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Abstract. The possibility of using maleic anhydride
as a foaming agent to produce foamed bitumen was
investigated. The optimal content of maleic anhydride
was determined according to the indicators of the growth
of the binder volume and the half-life of the foam. Using
maleic anhydride as a foaming agent, foamed bitumen
was obtained and the latter was utilized to prepare two
samples of stone mastic asphalt, which differed in
mixing and compaction temperatures of a stone mastic
asphalt mix. For comparison, the composition of a stone
mastic asphalt mix was designed using non-foamed
(BND 70/100 and BND 70/100 modified with maleic
anhydride) and foamed bitumen (BND 70/100 foamed
with maleic anhydride at two different temperatures).
Stone mastic asphalt specimens were formed and tested.*

Keywords: maleic anhydride, modified bitumen, foamed
bitumen, warm mix asphalt.

Abbreviations
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Pl — plasticity interval;
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SMA - stone mastic asphalt;
SMAM - stone mastic asphalt mix;
SP — softening point;

WMA — warm mix asphalt.

1. Introduction

Based on the foreign practice,”” it can be argued
that the use of WMA is one of the most promising areas
of the road technology. It is known that the degree of
coverage of stone materials with bitumen is largely
determined by the viscosity of the binder. Generally, the
lower the viscosity of the bitumen, the faster and more
evenly all the grains are covered with a bitumen.
Traditionally, NMA is prepared and stacked at following
temperatures: 423-443 K — preparation, 413-423 K — at
the beginning of compaction, completion of rolling — not
less than 353 K. 20-40 K are higher. It is also worth
noting the benefits of using WMA, such as reduced CO,
emissions, energy savings, reduced bitumen oxidation
processes, increased distances and transport times, the
ability to stack and seal in the cold season. At that time,
no shortcomings were identified.

WMA mixtures can be produced by different
techniques, using organic or chemical additives or foaming
processes.®’ The latter can be obtained by water-
containing technologies or by water-based technologies.
Water-containing technologies utilize incorporating
additives which include water in their composition.
Water-based additives for foaming bitumen are usually
used in the form of powders. For example, in the form of
zeolite — a natural or synthetic mineral with a high
content of binded water, consisting of porous cubic
crystals of a micro size. Zeolite-synthetic sodium
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aluminosilicate in the form of spherical white granules
with a diameter of approximately 0.3 mm is used to
prepare WMA 5™ In the water-based technologies, water
is injected into the hot bitumen in small quantities and is
immediately added to the aggregates in the asphalt
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mixing chamber.*? This process is usually more technically
complex and requires a relatively large financial
investment for plant modifications. For the production of
FB by direct injection of water, air and water are injected
in bitumen as shown in Fig. 1.

Fig. 1. Schematic procedure of producing foamed bitumen

The use of bitumen in the foamed state is one of
the promising areas for improving the quality and
efficiency of ACM production. Foaming reduces the
surface tension of bitumen and therefore facilitates the
process of mixing the mixture, promotes better coverage
and uniform distribution of bitumen on the surface of
mineral grains. This allows to reduce the cooking
temperature of the ACM and, thus, to provide significant
energy savings. Lower technological temperatures cause
less thermal aging of bitumen, which, in turn, leads to
improved quality of asphalt concrete and increased
durability of the road surface. The formation of
thinner bitumen films on the mineral surface reduces
the required amount of bituminous binder and thus
reduces the cost of ACM. ®’

In addition, the quality of the bituminous binder
used for ACM is important as well. It is known that the
use of high molecular weight polymers in the bituminous
binder helps to ensure the necessary physical and
mechanical properties of coatings and their durability in
conditions of heavy and intense traffic. Therefore, for
many years, various additives have been used as modifiers
of bituminous binders, which do not react with the
components of bitumen (physical modification of
bitumen) and additives that react with components of
bitumen (chemical modification of bitumen). Physical
modifiers of bitumen include thermoplastic polymers
(polyethylene,"® polypropylene), thermoplastic elastomers

(styrene-butadiene-styrene triblock copolymers (SBS)™),

polycondensation resins (phenol-cresol-formaldehyde
resins and phenol-formaldehyde resins with labile peroxy
bonds or methacrylic components*’ ), petroleum resins
with epoxy, hydroxy or carboxy groups,? and also sulfur
and sulfur-organic copolymers.?2% Chemical modifiers
of bitumen include polyphosphoric acid,? dodecylbenzene
sulfonic acid (DBSA),” silane coupling agent (SCA), %
thiourea dioxide (ThD)*or low-molecular organic
compounds (formaldehyde and maleic anhydride).?*%

However, during studying the chemical modification
of bitumens by MA, in addition to the chemical
interaction of MA and bitumen components, active
foaming of modified bitumens® was also observed. So,
it was decided to investigate the possibility of using MA
to obtain FB from which WMA was later made.

2. Experimental

2.1. Materials

The following materials were used for the

modification of petroleum residues with maleic anhydride:

paving bitumen BND 70/100 (oxidized bitumen)
produced at JSC Ukrtatnafta (Kremenchuk, Ukraine). Its
characteristics are given in Table 1, designated as BND
70/100;

MA, white crystalline powder (used as a
process modifier / chemical reagent);
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To determine the preparation of gravel-mastic
mixtures, the following materials were used:
Crushed stone parts and crushed stone from
natural stone, fr. 0-5, 5-10, 10-15 mm from LLC
Novograd-Volyn Stone Crushing Plant;

Table 1. Characteristics of bitumen BND 70/100
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MP produced by “Skala-Podilskii Spetscarier
(Special Quarry)”;

stabilizing cellulose additive Celbit in the form
of granules treated with bitumen in quantity 15 wt %.
The humidity of Celbit was 1.8 wt %.

Index Value Standard or Ref.
Penetration at 298 K (0.1mm) 71 EN 1426:2018
Softening point (K) 319 EN 1427:2018
Ductility at 298 K (cm) >100 EN 13398:2018
Adhesion to gravel (mark) 2.5 DSTU B V.2.7-81-98
Fraas breaking point (K) 263 EN 12593:2018
Plasticity interval (K) 329 Pl =SP - FBP
Resistance to hardening at 436 K (RTFOT method):
mass change (wt %) 0.03
softening point after RTFOT (K) 325.2 EN 12607-1-2014
penetration at 298K after RTFOT (0.1 mm) 55
softening point change (K) 6.2
residual penetration (%) 775

2.2. Experimental Procedure

Foaming of petroleum road bitumen was carried
out in a metal cylindrical tank. The amount of bitumen
was 500 g. Foaming agent — MA. It was added in one
portion. Fig. 2 shows the process of foaming bitumen.

During foaming, the bitumen first expands to its
maximum volume, remaining in this state for some time,
and then slowly returns to its original volume.

Foamed bitumen is characterized by the following
basic properties:

degree of foaming (multiplicity of foaming) —
is estimated by increase in volume of bitumen in the
foamed state in comparison with an initial volume;

stability (stability, survivability of the foamed
state) — the ability of the foamed binder to maintain its
volume over time.*®

These properties are interrelated and depend on
the brand of the source bitumen and the laboratory or
production conditions of the foam (foaming unit).
Experience has shown that a sufficient degree of foaming
is achieved by 10-15 times increase of the volume.

To determine the degree of foaming of bitumen,
the rate of increase of its volume during the transition to

the foamed state is used, and the half-life of foam is
applied as a criterion to assess the stability. The growth
rate of the binder as a result of foaming is defined as the
ratio of the maximum volume to its initial volume.

Fig. 2. The process of foaming bitumen by MA

The growth rate of the binder during foaming is
calculated according to the formula:

AV=Vmax/Vmin, (1)
where Vmax — the maximum volume of the binder in the
foamed state (cm®); Vmin — the initial volume of the
binder (cm?).
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The growth rate of the binder during foaming
should be in the range from 10 to 20.

The half-life of the foam (T1 / 2) is the time
required to reduce the maximum volume of foamed
bitumen by half. The half-life of the foam should be
within 15-30 seconds.*

The study of SMA in the form of cylindrical
specimens (a diameter and a height of 71.4 mm and a
weight of 655.0 g) was conducted according to the
Ukrainian research methods. The average density of
SMA was determined by hydrostatic weighing. Residual
porosity was assessed by pore volume in SMA based on
pre-set average density of cylindrical samples and the
actual density of an SMA mix. Water-saturation was
measured by the quantity of water absorbed by a sample
at pre-set mode of saturation in a vacuum unit. The
compression tensile strength at 293 and 323 K of SMA
was determined on mechanical presses with press-plate

Bitumen //O
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\ HC—_ /
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MA is known to be a hygroscopic compound, i.e.
a crystalline compound contains water. During storage,
the water content in MA can also increase. In our
opinion, the water present in MA causes the foaming
effect. That is, the addition of MA to road bitumen at
temperatures above 403 K can achieve two positive
effects, namely:

1) chemical modification of petroleum bitumen,
which will improve the performance of the binder (heat
resistance and adhesion to the surface of mineral
fillers); %%

2) foaming of petroleum bitumens, the use of
which will allow to obtain WMA, i.e. will reduce the
temperature of manufacture, laying and compaction of
ACM.

After research, it was found that the optimal
growth rate of the binder (AV = 19) and the half-life
of the foam (T1 / 2 = 27 s) for foaming bitumen is
reached by addition of 2 wt %. MA of the mass of the
bitumen at a bituminous binder temperature of 418 K.
It should be noted that a difference in the size
and number of foam bubbles was revealed while
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movement speed of (3.0 +0.1) mm/min. For testing,
SMA samples are placed under the press plates with flat
upper and lower cylinder faces. Prior to measurements,
the samples are thermostat-conditioned in a vessel with
water during (60 £ 5) min at the temperature: (323 = 1) K,
(293 + 1) K. The samples for testing compression tensile
strength at 323 K are placed (before the thermostat-
conditioning) into the tight polyethylene bags in order
to prevent their contact with water. The compressive
strength after water saturation at a temperature of
323 K was determined on samples after their saturation
with water.

3. Results and Discussion

In studies,*®®% it was found that when MA is

added to bitumen, it interacts with it by the Diels-Alder
reaction:

Bitumcn
RW—CHZ R2
AN
CH—HC
>403 K
—— HC——CH
C C
o& \o/ %O

comparing the foaming of bitumen with MA and
water. Using the anhydride, we observed a larger
number of bubbles, but their size was smaller in
comparison with the foaming with water.

During the application of foamed bitumens, the
technological process of SMAM preparation did not
change significantly and was carried out in accordance
with the standard sequence and content of technological
operations in accordance with DSTU B V.2.7-127:2015
and DSTU B V.2.7-319. When using foamed bitumens,
the preparation of mineral materials (sand, gravel and
mineral powder), their drying, fractionation, dosing and
feeding into the mixer were performed in the same
sequence as in the conventional SMAM preparation
technology. The only difference in the technology was
the change in the processes of preparation and supply of
a binder, which ensure its introduction into the mixer in
the foamed state. The process of foaming bitumen
consisted of such technological operations:

heating the source bitumen to the appropriate
temperature;
addition of MA to the hot bitumen;
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mixing the bituminous binder until appearing

of a foam and dosing and mixing it with mineral materials.
Due to the foaming effect, the bitumen turned into

a relatively stable fine heterogeneous system, which
consisted of a binder, air, water and steam. Remarkably,
SMAM itself was characterized by plasticity, the
facilitated mixing, and a more uniform distribution of
bitumen on the surface of the mineral materials,
accompanied by coating all mineral particles with a

thin bituminous film. Due to the above-mentioned
characteristics and a relatively low temperature of
the original bituminous binder, the technological
temperatures of preparation and compaction of the
mixture were reduced (Table 2).

The effect of modification of oxidized bitumen
with MA, i.e. the comparison of the performance
properties of BND 70/100 and modified, is given in
Table 3.

Table 2. Temperature technological mode of production and consolidation of SMAM-15

Temperature (K)
Sample
mineral material bitumen SMAM SMAM when compacted
Non- BND 70/100 428 438 428
foamed
+ 0,
bitumen BND 70/1\1/1(32* 2wt 428 438 428
453
FB1
foaming agent — 418 428 418
Foamed | 2wt %; BND70/100
bitumen FB2
foaming agent — 423 403 413 408
2 wt %; BND70/100

Note: conditions of the modification process: temperature — 403 K and time — 30 min.

Table 3. Characteristics of non-foamed bitumen

Index BND 70/100 BND 70/100 + 2 wt % MA* Standard or Ref.
Penetration at 298 K (0.1mm) 71 27 EN 1426:2018
Softening point (K) 319 333 EN 1427:2018
Ductility at 298 K (cm) >100 - EN 13398:2018
Adhesion to gravel (mark) 25 4.0 DSTU B V.2.7-81-98
Fraas breaking point (K) 263 263 EN 12593:2018
Plasticity interval (K) 56 70 Pl =SP - FBP
Resistance to hardening at 436 K
(RTFOT method):
mass change (wt %) 0.03 0.23
softening point after RTFOT (K) 325.2 324.4 EN 12607-1:2014
penetration at 298K after RTFOT 38
(0.1 mm) 55
softening point change (K) 6.2 -7.6
residual penetration (%) 775 140.7

Note: * conditions of the modification process: temperature — 403 K and time — 30 min.
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Table 3 shows that the modification of MA
bitumen significantly increases SP (from 319 to 333 K),
but in during a short heating at 436 K, SP decreases
to 324.4 K. This anomalous behavior of the binder
modified MA will be studied in the following works.
Also, modification of MA bitumen significantly
increases PI and adhesion to the gravel surface.

The next stage of research was the design of
SMAM-15 based on non-foamed (BND 70/100 and
BND 70/100 + 2 wt % MA) or foamed bitumen (FB1
and FB2). The grain composition of SMAM-15 and
SMA-15 based on it were designed to include a
stabilizing additive for SMA (Celbit fiber treated
with Celbit bitumen) and various binder variants
(non-foamed or foamed bitumen BND 70/100).

The selected composition of SMAM-15 is given
in Table 4.

Physico-mechanical properties of the molded
samples of SMA-15 using different types of binder (non-
foamed or foamed bitumen) are given in Table 5. The
flow rate of the binder from SMAM-15 for all compositions

Table 5. Physical and mechanical properties of SMA-15
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did not exceed 0.20 wt % according to requirement
DSTU B V.2.7-127:2015.

Table 4. Compositionof SMAM-15

Name of material Content of material in asphalt
concrete (wt %)

1 Aggregates 85
including factions

10/15 mm 50
5/10 mm 20
0.071/5 mm 15
2 MP(<0,071 mm) 15
3 Celbit 0.4
4 Bitumelj (non-foamed or 6.5
foamed bitumen)

SMA-15 Requirements
Ne Index non-foamed bitumen foamed bitumen ;22;’:;:':;3
BND BND 70/100 + DSTUB V.2.7-
70/100 wt 2 %* FBl FB2 127:2015
1 Average density (g/cm?) 241 2.37 241 2.39 -
2 Water-saturation (% vol) 1.7 2.4 15 2.2 1.0/3.0
Compressive strength (MPa):
3 293K 3.7 2.8 38 2.9 >21
323 K 14 14 14 11 >0.6
Compressive strength after water-
4 saturation for 323 K (MPa) 12 13 12 0.9

Note: *conditions of the modification process: temperature — 403 K and time — 30 min.

The analysis of Table 5 reveals that the foaming
of MA at low process temperatures (samples FB1
and FB2) enables manufacturing SMA-15, which
according to certain indicators meets the requirements
of DSTU B V.2.7-127: 2015. In addition, due to
foaming, the physical and mechanical properties of
SMA-15 at low process temperatures are similar to those
of SMA-15 made at standard non-foaming process
temperatures for hot SMA-15 using oxidized bitumen

(FB1). Nevertheless, a critical reduction in process
temperatures, as in the case of FB2 temperature regimes,
requires an increase in the mixing time of the mixture to
cover the binder grains of the stone material. Even after
doubling this time, not all grains of stone material
remained coated with the binder that resulted in lower
physical and mechanical properties of SMA-15 on
binder FB2 as compared with other SMA-15s listed in
Table 5.
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4. Conclusions

The expediency of using maleic anhydride as a
foaming agent for the production of so-called foamed
bitumens was studied. The application of the foamed
bitumens allows to reduce the temperature of production,
laying and compaction of crushed-mastic asphalt
concrete, which can significantly reduce the cost of road
construction. It was found that, when used as a foaming
agent, maleic anhydride in the amount of 2 % of the
bitumen mass allows to decrease the production
temperature of SMA-15 by at least 20 K. It was shown
that foaming of bitumen with maleic anhydride at
significantly lower technological temperatures enables
production of asphalt concrete mixtures that meet the
physical and mechanical parameters of the regulatory
requirements, whereas the physical and mechanical
properties of the samples prepared at low process
temperatures are similar to those of the samples made at
standard process temperatures without foaming.

Acknowledgements

This work was supported by the National Research
Foundation of Ukraine, Kyiv (Grant No. 2020.02/0038).

References

[1] Sukhhija, M.; Saboo, N.A comprehensive Review of Warm
Mix Asphalt Mixtures-Laboratory to Field. Constr. Build. Mater.
2021, 274, 121781.
https://doi.org/10.1016/j.conbuildmat.2020.121781

[2] Kim, Y.; Lee, J.; Baek, C.; Yang, S.; Kwon, S.; Suh, Y.
Performance Evaluation of Warm-And Hot-Mix Asphalt Mixtures
Based on Laboratory and Accelerated Pavement Tests. Adv.
Mater. Sci. Eng. 2012, 2012, 1-9.
https://doi.org/10.1155/2012/901658

[3] Rondon-Quintana, H. A.; Hernandez-Noguera, J. A.; Reyes-
Lizcano, F. A. A Review of Warm Mix Asphalt Technology:
Technical, Economical and Environmental Aspects. Ing. elnvestig.
2015, 35, 5-18. https://doi.org/10.15446/ing.investig.v35n3.50463
[4] Rathore, M.; Haritonovs, V.; Zaumanis, M. Performance
Evaluation of Warm Asphalt Mixtures Containing Chemical
Additive and Effect of Incorporating High Reclaimed Asphalt
Content. Materials2021, 14, 3793.
https://doi.org/10.3390/mal14143793

[5] Rubio, M. C.; Martinez, G.; Baena, L.; Moreno, F. Warm Mix
Asphalt: An Overview. J. Clean. Prod. 2012, 24, 76-84.
https://doi.org/10.1016/j.jclepro.2011.11.053

[6] Abreu, L.; Oliveira, J.; Silva, H.; Silva, C.; Palha, D;
Fonseca, P. Foamed Bitumen: An Alternative Way of Producing
Asphalt Mixtures. Cienc. e Tecnol. dos Mater. 2017, 29(1),
198-203. https://doi.org/10.1016/j.ctmat.2016.07.004

301

[7]1 Ali, A.; Abbas, A.; Nazzal, M.; Alhassan, A.; Roy, A.; Powers, D.
Effect of Temperature Reduction, Foaming Water Content, and
Aggregate Moisture Content on Performance of Foamed Warm
Mix Asphalt. Constr. Build. Mater. 2013, 48, 1058-1066.
https://doi.org/10.1016/j.conbuildmat.2013.07.081

[8] Abdullah, M.E., Ahmad Zambhari, K., Buhari, R.,

Abu Bakar, S.K., MohdKamaruddin, N.H., Nayan, N.,

Hainin, M.R., Abdul Hassan, N., Hassan, S.A., Md. Yusoff, N.I.
Warm Mix Asphalt Technology: A Review. J. Teknol. 2014, 71,
1-14. https://doi.org/10.11113/jt.v71.3757

[9] Cheraghian, G.; Falchetto, A. C.; You, Z,; Chen, S.; Kim, Y. S;;
Westerhoff, J.; Moon K. H.; Wistuba, M. P. Warm Mix Asphalt
Technology: An up to Date Review. J. Clean. Prod.2020, 268,
122128. https://doi.org/10.1016/j.jclepro.2020.122128

[10] Caputo, P.; Abe, A.A.; Loise, V.; Porto, M.; Calandra, P.;
Angelico, R.; Oliviero Rossi, C. The Role of Additives in Warm
Mix Asphalt Technology: An Insight into their Mechanisms of
Improving an Emerging Technology. Nanomaterials 2020, 10,
1202. https://doi.org/10.3390/nan010061202

[11] Kheradmand, B.; Muniandy, R.; Hua, L.T.; Yunus, R.B;
Solouki, A. An Overview of the Emerging Warm Mix Asphalt
Technology. Int. J. Pavement Eng. 2014, 15, 79-94.
https://doi.org/10.1080/10298436.2013.839791

[12] Zaumanis, M.; Haritonovs, V.; Brencis, G.; Smirnovs, J.
Assessing the Potential and Possibilities for the Use of Warm Mix
Asphalt in Latvia. Constr. Sci. 2012, 13, 53-59.
https://doi.org/10.2478/v10311-012-0008-8

[13] Polacco, G.; Berlincioni, S.; Biondi, D.; Stastna, J.;
Zanzotto, L. Asphalt Modification with Different Polyethylene-
Based Polymers. Eur. Polym. J. 2005, 41, 2831-2844.
https://doi.org/10.1016/j.eurpolym;j.2005.05.034

[14] Giavarini, C.; De Filippis, P.; Santarelli, M.L.; Scarsella, M.
Production of Stable Polypropylene-Modified Bitumens. Fuel
1996, 75, 681-686.
https://doi.org/10.1016/0016-2361(95)00312-6

[15] Sengoz, B.; Topal, A.; Isikyakar, G. Morphology and Image
Analysis of Polymer Modified Bitumens. Constr. Build. Mater.
2009, 23, 1986-1992.
https://doi.org/10.1016/j.conbuildmat.2008.08.020

[16] Becker, M.Y.; Muller, A.J.; Rodriguez, Y. Use of
Rheological Compatibility Criteria to Study SBS Modified
Asphalts. J. Appl.Polym. Sci. 2003, 90, 1772-1782.
https://doi.org/10.1002/app.12764

[17] Gunka, V.; Demchuk, Y.; Sidun, I.; Miroshnichenko, D.;
Nyakuma, B.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

[18] Gunka, V.; Demchuk, Yu.; 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 (6), 1199-1206.

[19] Demchuk, Y.; Gunka, V.; Pyshyev, S.; Sidun, I.; Hrynchuk, Y.;
Kucinska-Lipka, J.; Bratychak, M. Slurry Surfacing Mixes on the
Basis of Bitumen Modified with Phenol-Cresol-Formaldehyde
Resin. Chem. Chem. Technol. 2020, 14, 251-256.
https://doi.org/10.23939/chcht14.02.251


https://doi.org/10.1016/j.conbuildmat.2020.121781
https://doi.org/10.1155/2012/901658
https://doi.org/10.15446/ing.investig.v35n3.50463
https://doi.org/10.3390/ma14143793
https://doi.org/10.1016/j.jclepro.2011.11.053
https://doi.org/10.1016/j.ctmat.2016.07.004
https://doi.org/10.1016/j.conbuildmat.2013.07.081
https://doi.org/10.11113/jt.v71.3757
https://doi.org/10.1016/j.jclepro.2020.122128
https://doi.org/10.3390/nano10061202
https://doi.org/10.1080/10298436.2013.839791
https://doi.org/10.2478/v10311-012-0008-8
https://doi.org/10.1016/j.eurpolymj.2005.05.034
https://doi.org/10.1016/0016-2361(95)00312-6
https://doi.org/10.1016/j.conbuildmat.2008.08.020
https://doi.org/10.1002/app.12764
https://doi.org/10.1080/14680629.2020.1808518
https://doi.org/10.23939/chcht14.02.251

302

[20] Demchuk, Y.; Gunka, V.; Sidun, I.; Solodkyy, S. Comparison
of Bitumen Modified by Phenol Formaldehyde Resins
Synthesized from Different Raw Materials. In Proceedings of
EcoComfort 2020; Blikharskyy, Z., Ed.;Springer,2020;

pp 95-102.https://doi.org/10.1007/978-3-030-57340-9_12

[21] Strap, G.; Astakhova, O.; Lazorko, O.; Shyshchak, O.;
Bratychak, M. Modified Phenol-Formaldehyde Resins and their
Application in Bitumen-Polymeric Mixtures. Chem. Chem.
Technol. 2013, 7, 279-287.
https://doi.org/10.23939/chcht07.03.279

[22] Bratychak, M.; Grynyshyn, O.; Astakhova, O.; Shyshchak, O.;
Wactawek, W. Functional Petroleum Resins Based on Pyrolysis
By-Products and their Application for Bitumen Modification.
Ecol. Chem. Eng. S 2010, 17, 309-315.

[23] 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

[24] Jasso, M.; Hampl, R.; Vacin, O.; Bakos, D.; Stastna, J.;
Zanzotto, L. Rheology of Conventional Asphalt Modified with
SBS, Elvaloy and Polyphosphoric Acid. Fuel Process. Technol.
2015, 140, 172-179. https://doi.org/10.1016/j.fuproc.2015.09.002
[25] Ortega, F.J.; Navarro, F.J.; Garcia-Morales, M.
Dodecylbenzenesulfonic Acid as a Bitumen Modifier: A Novel
Approach to Enhance Rheological Properties of Bitumen. Energy
Fuels 2017, 31, 5003-5010.
https://doi.org/10.1021/acs.energyfuels.7b00419

[26] Peng, C.; Chen, P.; You, Z.; Lv, S.; Zhang, R.; Xu, F.;
Zhang, H.; Chen, H. Effect of Silane Coupling Agent on
Improving the Adhesive Properties between Asphalt Binder

and Aggregates. Constr. Build. Mater. 2018, 169, 591-600.
https://doi.org/10.1016/j.conbuildmat.2018.02.186

[27] 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/j.fuel.2011.02.035

[28] 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.

[29] Bratychak, M.; Gunka, V.; Prysiazhnyi, Yu.; Hrynchuk, Yu.;
Sidun, I.; Demchuk, Yu.; 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

[30] Gunka, V.; Prysiazhnyi, Yu.; Hrynchuk, Yu.; Sidun, I.;
Demchuk, 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

[31] Gunka, V.; Prysiazhnyi, Yu.; Hrynchuk, Yu.; Sidun, 1.;
Demchuk, Yu.; Shyshchak, O.; Poliak, O.; Bratychak, M.
Production of Bitumen Modified with Low-Molecular Organic

Volodymyr Gunka, Yuriy Prysiazhnyi, Yuriy Demchuk, Yurii Hrynchuk, lurii Sidun et al.

Compounds from Petroleum Residues. 3. Tar Modified with
Formaldehyde. Chem. Chem. Technol. 2021, 15, 608-620.
https://doi.org/10.23939/chcht15.04.608

[32] Gunka, V.; Bilushchak, H.; Prysiazhnyi, Yu.; Demchuk, Yu.;
Hrynchuk, Yu.; Sidun, 1.; Shyshchak, O.; 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

[33] Zheltobriukh, A.; Malii, P.; Odehova, T.; Tymoshchuk, O.
Using Asphalt Mixtures Based on Foamed Bitumen. Dorogi i
mosti 2019, 19-20, 94-106.
https://doi.org/10.36100/dorogimosti2019.19.094

[34] http://online.budstandart.com/ua/catalog/doc-
page?id_doc=80850

[35] Herrington, P.R.; Wu, Y.; Forbes, M.C. Rheological
Modification of Bitumen with Maleic Anhydride and Dicarboxylic
Acids. Fuel 1999, 78, 101-110.
https://doi.org/10.1016/S0016-2361(98)00120-3

[36] Kang, Y.; Wang, F.; Chen, Z. Reaction of Asphalt and Maleic
Anhydride: Kinetics and Mechanism. Chem. Eng. J. 2010, 164,
230-237. https://doi.org/10.1016/j.cej.2010.08.020

Received: Desember 10, 2021 / Revised: January 21, 2022 /
Accepted: February 28, 2022

OJEPXKAHHSA BITYMY, MOJU®IKOBAHOT'O
HU3bKOMOJIEKYJAPHUMHU OPI'AHIYHUMH
CIIOJTYKAMM 13 HA®TOBHUX 3ATMIIKIB.

5. BAKOPUCTAHHSA MAJEIHOBOI'O AHTIIPUTY
JJIAA OJEPXKAHHS CIIIHEHUX BITYMIB

Anomauia. B pobomi 00CiOHCEHO MOHCIUBICIb BUKO-
PpUCmanHa Maneinoeo2o amciopudy, AK CHiHII0Y020 A2eHMmY,
0N 00epxcanHsa cninenux 6imymie. 3a noxaswuxkamu 30i1b-
weHHsL 00°eMy 6’axcyuo2o ma nepiody posknady niHu 8cma-
HOBLEHO ONMUMANbHUL 8MICM MAleiH08020 auziopudy. I3
BUKOPUCIMANHAM MANEiH08020 aH2IOpUdy, AK CHIHIOION020 A2eHNnty,
00epPAHCAHO ChiHeHutl OImyM, SIKULL BUKOPUCIMOBYBABCA Ol 00ep-
JHCAHHA 080X 3PA3KIE WeOeHe80-MACMUKOBUX acharbmobemo-
Hi8, AKI GIOPI3HANUCA MIdC COO0I0 memnepamypamu 3miuLy-
6AHHA A YUWiTbHEHHS WeOeHego-MaACMUKO8UX acgharvmobe-
monnux cymiweil. Ilicia 4020 npogedeno npoeKmyeauHHs
CKa0y webeHe80-MACmMUKosUx acgharbmobemonnux cymiuei
i3 euxopucmannam ne cninenux (BH/[ 70/100 ma FH/{ 70/100
MOOUPDIKOBAHO20 MANCIHOBUM AHIOPUOOM) CHIHEHUX OimyMmie
(FHA 70/100 cninenozo maneinosum 3a 080X pisHux memnepa-
mypHux pesicumig). Ilposederno ¢hopmyeanns 3paskie ujebeHego-
MACMuKogux ac@arbmobemonie ma ix unpoOyeanHsi.

Knrouosi cnosa:. maneinosuti anziopud, MoOuiKyeanHs.
6imymy, cnineHi 6imymu, menauil ac@arbmobemoH.
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