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Abstract. Modification of tars with formalin (37 % aque-
ous solution of formaldehyde) was carried out using various
acids as process catalysts with the aim of obtaining new
binding materials for road construction. H,SO,;, HCI,
H;PO,4, and CH3COOH were used as catalysts. The modifi-
cation process was carried out in the temperature range of
378-403 K and for a duration of 0.6-1.0 h. The rheological
properties of tars modified with formaldehyde at 333, 343,
and 353 K were studied and a comparison of the rheologi-
cal properties of the obtained bituminous binder materials
with oxidized bitumens was carried out.

Keywords: tar, bitumen, formaldehyde, chemical modifi-
cation.

1. Introduction

In order to increase the service life of the asphalt
pavement, and also, taking into account that the main bind-
ing component of the asphalt concrete mixture is bitumen,
it is most appropriate to regulate the properties of the binder
itself in order to meet all the needs that are required from
the road surface. In particular, to ensure resistance to the
influence of climatic conditions in the region where the
covering will be laid and to the action of traffic loads. From
this point of view, the rheological properties of bitumen
play a significant role."

Thus, from a functional point of view, bitumen must
be sufficiently fluid at high temperature (= 433 K) to be
pumped and used to create a uniform coating with mineral
materials after mixing, In addition, it must be stiff enough
at high temperatures to resist rutting (corresponding to local
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temperatures, ~ 333 K). Finally, it must remain sufficiently
ductile and elastic at low temperatures to resist cracking,

At the same time, the listed requirements are often
difficult to fulfill for most unmodified bitumens, both distilla-
tion and oxidized. In addition, in some applications, the per-
formance of unmodified bitumens may not be satisfactory,
given the required performance properties, because they are
brittle in cold environments and show poor heat resistance as
the temperature increases. This limited operating temperature
range is the main disadvantage of unmodified bitumen,
which prevents its further use in road construction. In addi-
tion, as traffic speeds and loads continue to increase, un-
planned overloading significantly shortens the life of asphalt
pavements, increasing maintenance costs and risks to users.
For this purpose, various additives and modifiers are used to
improve the operational properties of bitumen, which can
generally be divided into two types — physical and chemical.

Considering physical modifiers, it is worth noting
that this type of modifiers does not chemically interact with
the constituent components of bitumen, and the increase in
key indicators (SP and E298), which are most often used to
determine the effectiveness of the modification process,
occurs only as a result of the physical process — mixing. In
view of this, physical modification is also called mechani-
cal. Physical modifiers are divided into groups according to
the principle of action:

— thermoplastics (increase SP);

— elastoplasts (increase E298);

— thermoplastic elastomers (increase SP and E298).

A large number of conducted studies have shown
both advantages and disadvantages of bitumen modification
with polymers.” Benefits include that physical modification
improves elasticity, resistance to cracking at low tempera-
tures and resistance to rutting at high temperatures. Disad-
vantages include thermal instability and problems with the
homogeneity of the obtained bitumen-polymer mixtures.
Another method used to improve the properties of bitumi-
nous materials is chemical modification, which uses a
chemical agent to change the properties of the original binder
material due to its interaction with the bitumen components.
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To date, many chemicals are used to modify bitu-

mens, such as:

1) sulfur (S) Sakib ez al.;®

2) polyphosphoric acid (PPA);*

3) sulfonic acids;’

4) siliconorganic compounds;’

5) thiourea dioxide;’

6) nanocomposites — polymer/clay, TiO,, ALOs;,
etc.;&10

7) maleic anhydride (MA);""

8) thermoplastics, namely:

— reactive terpolymers — RET;"?

— epoxy resins;

— phenol-formaldehyde resins;

— polyester resins."”

However, of the chemical modifiers listed above,
only a few are practically used, namely: sulfur, PPA, MA,
and thermoplastics, which are the most common chemical
modifiers.

Separately, formaldehyde should be singled out
among the chemical modifiers added to oil residues. In
particular, given that the modification process produces
new binding materials for road construction, which have
higher viscosity compared to the raw material (tar) and
meet the requirements for different brands of road viscous
petroleum bitumen according to their characteristics.
Among the advantages of this modification method, which
distinguish it from other methods, the fact that the polymer
(arene-formaldehyde resins), necessary for the process, is

15,16
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formed directly during modification from the components
of the raw material (tar) and does not require further extrac-
tion from the mixture is also highlighted. This allows reduc-
ing the number of stages in the technological chain of ob-
taining modified bitumen to one, which is also a significant
advantage of the introduction of this modifier.

The Department of Chemical Technology of Oil and
Gas Processing of Lviv Polytechnic National University is
actively conducting research related to the production of
areno-~-> and phenol-formaldehyde®®*” resins with the
subsequent production of bituminous materials with im-
proved operational properties.

The aim of this work was to investigate in more de-
tail the properties of tars modified with formaldehyde, to
prove the feasibility and prospects of using the obtained
binding materials in road construction.

2. Experimental

2.1. Materials

From the preliminary results obtained by the au-
thors,”™ it was established that the optimal raw material
for obtaining new binding materials by chemical modifica-
tion with formaldehyde is the residue from the vacuum
distillation of oil — tar (samples T1 and T2). Tar samples
were taken at JSC Ukrtatnafta (Ukraine). Characteristics of
the initial materials are given in Table 1.

Table 1. Physico-chemical properties of tars (T1 and T2) and oxidized bitumens (OB2 and OB5)

Index Unit of measurement Material
Tl T2 OB2 OB5
Density at 293 K kg/m’ 982.9 - - -
Initial boiling point K 659 — — —
Flashpoint K 555 — — —
Penetration at 298 K dmm 247 208 82 75
Softening point (SP) K 312.0 3142 320.2 321.8
Ductility at 298 K cm 58.1 >100 >150 >150
Fraass breaking point (FBP) K 255.0 244.0 261.0 249.0
Plasticity interval (PI) K 57.0 70.2 59.2 72.8
Penetration index - 0.62 0.69 -0.71 -0.51
Resistance to hardening at 436 K (RTFOT method):
mass change wt. % 0.35 0.37 0.13 0.09
softening point after RTFOT K 318.6 321.2 326.0 330.0
penetration at 298 K after RTFOT dmm 91 88 48 43
softening point change degree 6.6 7.0 5.8 8.2
retained penetration % 36.8 423 58.5 58.0
Adhesion to gravel mark 2.5 2.5 3.0 2.5
Adhesion to glass % 42 36 29 31
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2.2. Preparation of Modified Binders

Chemical modification with formalin without stir-
ring was carried out in hermetic stationary reactors capa-
ble of working under excess pressure (Fig. 1). This is due
to the toxicity (according to NFPA 704) and the ability to
evaporate formaldehyde at the operating temperature of
the process (333-433 K). First, the formulating agent (a
mixture of formalin and catalyst in a certain ratio) was
prepared separately. First, tar (oil residue) or oxidized
bitumen and solvent (if necessary) were loaded into the
reactor and mixed until a homogeneous mass was reached.
After cooling the mixture, the formulating agent was
added. The reactor was hermetically closed and placed in
a silicone bath heated to the required temperature, and the
time of the start of the chemical modification process was
fixed. At the end of the modification process, the depres-
surized container was placed in a vacuum cabinet to re-
move water and unreacted components. Vacuum drying
was carried out for 4 h at 393 K and a pressure of less than
10 mm Hg.

Fig. 1. View of reactors for modification
of tar or bitumen with formaldehyde without stirring

After vacuum drying of the obtained products, their
analysis was carried out according to the indicators that
are standardized for bituminous materials. In order to
obtain modified bitumens for testing them in asphalt con-
crete, a reactor with a larger volume was used. Perform-
ance characteristics of the products obtained under the
same conditions of modification of oil residues and bitu-
men with formaldehyde when using small and large vol-
ume reactors practically did not differ. This also indicates
the effectiveness of using reactors without mixing.

2.3. Test Methods

The physico-chemical properties of tars (T1 and
T2) and oxidized bitumens (OB2 and OB5) were studied
according to the methods described in the literature.”*>’
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The adhesion of oil residues and bitumen to the
surface of stone mineral material was determined using
granite crushed stone (S1) from natural stone of the nec-
essary fractions selected at LLC Novograd-Volyn Stone
Crushing Plant. The adhesion of the binders to the sur-
face of the stone material was studied according to the
methods described in the elsewhere.”**’

3. Results and Discussion

The comparison of binding materials obtained by
the traditional method — oxidation of oil residues with
FMT was carried out according to the scheme shown in
Fig. 2. Two samples of oxidized bitumen, OB2 and OBS,
respectively, were obtained from two tar samples (T1 and
T2) at the industrial plant. The main factors controlling
the oxidation process are presented in Table 2. Tars modi-
fied with formaldehyde (from T1 FMT-1, FMT-2 and
FMT-3 were obtained; T2 — FMT-8 and FMT-9) were
obtained using concentrated sulfuric acid as a process
catalyst according to optimal values of process control
factors were found (Table 3). It was also established™ >
that other inorganic acids (HCl and H;POy) are effective
catalysts of the process. Therefore, for comparison, FMT
was obtained using concentrated hydrochloric and ortho-
phosphoric acids as catalysts of the process with the val-
ues of the factors that coincide with the use of sulfuric
acid (Table 3). The formalin/catalyst mass ratio for all
FMTs is the same and equal to 1.0. The temperature and
duration of modification also do not differ significantly
and are 373-403 K and 0.6-1.0 h, respectively. The only
difference is the amount of the modifier — formulating
agent (a mixture of formalin and catalyst in a certain ra-
tio). To obtain a bituminous material with approximately
the same SP, a different amount of formulating agent is
required depending on the nature of the catalyst used. For
example, FMT-8, FMT-10 and FMT-11 were obtained
from T2, which are characterized by approximately the
same SP: 325.4; 321.8 and 324.2 K, respectively. They
differ in the amount and composition of the formulating
agent: FMT-8 — 4.0 wt. % per raw material (2.0 wt. % of
formalin and 2.0 wt. % of concentrated sulfuric acid);
FMT-10 — 6.0 wt. % for raw materials (3.0 wt. % of for-
malin and 3.0 wt. % of concentrated hydrochloric acid);
FMT-11 — 6.0 wt. % for raw materials (3.0 wt. % of for-
malin and 3.0 wt. % of concentrated orthophosphoric acid).

The selected tars (T1 and T2) are characterized by
high values of P298 — 247 and 208 dmm (Fig. 3) and low va-
lues of SP — 312.0 and 314.2 K (Fig. 4), which does not al-
low them to be used as binding materials in road construction.
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A schematic flow chart of the carried-out
experimental work

Traditional bitumen
production scheme
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Fig. 2. Scheme of comparison of the obtained traditional
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Fig. 4. Comparison of bitumens by SP

Guided by the current Ukrainian regulatory docu-
ments, the obtained FMT samples correspond to the
brands of binding materials in terms of their main physical
and mechanical properties (Table 4, Figs. 3 and 4):

bitumen petroleum road viscous according to
DSTU 4044:2019:*

e BND 150220 — FMT-12;

e BND 100/150 — FMT-1, FMT-4, FMT-5;

e BND 70/100 — FMT-2, FMT-6, FMT-7, FMT-
10, FMT-11;

e BND 50/70 — FMT-8;

Table 2. Control parameters of the tar oxidation process with air at JSC Ukrtatnafta (Kremenchuk, Ukraine)

Variable parameter of process Units Value
Raw materials - T1 T2
Product (oxidized bitumen) - OB2 OBS5
Consumption of raw materials m’/hour 45.0 13.0
tons/hour 45.0 13.0
Air consumption m’/hour 4300 1300
tons/hour 5.547 1.677
Specific consumption m’ of air 95.6 100
m’ of raw materials
tons of air 0.123 0.129
tons of raw materials
Nitrogen consumption m’/hour 260 75
Oxidation duration hour 2,5 8,6
Temperature of feed of raw materials to the oxidation column K 451 444
Excess pressure in the oxidation column kg/cm’ 0 0
Temperature of the bottom of the oxidation column K 453 444
Temperature of the top of the oxidation column K 388-392 372-377




705

Production of Bitumen Modified with Low-Molecular Organic Compounds from Petroleum Residues...

- - - - 870 | TE0 | 8TO0 | LTO | LEO | 9¥0 | 6€0 | LTO | 810 | STO | SEO | O¥0 | 600 | €10 | LEO | SE0 %1 “OBueyd ssew €6
SL< SL< - - T8S | 808 | 979 | 98 | L9L | 088 | v'8L | 699 | 999 | L88 | S6L | €79 | 08 | <8 | €Th | 89¢ % ‘uonenauad paurejor 6
s> 9> - - 6L 9L YL T 09 v's TS 9Y 8'S 4 TS 09 T8 8¢S 0L 99 20130p “d3ueyp jutod Surusyos I'6

(poypur LOJLY) M 9 18
Suruopiey 0) 20UB)SISTY 6
Sh< Sh< - - 4 Sy 0's 0 %4 0'S 0’ 4 4 0'S Sy 3 ST o€ ST ST yrew ([S) [9ARIS 0} UOISaYpY 8
SL< SL< 81< 91< 08 €8 6 96 8L 6 L6 68 €8 6 18 9 1€ 6T 9¢ o % ‘SSB[3 0] UOISAYPY L
- - - - 169 | TYL | 8TL | 068 | +'TL | 8TL | 989 | ¥99 | ¥'19 | +'T6 | OvL | 059 | 8TL | TES | TOL | OLS N “(1d) reatoyur Ayonse|d 9
- - I+11 ¢ SI'0 | 860 | 00 | 9LT | 9T0- | TTT | 60 | 080 | 680 | 19% | 6¥T | SKI | 150 | 1L0- | 690 | T90 Xopul uonenaudd S
097> ssT> 097> LST> | LvT | 0ST | 6bT | 9ST | €ST | 6ST | 9sT €T | 6ST | ¥9T | 8T | 9sT | 6¥T 19 | vbT | <sst 3 “(dg4) wiod Suryealq sseer| 4
- - 09< 0L< |o00I<| 98 | ooI< | I SI el 1 6L 65 4 91 v | 0S1< | 0SI< | 00I< | 1'8S wo (867 M 86T & ANmong €
see< 8TES | ¥TEBIE | 0TEPIE | ['91€ | THTE | 8'1TE | O°SHE | +'STE | 81€E | 9¥TE | v'61€ | v'0TE | +'9s€ | 0°Tee | 0°1Te | 8'1Ce | ToOTE | THIE | 0°TIE 3 “(d$) Jurod Suueyos 4
0$-$€ | 00I-IL | 00I-IL | OSI-TOT | LSI 66 8L 34 8¢ €8 S6 6€1 €1 Ly 68 g SL 8 80T | LbT | wwp (86Td) I 86T Ik uonENAUS] 19
SIS RN N
s&X| 38 £E2Z|ES 3 3 3 ) ) ) ) ) = - = =
ETSARTEIRTEI T B R
2| 29| 2 2
(L) apAyopreuLIo] Yim PaJIpoul sie) pue (g pue zg(Q) suawniiq paziprxo (zL pue [.1) s1e} Jo santadoid [esrueyosuw-0o1sAyd “p d[qeL
0’1 01 01 01 01 01 01 01 80 90 90 smoy uonEdIYIpPOW JO uoneInq
€0¥ £0¥ €0¥ oy €0 €0¥ €of €LE €8¢ 8LE €8¢ b arneIddura) uonesIPON
01 01 01 01 01 01 01 01 ¥6°0 Tl 160 - 154180 / UI[RULIO} ONEI SSEN
_.mm._uamE
0'¢ 0'¢ o€ 0T 01 o€ 0C 01 e Te L1 I'l serad 0 184[e380 JO JUnowry
HOOD®HO YOdH IOH YOSTH YOdH IOH YOSH - 1sA[e1e0 $59901d Jo 2dA ],
0'¢ 0'¢ 0¢ 0C 01 0¢ 0C 0’1 Te 0¢ 61 01 EWMMM:.? ﬁﬂﬁﬂﬁﬂ%ﬂﬁﬂ:;
[eLd)RW
JUDAJOS INOYIIM sezaad o JUSAJOS JO JUnoOwy,
A IL - S[RLIdJBW MBY
TI-LAA 11-1A 01-LIA 6" LN 8- LN L~LNA 9-LINA S-LNA _ LN _ € LN _ I - LA s §$9901d Jo 1ojowered d[qeLEA

opAyopreurioy Yim (Z L pue [.I) SIe} JO UONEOIJIPOW [BOIAYD JO $$300.1d ay) Jo siojowered [0nuo)) *¢ Aqe],




706

bitumen modified with polymers (according to SP)
according to DSTU 9116:2021:%

e BMPA 70/100-55 — FMT-2, FMT-7;

e BMPA 35/50-70 — FMT-3, FMT-9;

bitumen modified with synthetic waxes according
to SOU 42.1-37641918-068:2017:"

e BMW-S60/90 — FMT-2, FMT-7,

e BMW-S40/60 — FMT-3, FMT-9;

bitumen modified with adhesive
according to SOU 45.2-00018112-067:2011:""'

e BND-A 70/100 — FMT-6, FMT-7, FMT-10;

e BND-A 35/50 — FMT-3, FMT-9.

That is, this method allows obtaining almost any
bituminous materials for road construction.

Intensification of the modification process (reduc-
tion of P298 and increase of SP) depends on the amount
of formulating agent. To obtain bitumens with high SP
(FMT-3 and FMT-9) a larger amount of modifier
(formulating agent) is required. These data indicate the
high flexibility of this process, in contrast to the traditional
oxidation process, in which it is not possible to obtain
such bitumens. Also, the advantage of the process of
chemical modification of tar with formaldehyde (Table 3;
up to 1.0 h) in comparison with oxidation (Table 2; 2.5-
8.6 h) is a significantly shorter reaction time.

The data presented in Table 4 and Figs. 3 and 4
confirm that inorganic acids are the most effective cata-
lysts for the process of chemical modification of tars
with formaldehyde. If inorganic acids are compared with
each other, their efficiency can be placed in the follow-
ing order: H,SO, — H;PO, — HCI. If we talk about
their shortcomings, then concentrated sulfuric acid is
capable of sulfonation reaction of aromatic structures of
bitumen, and the use of concentrated hydrochloric acid
intensifies the corrosion processes of equipment, which
requires the use of special expensive alloys during the
construction of the installation. Concentrated orthophos-
phoric acid is devoid of these disadvantages. It should
also be noted about another advantage of using ortho-
phosphoric acid, which allows obtaining bituminous
materials with higher values of the D298 indicator,
which indicates the plasticizing effect of this acid.

A significant advantage of the process of chemical
modification of tar with formaldehyde is that the obtained
materials with approximately the same SP (Fig.4) —
320.2-324.2 K have a higher value of the P298 index in
comparison with the oxidation process. This can be ex-
plained by the fact that the oxidation process of tar with
air oxygen at 444-453 K (Table 2) leads to the thermo-
oxidative destruction of paraffin and naphthenic hydro-

additives
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carbon structures (oxidation gases and black solar are
formed in the process), which leads to an increase in
hardness and a decrease in plasticity of the obtained prod-
ucts. In the process of chemical modification of tar with
formaldehyde, which takes place at lower temperatures
(Table 3) and without the participation of oxygen, the
probability of such processes is much lower, these paraf-
fin and naphthenic structures remain in the product, which
leads to high values of P298. Such bituminous materials
(FMT) are good raw materials for the modification proc-
ess with polymers (for example, SBS, terpolymers, waxes,
etc.) in which P298 is significantly reduced. It will also
allow reducing the polymer content, which will be neces-
sary to bring the E298 indicator to the required values.

Rheological studies at temperatures of 333, 343,
and 353 K were performed on a Brookfield rotary vis-
cometer according to DSTU EN 13302:2019.”” T2, FMT-
8, FMT-10, and FMT-11 with P298 and SP — 208 and
314.2 were used for the tests; 58 and 325.4; 78 and 321.8;
99 and 324.2 K, respectively. FMTs were obtained using
different catalysts (Table 3), namely FMT-8 — H,SO,,
FMT -10 — HCI, FMT -11 — H3PO,. The test results are
shown in Figs. 5-7.

According to DSTU EN 12591:2017,* for bitumen
100/150, the dynamic viscosity at 333 K should be greater
for bitumen 70/100 — >90, 50/70 — >145, 35/50 —
>225 Pas. Dynamic viscosity at 333 K is a fundamental
property of the binder, which characterizes the heat resis-
tance of the coating (resistance to rutting). SP is an ana-
logue of this indicator, which is an empirical indicator that
does not always reflect the behavior of the binder at high
operating temperatures. FMT-10 and FMT-11 according
to the P298 indicator belong to bitumen grade 70/100, and
FMT-8 to 50/70 (Table 4, Fig. 3). In the process of oxida-
tion at JSC Ukrtatnafta tar (T2), the dynamic viscosity at
333 K increases from 38.8 to 204.8 Pa-s and bitumen
70/100 is obtained. The process of chemical modification
of tar with formaldehyde allows to significantly increase
the dynamic viscosity at 353 K of the obtained products
(especially when used as a catalyst for the orthophos-
phoric acid process).

It should also be emphasized that when concen-
trated hydrochloric acid is used as a catalyst in the process
of tar modification with formaldehyde, it is removed from
the bituminous material during vacuum drying, as it has a
low boiling point (321 K). Unlike sulfuric and orthophos-
phoric acids, which have high boiling points and, accord-
ingly, remain after vacuum drying in FMT (especially
sulfuric). In our opinion, this significantly affects the
rheological properties of the obtained bituminous materi-
als, which is confirmed by experimental studies.
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FMT-10, which is obtained by using HCI in terms
of rheological properties, is almost identical to oxidized
bitumen (OBS), since the curves in Figs. 5-7 practically
overlap. P298 and SP are also not significantly different
for OB5 and FMT-10 (Table 4).

FMT-11 obtained using H3POy is characterized by
the highest viscosity values (Figs. 5-7), while possessing
the highest values of P298 and SP, 99 dmm and 324.2 K,
respectively, among all bituminous materials studied. That
is, orthophosphoric acid performs a plasticizing function,
which is an important factor at low operating temperatures
of such materials and leads to a decrease in the intensity of
cracking of such a coating.

Greater hardness and lower plasticity of FMT-8 is
confirmed by rheology studies (Figs. 5-7). Having the
lowest values of P298 (58 dmm) and the highest value of
SP (325.4 K), the position of the viscosity-temperature
curve is not the highest (Fig. 7). This also confirms a
greater tendency to form gel-like structures. When using
this type of binder, the additional use of plasticizing addi-
tives is also desirable.

4. Conclusions

A new approach to obtaining bituminous materials
for road construction by the method of chemical modifica-
tion of tars with formalin (formaldehyde) is proposed. It
has been confirmed that, depending on the amount of

modifier (up to 3.0 wt. %), it is possible to obtain binders
from tar that correspond in physical and mechanical prop-
erties to traditional viscous road petroleum bitumens,
bitumens modified with polymers (with the exception of
the elasticity indicator at 298 K ), bitumen modified with
synthetic waxes and bitumen modified with adhesive
additives. That is, this technology makes it possible to
obtain almost any type of binding material for road con-
struction from tar, which is a significant advantage com-
pared to the traditional scheme of bitumen production,
which requires at least two stages — oxidation or deep
vacuum distillation and the addition of polymer modifiers.
It was established that depending on the type of catalyst
used, the rheological behavior of the obtained binding
materials is different. The tars modified with formalde-
hyde obtained with the use of concentrated orthophos-
phoric acid as a process catalyst have the highest dynamic
viscosity.
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Abbreviations

D298 Ductility at 298 K (cm)
E298 Elastic recovery at 298 K ( %)
FBP Fraas breaking point (K)
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FMT Formaldehyde modified tar

OB  Oxidized bitumen

P298 Penetration at 298 K (dmm)

PI  Plasticity interval (K)RTFOT Rolling thin film
oven test

SP  Softening point (K)

T Tar

References

[1] Porto, M.; Caputo, P.; Loise, V.; Eskandarsefat, S.; Teltayev, B.;
Oliviero Rossi, C. Bitumen and Bitumen Modification: A Review on
Latest Advances. Appl. Sci. 2019, 9, 742-777.
https://doi.org/10.3390/app9040742

[2] Hunter, R.N.; Self, A.; Read, J. The Shell Bitumen Handbook; Ice
Publishing: London, 2015; pp 1-463. ISBN: 0 7277 3220 X

[3] Wreczycki, J.; Demchuk, Y.; Bielinski, D.M.; Bratychak, M.;
Gunka, V.; Anyszka, R.; Gozdek, T. Bitumen Binders Modified with
Sulfur/Organic Copolymers. Materials 2022, 15, 1774.
https://doi.org/10.3390/mal5051774

[4] Baldino, N.; Gabriele, D.; Lupi, F.R.; Rossi, C.O.; Caputo, P.;
Falvo, T. Rheological Effects On Bitumen Of Polyphosphoric Acid
(PPA) Addition. Constr. Build. Mater. 2013, 40, 397-404.
https://doi.org/10.1016/j.conbuildmat.2012.11.001

[5] Ozdemir, D.K. High and Low Temperature Rheological Charac-
teristics of Linear Alkyl Benzene Sulfonic Acid Modified Bitumen.
Constr. Build. Mater. 2021, 301, 1-8.
https://doi.org/10.1016/j.conbuildmat.2021.124041

[6] Peng, C.; Chen, P.; You, Z.; Lv, S.; Zhang, R.; Xu, F.; Chen, H.
Effect Of Silane Coupling Agent On Improving The Adhesive Proper-
ties Between Asphalt Binder And Aggregates. Constr. Build. Mater.
2018, 169, 591-600.
https://doi.org/10.1016/j.conbuildmat.2018.02.186

[7] Cuadri, A.A.; Partal, P.; Navarro, F.J.; Garcia-Morales, M.;
Gallegos, C. Bitumen Chemical Modification by Thiourea Dioxide.
Fuel 2011, 90, 2294-2300. https://doi.org/10.1016/.fuel.2011.02.035
[8] Bagshaw, S.A.; Kemmitt, T.; Waterland, M.; Brooke, S. Effect of
Blending Conditions on Nano-Clay Bitumen Nanocomposite Proper-
ties. Road Mater. Pavement Des. 2019, 20, 1735-1756.
https://doi.org/10.1080/14680629.2018.1468802

[9] Dehouche, N.; Kaci, M.; Mouillet, V. The Effects of Mixing Rate
on Morphology and Physical Properties of Bitumen/Organo-Modified
Montmorillonite Nanocomposites. Constr. Build. Mater. 2016, 114,
76-86. https://doi.org/10.1016/j.conbuildmat.2016.03.151

[10] Mamuye, Y.; Liao, M.C.; Do, N.D. Nano-Al,O; Composite on
Intermediate and High Temperature Properties of Neat and Modified
Asphalt Binders and Their Effect on Hot Mix Asphalt Mixtures.
Constr. Build. Mater. 2022, 331, 1-13.
https://doi.org/10.1016/j.conbuildmat.2022.127304

[11] Gunka, V.; Prysiazhnyi, Yu.; Hrynchuk, Yu.; Sidun, L; Dem-
chuk, Yu.; Shyshchak, O.; Bratychak, M. Production of Bitumen
Modified with Low-Molecular Organic Compounds from Petroleum
Residues. 2. Bitumen Modified with Maleic Anhydride. Chem. Chem.
Technol. 2021, 15, 443-449. https://doi.org/10.23939/chcht15.03.443
[12] Geckil, T.; Seloglu, M. Performance Properties of Asphalt Modi-
fied with Reactive Terpolymer. Constr. Build. Mater. 2018, 173, 262-
271. https://doi.org/10.1016/j.conbuildmat.2018.04.036

[13] Starchevskyy, V.; Hrynchuk, Y.; Matcipura, P.; Reutskyy, V.
Influence of Initiators on the Adhesion Properties of Bitumen Modi-
fied by Natural Origin Epoxide. Chem. Chem. Technol. 2021, 15, 142-
147. https://doi.org/10.23939/chcht15.01.142

709

[14] Ivashkiv, O.; Astakhova, O.; Shyshchak, O.; Plonska-Brzezinska,
M.; Bratychak, M. Structure and Application of ED-20 Epoxy Resin
Hydroxy-Containing Derivatives in Bitumen-Polymeric Blends.
Chem. Chem. Technol. 2015, 9, 69-76.
https://doi.org/10.23939/chcht09.01.069

[15] Gunka, V.; Demchuk, Y.; Pyshyev, S.; Starovoit, A.; Lypko, Y.
The Selection of Raw Materials for the Production of Road Bitumen
Modified by Phenol-Cresol-Formaldehyde Resins. Pet. Coal 2018,
60, 1199-1206.

[16] Demchuk, Y.; Gunka, V.; Sidun, L; Solodkyy, S. Comparison of
Bitumen Modified by Phenol Formaldehyde Resins Synthesized from
Different Raw Materials. Proc. of EcoComfort. 2020, 100, 95-102
https://doi.org/10.1007/978-3-030-57340-9_1

[17] Shi, X.; Zhang, H.; Bu, X.; Zhang, G.; Zhang, H.; Kang, H.
Performance Evaluation of BDM/Unsaturated Polyester Resin-
Modified Asphalt Mixture for Application in Bridge Deck Pavement.
Road Mater. Pavement Des. 2022, 23, 684-700.
https://doi.org/10.1080/14680629.2020.1828154

[18] Gunka, V.; Sidun, L; Solodkyy, S.; Vytrykush, N. Hot Asphalt
Concrete with Application of Formaldehyde Modified Bitumen. Lect.
Notes Civ. Eng. 2019, 47, 111-118. https://doi.org/10.1007/978-3-030-
27011-7_14

[19] Gunka, V.; Demchuk, Y.; Sidun, I.; Kochubei, V.; Shved, M.;
Romanchuk, V.; Korchak, B. Chemical Modification of Road Oil
Bitumens by Formaldehyde. Pet. Coal 2020, 62, 420-429.

[20] Bratychak, M.; Gunka, V.; Prysiazhnyi, Y.; Hrynchuk, Y.; Sidun,
L; Demchuk, Y.; Shyshchak, O. Production of Bitumen Modified with
low-Molecular Organic Compounds from Petroleum Residues. 1.
Effect of Solvent Nature on the Properties of Petroleum Residues
Modified with Folmaldehyde. Chem. Chem. Technol. 2021, 15, 274-
283. https://doi.org/10.23939/chcht15.02.274

[21] Grynyshyn, O.; Donchenko, M.; Khlibyshyn, Yu.; Poliak, O.
Investigation of Petroleum Bitumen Resistance to Aging. Chem.
Chem. Technol. 2021, 15, 438-442.
https://doi.org/10.23939/chcht15.03.438

[22] Gunka, V.; Prysiazhnyi, Y.; Hrynchuk, Y.; Sidun, L; Demchuk,
Y.; Shyshchak, O.; Bratychak, M. Production of Bitumen Modified
with Low-Molecular Organic Compounds from Petroleum Residues.
3. Tar Modified with Formaldehyde. Chem. Chem. Technol. 2021, 15,
608-620. https://doi.org/10.23939/chcht15.04.608

[23] Gunka, V.; Bilushchak, H.; Prysiazhnyi, Y.; Demchuk, Y.; Hryn-
chuk, Y.; Sidun, ; Bratychak, M. Production of Bitumen Modified
with Low-Molecular Organic Compounds from Petroleum Residues.
4. Determining the Optimal Conditions for Tar Modification with
Formaldehyde and Properties of the Modified Products. Chem. Chem.
Technol. 2022, 16, 142-149. https://doi.org/10.23939/chcht16.01.142
[24] Gunka, V.; Hrynchuk, Y.; Demchuk, Y.; Donchenko, M.; Prysi-
azhnyi, Y.; Reutskyy V.; Astakhova O. Production of Bitumen Modi-
fied with Low-Molecular Organic Compounds from Petroleum Resi-
dues. 7. Study of the Structure of Formaldehyde Modified Tars.
Chem. Chem. Technol. 2023, 17,211-220.
https://doi.org/10.23939/chcht17.01.211 [25] Pstrowska, K.; Gunka,
V.; Prysiazhnyi, Y.; Demchuk, Y.; Hrynchuk, Y.; Sidun, I.; Kutazyn-
ski, M.; Bratychak, M. Obtaining of Formaldehyde Modified Tars and
Road Materials on Their Basis. Materials 2022, 15, 5693.
https://doi.org/10.3390/mal5165693

[26] Gunka, V.; Demchuk, Y.; Sidun, I.; Miroshnichenko, D.; Nya-
kuma, B.; Pyshyev, S. Application of Phenol-Cresol-Formaldehyde
Resin as an Adhesion Promoter for Bitumen and Asphalt Concrete.
Road Mater. Pavement Des. 2021, 22, 2906-2918.
https://doi.org/10.1080/14680629.2020.1808518

[27] Pyshyev, S.; Demchuk, Y.; Poliuzhyn, L.; Kochubei, V. Obtain-
ing and Use Adhesive Promoters to Bitumen from the Phenolic Frac-



710

tion of Coal Tar. Int. J Adhes. Adhes. 2022, 118, 103191.
https://doi.org/10.1016/j.ijadhadh.2022.103191

[28] DSTU 4044:2019 (National Standard of Ukraine), Viscous
Petroleum Road Bitumens. Specification, 2019.

[29] DSTU 9116:2021 (National Standard of Ukraine), Bitumen and
bituminous binders. Polymer Modified Road Bitumen. Specification,
2022.

[30] SOU 42.1-37641918-068:2017 (Organization Standard of
Ukraine), Viscous Road Bitumen, Modified Additives Based On
Waxes. Specifications, 2017.

[31] SOU 45.2-00018112-067:2011 (Organization Standard of
Ukraine), Construction materials. Pavement grade viscous bitumen’s,
modified by adhesion promoters. Specifications, 2011.

[32] DSTU EN 13302:2019 (National Standard of Ukraine), Bitumen
and bituminous binders. Determination of Dynamic Viscosity of
Bituminous Binder Using a Rotating Spindle Apparatus, 2020.

[33] DSTU EN 12591:2017 (National Standard of Ukraine), Bitumen
and bituminous binders. Specifications for Paving Grade Bitumens,
2017.

Received: March 15, 2023 / Revised: April 10, 2023 /
Accepted: May 22, 2023

Volodymyr Gunka al.

OJIEP’KAHHSI BITYMY, MOJU®IKOBAHOT' O
HU3bKOMOJIEKYJISIPHUMH OPTAHIYHAMM
CITIOJIYKAMM I3 HA®TOBHX 3AJIUIIKIB.

8. MEPCIIEKTUBY BUKOPHCTAHHS I'YJIPOHIB,
MOJIUPIKOBAHUX ®OPMAJILJAETIOM, Y
JIOPOKHbOMY BYIIBHUIITBI

Anomauyin. Ilposedeno moougikyeanns 2yopomie ¢hop-
maninom (37 YoM 800HUM  pO3UUHOM opmanbOecioy) 13 6uKo-
PUCMAHHAM DISHUX KUCTIOM, AK KAMaaizamopie npoyecy, iz Memoio
00€PIHCAHHST  HOBUX 8 SICYUUX —Mamepianie Onsi  00OPOAHCHbOSO
6yoisnuymea. Ak xamanizamop euxopucmogyeaiu H,SO, HCI,
H;PO; ma CH;COOH. Ilpoyec moougixysanns npogoounu 6
oianaszoni memnepamyp 378-403 K ma mpusanocmi 0,6-1,0 200.
Jocnioaceno peonociuni enacmugocmi 2yopomis, MoOUGIKo8aHux
gopmanvoezioom, 3a 333, 343 ma 353 K, ma nposedeno nopis-
HAHHSA PEONOSTUHUX GI1ACHUBOCIEN OMPUMAHUX OIMYMHUX 8 AXHCY-
yux Mamepianié 3 OKUCHEHUMU OLMyMAMU.

Knrouosi cnosa: zyopon, dimym, gpopmansoezio, ximiune
MOOUIKY8aHHSL.



