study materials and methods

4.1. The object and hypothesis of the study

The object of our study is the radical oligomerization of the
C9 fraction of liquid by-products from diesel fuel pyrolysis. The
density of the fraction was 903-936 kg/m?3, the bromine num-
ber was 86-102 g Br,/100 g. The frac-

were sealed and kept at a given temperature. Unreacted
hydrocarbons were removed by atmospheric distillation
at 423 K, and high-boiling components and liquid oligomers
were removed by vacuum distillation at 453 K and a pres-
sure of 3 kPa. A hydrocarbon resin with a softening point
of 347-360 K was obtained in the bottom residue.

Suspension oligomerization was carried out in a three-
necked flask equipped with a mechanical stirrer. The reac-
tion mixture was intensively stirred and heated to a given
temperature. After completion of the process, the system was
separated into aqueous and organic phases. The organic layer
was centrifuged at 3000 rpm to isolate the product, which
was dried at 323 K to constant weight. Unreacted hydrocar-
bons were removed by atmospheric and vacuum distillation.
The obtained resin fractions were combined, and the total
product yield was determined.

Emulsion oligomerization of fraction C9 was carried out
in a three-necked flask equipped with a stirrer and a reflux
condenser. Fraction C9, an aqueous solution of the initiator
and emulsifier were charged into the reactor, after which the
mixture was intensively stirred and heated to a given tem-
perature. After the reaction was completed, the emulsion sys-
tem was separated by centrifugation at 3000 rpm for 7 min.
The product was dried at 323 K to a constant mass.

The mixing of the reaction mixtures during suspension
and emulsion oligomerization was carried out using an over-
head mixer “IKA” RW 20 (Germany). The laboratory centri-
fuge “Elvit” TsNL-6 (Ukraine) was used to isolate the hydro-
carbon resin. The basic conditions for obtaining hydrocarbon
resins by various techniques of radical oligomerization are
given in Table 1.

tion contained both hydrocarbons Table 1
incapable of oligomerization (indane, Basic conditions for obtaining C9 hydrocarbon resins
toluene, trimethylbenzenes, etc.) and Oligomerization ) ) . Temperature, | Time,
reactive unsaturated components, in technique Reaction mixture composition K min Re
particular styrene (16.5-17.9%), di- Thermal fraction C9 453-493 | 240-480 -
cylclopentadlene (13'6_181'10?)’ vinyl Initiated fraction C9, peroxide initiator 433-493 240-480 -
toluene (5.2-7.0%), a-methyl styrene Suspension fraction C9, water, initiator, stabilizer 313-353 30-240 |2290-13450
(0.3-2.0%), allylb (0.7-1.8%)
.3-2.0%), a enzene (0.7-1. X : -
and met}: li deri,es (0.6-1.3%). The tg Emulsion fraction C9, water, initiator, emulsifier 303-353 30-240 |2290-13450
0—1. 0). -

y . Post-oligomerization residual fraction C9 453-473 360 .

tal content of reactive unsaturated

components in the C9 fraction was
about 45-50% by weight.

The hypothesis of the study assumed that the technique
of radical oligomerization of the C9 fraction significantly af-
fects the physicochemical, molecular weight, structural and
rheological properties of the obtained hydrocarbon resins.

It was assumed that the differences in the properties of
the resins are determined mainly by the technique of oligo-
merization as the C9 fraction of the same origin and similar
hydrocarbon composition was used for the synthesis.

During the molecular weight and rheological studies,
it was assumed that representative samples of resins with
average values of physicochemical parameters are character-
istic of resins obtained by the corresponding oligomerization
technique.

4. 2. Materials and equipment used in the experi-
ment

Oligomerization in solution was carried out in 100 ml
metal thermostated ampoules. Fraction C9 (50 ml) was
mixed with the calculated amount of initiator, loaded into
ampoules, pre-purged with argon, after which the ampoules

The following initiators were used for the initiated and
suspension oligomerization: benzoyl peroxide, isopropyl ben-
zene hydroperoxide, di-tert-butyl peroxide, N-tert-butylper-
oxymethylene-N, N-dimethylamine.

Suspension oligomerization was carried out at the volume
ratios [fraction C9]:[water] = [1]:[1] - [1]:[3]. Polyvinyl alco-
hol, starch, bentonite clay, polyethylene glycols with molecu-
lar weights of 1500, 4000, and 6000 were used as suspension
stabilizers.

Emulsion oligomerization was carried out at the volume
ratios [fraction C9]:[water| = [1]:[1] - [1]:[4]. Sodium stearate,
E-30 (a mixture of linear alkanesulfonates of the general
formula R-SO;Na with a carbon chain length of C15), and
OP-10 (nonionic oxyethylated alkylphenol) were used as type
1 emulsifiers. Hydrogen peroxide and potassium persulfate
were used as water-soluble initiators.

4. 3. Methodology for determining the properties of
samples

The yield of hydrocarbon resins was determined by the
mass of the obtained solid product in terms of the C9 fraction.



The unsaturation of the resins was characterized by the
bromine number, which was determined by the bromide-bro-
mate method according to ISO 3839:1996.

The softening point was determined by the “ring and
ball” method according to ISO 4625-1:2020.

The color of the resins was determined by the iodometric
scale by comparing a 10% resin solution in benzene with
reference solutions.

The average molecular weight was determined by the
cryoscopic method according to ISO 5764:2009, comparing the
freezing point of benzene and a 10% resin solution in benzene.

The structure of the resins was studied by IR spectrosco-
py. The samples were prepared as thin films from chloroform
solutions. The spectra were recorded on the Specord M-80
spectrophotometer in the range of 3800-600 cm™ at 291 K.

The molecular weight distribution was determined by
fractional precipitation. Resin solutions in benzene were
fractionated by stepwise addition of ethanol as a precipitant
at 293-298 K [18]. The precipitated fractions were separated,
dried to constant mass; their molecular weight was deter-
mined by cryoscopic method. Based on the obtained data,
the number average (Mn), weight average (Mw), and z-aver-
age (Mz) molecular weights, polydispersity index (Mw/Mn),
as well as effective fraction number were calculated [19].

The rheological properties were investigated for 10%
resin solutions in benzene by capillary viscometry using an
Ostwald viscometer with a capillary diameter of 0.56 mm.

35,0
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Measurements were performed in the temperature range
of 293-343 K with a step of 10 K. The leakage time was deter-
mined at least three times at each temperature, after which
the average value was calculated.

5. Results of investigating the properties of C9
hydrocarbon resins

5.1. Physicochemical and structural characteris-
tics of resins

According to the results of experimental studies in the
ranges of parameters given in Table 1, the yield (Fig. 1), av-
erage molecular weight (Fig. 2), and physicochemical char-
acteristics (Table 2) of C9 hydrocarbon resins obtained by
various oligomerization techniques were determined.

Table 2 gives the bromine number, softening point, and
color index of hydrocarbon resins obtained by various oligo-
merization methods.

Resins obtained by dispersion methods are characterized
by higher bromine number values and lower color indices.
The softening point of resins, regardless of the preparation
technique, varies in a narrow range of 345-360 K.

Fig. 3 shows typical IR spectra of styrene-cyclopentadiene
resin obtained by high-temperature initiated oligomerization
and resin of low-temperature emulsion oligomerization with
a predominant content of styrene units.

0,0
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Fig. 1. Yield ranges of C9 hydrocarbon resins obtained by different oligomerization methods
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Fig. 2. Average molecular weight ranges of C9 hydrocarbon resins obtained by different oligomerization methods
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Fig. 3. IR spectra of representative C9 hydrocarbon resins obtained by various methods of radical oligomerization (spectra
shifted along the ordinate axis)

Table 2 Table 3
Physical-chemical characteristics of C9 hydrocarbon resins Molecular weight distribution parameters of C9 resins
y
obtained by different methods
Oligomerization Bromine number, | Softening | Color, mg y
technique Br,/100 oint, K | 1,/100 ml i
h ! 1 g Bro/100 g P 2/ Oligomerization mw | Mz | M Polydispersity nlffﬁgtelfzf
Therma 10.8-25.0 346-353 40-80 technique Z Mw/Mn b
Initiated 17.1-27.3 350-358 40-60 actions
Suspension 29.8-38.4 345-359 |  20-40 Thermal 556 | 675 | 446 125 2.96
Emulsion 30.3-37.8 348-360 20-30 Initiated 670 | 794 | 567 1.20 2.91
Post-oligomerization 10.8-22.6 353-354 | 80-100 Suspension [ 601 | 615 | 585 1.03 224
Emulsion 629 | 648 | 638 1.02 2.14
The structural differences found affect the Post-oligomerization| 630 | 638 | 573 1.06 1.62
molecular weight distribution and, as a conse-
quence, the rheological properties of the resins. 1000
5.2. Molecular weight and rheological
characteristics of resins = 800
To analyze the molecular weight distri- &
bution (MWD) of the resins, the fractional :f o Initiated
precipitation method with the separation of & R .
. : g 600 i -+ Emulsion
three fractions was used. Cumulative curves 7 : "
of typical samples of C9 resins, representing % et s - Post-oligomerization
different techniques of radical oligomeriza- % ' Suspension
tion, are shown in Fig. 4 . . . S 400 . e Thermal
Low-temperature dispersion oligomeriza- .
tion resins are characterized by narrower mo- .
lecular weight distribution, while high-tem- 200
perature methods are accompanied by the 0 50 100

formation of high-molecular-weight fractions.
The MWD parameters of the resins are given
in Table 3.

The values of Mw/Mn for the investi-
gated resins vary from 1.02 to 1.25. The
lowest polydispersity values are typical for emulsion
and suspension resins. Cyclopentadiene resin obtained
by oligomerization has the lowest effective number of
fractions (1.62).

The rheological properties of C9 resins are shown
in Fig. 5, Table 4.

Cumulative fraction, %

Fig. 4. Cumulative curves of molecular mass distribution of resins obtained by

various oligomerization techniques

The temperature dependences of the dynamic viscosity
of resin solutions are approximated by second-order poly-
nomials. The values of the coefficients of determination
are R? = 0.97-0.99.

For all the studied systems, a decrease in dynamic viscos-
ity is observed with increasing temperature.
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Fig. 5. Temperature dependences of the dynamic viscosity of resin solutions obtained by different oligomerization techniques

Table 4
Rheological characteristics of 10% resin solutions
Oligomerization Temperature coefficient| Consistency
technique (dn/dT), mPa-s/K factor (K), Pa-s"
Thermal -0.009 4.0
Initiated -0.011 3.0
Suspension -0.014 4.0
Emulsion -0.017 3.8
Post-oligomerization -0.017 4.5

The viscosity of 10% resin solutions decreases with in-
creasing temperature, which is typical for oligomeric systems
in organic solvents. For the studied solutions, a dependence
of viscosity on flow conditions is observed, typical for
non-Newtonian systems.

6. Discussion of results based on investigating the
influence of oligomerization technique on the
properties of C9 hydrocarbon resins

The radical oligomerization technique significantly af-
fects the yield (Fig.1) and physicochemical characteris-
tics of C9 hydrocarbon resins (Table 2). High-temperature
methods provide higher yields of resins (15-32%) compared
to low-temperature dispersion methods (4-29%). This is
explained by the higher initiation rate. The products of
high-temperature methods are characterized by lower values
of the average molecular weight (Fig. 2). This is due to the
intensification of chain transfer reactions. High-temperature
methods provide lower values of the bromine number and
increased color indices (40-100 mg I,/100 ml). Low-tempera-
ture dispersion methods are characterized by higher values of
the bromine number and the production of lighter resins with
a color index of 20-40 mg I,/100 ml. The softening tempera-
ture of resins, regardless of the production technique, varies
in a relatively narrow range of 345-360 K (Table 2). These
patterns are consistent with the literature data [1, 3, 9], which
indicate a similar effect of temperature on the molecular
weight and color of resins. However, unlike cationic polym-
erization [1, 9], the radical processes studied in this work are
characterized by a wider molecular weight distribution and
higher bromine number values. This is due to the incomplete

conversion of unsaturated components of the C9 fraction, in
particular dicyclopentadiene [20].

Comparative analysis of IR spectra of hydrocarbon res-
ins C9 obtained by high-temperature, emulsion oligom-
erization, and post-oligomerization of unreacted fraction
residues (Fig. 3) reveals the influence of oligomerization
technique on the structure of resins. All samples are char-
acterized by stretching vibration bands of aromatic and
aliphatic C-H bonds in the range of 3095-2845 cm™. This
confirms the presence of aromatic-aliphatic fragments in
the composition of the resins. The spectral data obtained are
consistent with the results of investigating the structure of
resins [1, 4, 9].

The resin obtained by initiated oligomerization is charac-
terized by more intense bands in the region of 2916-2845 cm™.
These bands correspond to stretching vibrations of —CH,
and —CHj; groups and indicate an increased contribution of
aliphatic fragments. In the spectrum of the resin obtained by
emulsion oligomerization, the bands of aromatic structures
in the ranges of 1600-1500 and 756-680 cm™ are more pro-
nounced. This indicates the predominance of styrene-vinyl
toluene fragments.

The spectrum of the post-oligomerization product is char-
acterized by increased intensity of the bands in the ranges of
1600-1500 and 1175-1000 cm™. This may be due to the for-
mation of more substituted aromatic and alicyclic structures
with the participation of cyclopentadiene components.

High-temperature oligomerization promotes the forma-
tion of aromatic-aliphatic structures. Post-oligomerization
leads to the formation of products with a higher content of
cyclic and cyclosubstituted structural units. Emulsion oligo-
merization provides the production of resins with a higher
proportion of styrene-containing aromatic fragments.

The nature of the molecular weight distribution significant-
ly depends on the method of resin production (Fig. 4, Table 3).
This is due to the difference in the mechanisms of initiation
and growth of the oligomeric chain. Low-temperature dis-
persion systems are characterized by relatively narrow mo-
lecular weight distributions and the absence of pronounced
high-molecular fractions. Emulsion resins are characterized
by the most homogeneous distribution (Mw/Mn = 1.02),
which is explained by the course of oligomerization in a mi-
croheterogeneous environment and the localization of chain
growth in dispersed particles. This effect distinguishes the



emulsion method from the classical thermal polymerization
techniques described in [12, 18]. Suspension resins occupy
an intermediate position between emulsion and high-tem-
perature systems.

Thermally and high-temperature initiated resins are
characterized by the widest molecular weight distributions
and the formation of high-molecular fractions. This is due
to the course of parallel oligomerization and condensation
reactions, as well as the participation of cyclopentadiene
structures formed as a result of the Diels-Alder retro-reaction
at 453-473 K [21].

Unlike cationic polymerization resins [1, 9], resins ob-
tained by post-oligomerization are characterized by a shift
in the molecular weight distribution to the region of higher
molecular weights. This is due to the participation of cyclo-
pentadiene as a reactive component.

Analysis of rheological characteristics (Fig. 5, Table 4) re-
veals that the viscosity of solutions of hydrocarbon resins C9
is determined not only by the average molecular weight but
also by the width of the molecular weight distribution and
structural features of the resins. This is explained by the
change in the hydrodynamic volume of macromolecules. The
presence of condensed structures and a wide MWD changes
the resistance of macromolecules to the flow of the solvent
and affects dynamic viscosity. The highest values of dynamic
viscosity at 293 K are characteristic of emulsion and cyclopen-
tadiene resins and are 1.20 and 1.60 mPa-s, respectively. For
emulsion resins, this may be due to the combination of a rela-
tively high molecular weight and a narrow MWD, while for cy-
clopentadiene resins, it may be due to the increased content of
cyclic and condensed structures. These results correspond to
theoretical provisions [22] but demonstrate a more pronounced
dependence of viscosity on the structure of oligomers.

For the resin obtained by high-temperature initi-
ated oligomerization, the dynamic viscosity at 293 K
is 1.07 mPa-s (Fig. 5). The features of rheological behavior are
determined by a wide molecular weight distribution and the
presence of high-molecular fractions. For the resin obtained
by thermal oligomerization, the dynamic viscosity at 293 K
is 0.92 mPa-s (Fig. 5). Lower viscosity values may be associated
with an increased content of low-molecular fractions in the res-
in composition. With an increase in temperature to 343 K, the
viscosity of all studied solutions decreases to 0.45-0.75 mPa-s.
The highest values of the temperature coefficient are character-
istic of emulsion and cyclopentadiene resins (-0.017 mPa-s/K),
while for thermal resins this indicator is —0.009 mPa-s/K (Ta-
ble 4). This indicates a higher sensitivity of structurally more
homogeneous resins to temperature changes.

The limitations of our study are as follows. The results
were obtained only for the C9 fractions of liquid diesel py-
rolysis products. The use of gasoline pyrolysis fractions may
change the properties of resins due to a different hydrocarbon
composition. Low-temperature dispersion processes are ef-
fective only in the range of 303-353 K. Rheological regulari-
ties were established for 10% resin solutions in benzene in the
range of 293-343 K.

The shortcomings of the study are as follows: assess-
ment of the structure of resins according to IR spectroscopy
data does not provide comprehensive information about
the structure of oligomers. The work did not investigate the
thermal-oxidative stability, operational properties of resins,
and the influence of process scaling. In further studies, it is
planned to use NMR spectroscopy, thermogravimetric analy-
sis, and testing of resins as part of protective coatings.

Further development of this study is associated with
establishing the relationship between the composition of
hydrocarbon fractions and operational properties of resins,
as well as mathematical modeling of the process. The main
difficulties in modeling are the nonlinearity of the influence
of factors and the complexity of the mathematical descrip-
tion of radical processes for multicomponent hydrocarbon
mixtures.

7. Conclusions

1. We have established that regardless of the synthesis
technique, the softening temperature of resins is in the
range of 345-360 K. High-temperature processes provide
increased yields of resins (15-32%) with a color index of
40-80 mg 1,/100 ml. Low-temperature methods make it
possible to obtain lighter resins (10-40 mg 1,/100 ml) with
a yield of 4-29.3%. A feature of our results is the systematic
comparative data for resins synthesized from the same raw
material. It is proven that the decrease in yield at low tem-
peratures is explained by the low reactivity of dicyclopen-
tadiene. The improvement of the color of resins is achieved
due to the low content of cyclopentadiene structures and the
suppression of oxidation reactions at low temperatures.

2. The regularities in the formation of molecular weight
distribution and rheological properties of resin solutions
have been determined. Low-temperature dispersion methods
provide a narrower molecular weight distribution with a
polydispersity of 1.02-1.06 and a lower effective number of
fractions (2.14-2.24). The molecular weight of the products
is higher and is 550-750 g/mol. High-temperature analogs
have a lower molecular weight (455-670 g/mol), a wider mo-
lecular weight distribution (1.20-1.25), and a higher effective
number of fractions (2.91-2.96). The pseudoplastic nature of
the flow of solutions has been established, the viscosity of
which decreases with increasing temperature in the range
of 293-343 K. A feature of our results is the established re-
lationship between the molecular weight distribution and
rheology of resins obtained by various techniques of radical
oligomerization. The increase in the value of polydispersity
and the effective number of fractions in resins obtained by
high-temperature methods is explained by the intensification
of chain transfer reactions. The increase in the content of
cyclic structures is explained by the high reactivity of cyclo-
pentadiene at high temperatures.
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