CHEMISTRY & CHEMICAL TECHNOLOGY

Chem. Chem. Technol., 2022,
Vol. 16, No. 3, pp. 475—483

Chemical
Technology

PRODUCTION OF BITUMEN MODIFIED WITH LOW-MOLECULAR
ORGANIC COMPOUNDS FROM PETROLEUM RESIDUES.
6. TEMPERATURE EFFECT ON THE CHEMICAL MODIFICATION
OF BITUMEN WITH MALEIC ANHYDRIDE

Volodymyr Gunka!, Yurii Hrynchuk!, Iurii Sidun', Yuriy Demchuk !,
Yuriy Prysiazhnyi!, Michael Bratychak!*

https://doi.org/10.23939/chcht16.03.475

Abstract. The oxidized bitumen produced at the
Ukrainian refinery was modified with maleic anhydride.
The process temperature was proved to have the most
significant effect on modification. The chemical inter-
action of maleic anhydride with the components of
oxidized bitumen was confirmed. At low temperatures (up
to 403 K) the chemistry of the modification process is
another than chemistry of the process carried out at high
temperatures. The structures of the modified bitumen
were established at different process temperatures (403,
423 and 443 K) using FTIR spectroscopy. A thin film
heating at 436 K (RTFOT method) was performed for the
bitumen under study. It was found that for bitumen
modified at 403 K, the formed structure is destroyed after
heating by RTFOT, which is confirmed by a decrease in
the softening point of the bitumen. The FTIR spectra of
the original oxidized bitumen and bitumen modified with
maleic anhydride at 403 and 443 K were recorded after
the RTFOT heating process. Based on the obtained data,
the structural transformations that occurred during heating
were established.

Keywords: bitumen, maleic anhydride, chemical modi-
fication, temperature effect.

1. Introduction

Bitumen is one of the main components of asphalt
concrete mixtures, which plays an important role as a
binder in asphalt concrete. The vast majority of asphalt
mixtures problems occur due to the low quality of
distillation and oxidized paving bitumen. The most
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promising way to improve the quality of binders, in order
to obtain a road surface with high performance, is to
modify them. For the modification of bituminous binders,
one uses the following types of polymers: elastomers
(natural rubber and rubber),"” thermoplastics (Polyethy—
lene, polypropylene, polyvinyl chloride, etc.),”” thermo-
elastomers  (styrene-butadiene-styrene, ethylene-vinyl
acetate, efc.)”"'? and thermosetting polymers (polyurethane
resins)."" It should be outlined that thermoplastics and
thermoplastic elastomers are by far the most often used
among the above-mentioned polymers.' The polymers,
such as styrene-butadiene-styrene (SBS) and styrene-
isoprene-styrene (SIS), are the most common modifiers
for bitumens out of thermoplastic elastomers."* '

Depending on the polymer effect, SBS- and SIS-
modified bitumens fall into bitumen-polymer and poly-mer-
bitumen binders. Bitumen-polymer binders with a 3.5 %-
composition by mass of SBS and SIS have greater pe-
netration, higher softening temperature, and greater
elasticity.! High cost is probably the one and only
drawback of such modifiers.

As alternative additives to bitumens, resins have
been studied actively to be used with various functional
groups, produced from non-target products or by-products
of the coal conversion (phenol-cresol-formaldehyde resins
and phenol-formaldehyde resins with labile peroxy bonds
or methacrylic components),"”" petroleum resins with
epoxy, hydroxyl or carboxy groups,”’ low-molecular
organic compounds (formaldehyde and maleic anhyd-
ride)®'?® and sulfur/organic copolymers.*’

Maleic anhydride (MA) was studied in the previous
work™ as a low molecular weight modifier that che-
mically interacts with bitumen. Asphaltenes, which are a
part of bitumen, can react with maleic anhydride accor-
ding to the following schemes:*

* via the Diels-Alder reaction
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In our previous work,” we studied the effect of
different factors on the bitumen modification with MA,
namely temperature, duration and MA amount. The tem-

Table 1. Characteristics of OB1 bitumen
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perature was found to have the greatest influence on the
process. We observed an anomaly that at low modification
temperatures (383—403 K) the bitumen modified with
maleic anhydride (OBMA) has a higher heat resistance to
compare with that obtained at the temperatures above 423 K.
Therefore, in this work the effect of temperature on the
process of oxidized bitumen modification with MA was
studied in more detail.

2. Experimental

2.1. Materials

The following materials were used for modifi-
cation:

* paving bitumen OB1 (oxidized bitumen) produ-
ced at JSC Ukrtatnafta (Kremenchuk, Ukraine). Its cha-
racteristic is given in Table 1, designated as BND 60/90;

* MA, white crystalline powder (used as a process
modifier / chemical reagent).

Index Unit of measurement Value
Penetration at 298 K (P298) dmm 71
Softening point (SP) K 319
Ductility at 298 K cm >100
Adhesion to gravel point 2.5
Fraas breaking point (FBP) K 263
Plasticity interval (PI) K 56
Resistance to hardening at 436 K (RTFOT method):
mass change wt % 0.03
softening point after RTFOT K 325.2
penetration at 298 K after RTFOT dmm 55
softening point change K 6.2
residual penetration % 77.5
2.2. Experimental Procedure MA
Chemical modification of bitumen with MA was e
carried out using a laboratory setup, the scheme of which e l
is shown in Fig. 1.
The flask was loaded with raw material (OB1)
heated to a temperature that ensures its mobile state. The Ne

stirring was switched on and the raw material was heated
to the process operating temperature. Next, a modifier
(MA) was added using a separating funnel/dosing device.
The modification was carried out under stirring (1000 rpm)
in an inert gas (N;) medium. The obtained modified
bitumen was analyzed according to the main performance
characteristics: penetration at 298 K (P298), softening
point (SP), Fraas breaking point (FBP), plasticity interval
(PI), and adhesion to gravel (AG).

Bitumen

Fig. 1. Scheme of the laboratory setup
for modification of bitumen with MA
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2.3. Analysis Methods

The following physico-technological characte-
ristics of the original (OB1) and modified bitumen
(OBMA) were determined according to the standard
procedures: softening temperature;’’ penetration;’' Fraas
breaking point;* ductility;” adhesion to gravel;** plas-
ticity interval,”'® and resistance to hardening at 436 K
(RTFOT method).*

To determine the adhesion to gravel (AG) the
fraction of 2040 mm was used. The fraction was
obtained from natural stone supplied by JSC “Mokriansky
Stone Quarry No.3” (Ukraine).

The FTIR spectra were recorded on a Spectrum
Two spectrometer (PerkinElmer, USA) by using with
diamond U-ATR single reflection accessory. PerkinElmer
Spectrum software was used to draw the spectra. The
spectra (16 scans per spectrum) of the samples were
collected in the mid-infrared wavenumber range from
1800 to 500 cm™, with a spectral resolution of 4 cm'.
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3. Results and Discussion

To study the effect of temperature on the properties
of OBMA all other options were fixed (Table 2).

Table 2. Experimental conditions

Option Unit of Value
measurement
Raw - OBI1
Duration hours 0.5
Modifier (MA) kg/100 raw 2.0
amount

The effect of temperature on the main performance
characteristics (P298, SP, FBP, PI and AG) is shown in
Figs. 2-6.

Fig. 2 shows that P298 of the modified bitumen is
reduced almost twice, from 71 to 27-35 dmm.
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At low modification temperatures (383—403 K), a
significant increase in the softening point is observed — up
to 333 K (Fig. 3). At higher modification temperatures
(423-463 K) bitumen with much lower heat resistance is
obtained (softening point is 325-328 K; Fig. 3). This
indicates that the reaction chemistry of maleic anhydride
with the components of oxidized bitumen at lower
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modification temperatures (383—403 K) differs from the
chemistry at higher temperatures (423463 K).

At modification temperatures of 383-423 K, the
low-temperature behavior of the obtained samples prac-
tically does not change, as evidenced by almost identical
values of FBP (263-264 K, Fig. 4); a further increase in
process temperature leads to an increase in FBP.

At modification temperatures of 383—403 K,
bitumen with a high PI value (70 K) are obtained (Fig. 5).

Also, bitumen modified with maleic anhydride is
characterized by high adhesion to gravel, compared with
the original oxidized bitumen. The AG index is 4-4.5
points (Fig. 6).

To establish the chemistry of the MA bitumen
modification process, FTIR spectral studies were per-
formed for the original oxidized bitumen (OB1) and three
bitumen samples (OBMA1, OBMA2 and OBMA3),
which were obtained at different modification tempe-
ratures. The conditions for obtaining and the main
performance characteristics of these samples are given in
Table 3. The FTIR spectra of samples OB1, OBMAI,
OBMAZ2, and OBMAZ3 are given in Fig. 7.

Table 3. Performance characteristics of the samples for which FTIR spectra were recorded

Sample Modification Characteristics
temperature (K) SP (K) P298 (dmm) FBP (K) PI
OBl - 319 71 263 56
OBMAL 403 333 27 263 70
OBMA2 423 326 35 264 62
OBMA3 443 325 32 268 57

Note: process conditions: duration — 0.5 hours, MA amount — 2.0 kg/100 raw (OB1)

1007 OBMA3
OB1 OBMA1

981
961
94
921
901
881
861
84
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801
781
761
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721
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OBMA1
OBMA2
OBMA3
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cm-1

Fig. 7. FTIR spectra of OB1, OBMA1, OBMA2, and OBMA3
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The spectrum of the original bitumen (Fig. 7)
shows an absorption band at 1700 cm”, which
corresponds to the stretching vibrations of the carbonyl
group that is part of the acid structure and is formed due to
the oxidation of tar. Along with this, the absorption band
at 1604 cm™ is observed, which indicate the presence of
benzene rings. Benzene rings are not in the free state, but
are replaced by various methylene groups (—CH,-), as
evidenced by the stretching vibrations at 1458, 1306,
1036, 865, 815, 796, 748 and 721 cm’. Free —CH3; groups
at 1376 cm™ were also found in the structure of bitumen.

In the FTIR spectrum of bitumen modified at 403 K
(OBMAL1) we observed an absorption band at 1604 cm™,
which corresponds to the stretching vibrations of the
benzene ring and substituted benzene rings at 1036, 865,
814, 796, 748 and 721 cm™. Methylene groups (v —CH,-)
were confirmed by the presence of absorption bands at
1458 and 1306 cm™. The free CHs group, which is bound to
benzene rings, had a band at 1376 cm™. In contrast to the
FTIR spectrum of OBI, absorption bands at 1163, 1062
and 583 cm’ were found in the OBMAI spectrum. Such
absorption bands can be attributed to maleic anhydride
(1163 cm™), stretching vibrations of the carbonyl group in
maleic anhydride (1062 cm™) and the double bond in such
anhydride (583 cm™). This indicates that at the modification
temperature of 403 K MA molecules do not attach to
oxidized bitumen molecules by the Diels-Alder reaction
(Eq. 1). MA in this mixture is in the free state. Therefore, in
our opinion, at lower modification temperatures (383—403 K),
an increase in the softening point to 333 K is caused by the
formation of t-m complexes (Eq. 2).

The spectrum of bitumen modified at the
temperature of 423 (OBMA?2) or 443 K (OBMA3), shows
the above-mentioned absorption bands, which belong to
the benzene ring, substituted benzene rings, methylene
and methyl groups; the absorption band at 583 cm™ is not
observed. This indicates the attachment of MA molecules
to bitumen at the mentioned temperatures and the
destruction of formed n-m complexes. The presence of
maleic anhydride fragments in the structure of bitumen is
confirmed by the absorption band at 1062 cm’, which can
be attributed to the stretching vibrations of the carbonyl
group in the bitumen-attached fragment of MA. This once

again confirms that the chemical interaction of MA
molecules occurs at the temperatures of 423 K and above.

To compare the heat resistance of the modified
samples, which were obtained via modification at 403 K
(OBMAL) and 443 K (OBMA3), they were heated by the
RTFOT method. The heating temperature according to
RTFOT is 436 K. The study of technological aging
processes for MA modified bitumen is presented in Table 4.

OBMAI1, which was obtained at a lower tem-
perature (403 K), shows an abnormal behavior during
heating by the RTFOT method — there is a decrease in
heat resistance (softening point decreases by 7.6 K). For
comparison, the softening point of OB1 and OBMAI
increases by 6.2 and 3.2 K, respectively. Since the heating
temperature by the RTFOT method (436 K) is much
higher than the modification temperature of OBMA1 (403
K), in the process of heating the structure (n-m complexes)
is destroyed with a significant decrease in the heat
resistance of this sample.

Therefore, in order to obtain a binder material with
great heat resistance, the process of bitumen modification
with MA should be carried out at relatively low
temperatures — up to 403 K, an increase in this
temperature leads to the irreversible destruction of the
formed structure.

On the other hand, most preparation technologies
take place at temperatures much higher than 403 K. This
must be taken into account for the future preparation of
asphalt mixtures. Therefore, the choice of the temperature
of bitumen modification with maleic anhydride is quite
complex and requires a thorough approach.

To confirm the structure of OBMA at different
modification temperatures, the OB1, OBMAI1 and
OBMA3 spectra were taken before and after the bitumen
heating process by the RTFOT method.

Fig. 8 shows that heating the oxidized bitumen OB1
at 436 K has virtually no effect on the bitumen structure.
Stretching vibrations at 1600 and 1455 cm’ indicate the
presence of aromatic rings in the bitumen. These rings are
1,2,4-substituted (868 cm™), 1,3-substituted (812 cm™) and
monosubstituted (745 and 720 cm™'). The absorption band
observed at 1375 cm’ indicates an interconnection of
aromatic rings by —CH,— groups.

Table 4. Investigations of technological aging processes by RTFOT method

Index Unit of Before RTFOT After RTFOT
measurement | OB1 | OBMAI | OBMA3 | OBI-RTFOT |OBMAI-RTFOT| OBMA3-RTFOT
Change in weight wt % — — — 0.03 0.23 0.55
Softening point (SP) K 319. 333.0 325.0 3252 3244 3282
after RTFOT 0
Penetration at 298 K dmm 71 27 32 55 38 35
after RTFOT
ASP K - - - 6.2 -7.6 32
Residual penetration % — — — 77.5 140.7 109.4
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Fig. 8. FTIR spectra before (OB1) and after RTFOT (OB1-RTFOT)
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Fig. 9. FTIR spectra before (OBMAL1) and after RTFOT (OBMA1-RTFOT)

One can see in Fig. 9 that when OBMAL is heated to
436 K, the MA contained in the mixture in the free state
interacts with the molecules of oxidized bitumen. This is
evidenced by the absence of an absorption band at 1165 cm’
1, which can be attributed to free MA, and the absorption
band at 584 cm’l, which characterizes the double bond in
MA. At the same time, an absorption band at 1780 cm’
was found, which corresponds to the stretching vibrations
of the carbonyl group in the bitumen-attached MA. In
addition, under the experimental conditions, partial

oxidation of bitumen molecules to acid groups is possible,
as indicated by the presence in the OBMAI-RTFOT
spectrum of the absorption band at 1702 cm™, which can be
attributed to stretching vibrations in acids.

Analysis of the spectra represented in Fig. 10
shows that for the sample, in which the MA molecules
were completely attached to the bitumen (Fig. 7), no
changes are observed after heating at 436 K. This means
the aging resistance of the product under mentioned
conditions.
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Fig. 10. FTIR spectra before (OBMA3) and after RTFOT (OBMA3-RTFOT)

4. Conclusions

We examined the effect of the process temperature
on the modification of oxidized bitumen BND 60/90
(Ukraine) with maleic anhydride. The temperature has an
impact on the main operational properties of the modified
bitumen, namely penetration at 298 K, softening point,
Fraas breaking point, plasticity interval and adhesion to
gravel. In the process of oxidized bitumen chemical mo-
dification with maleic anhydride, the penetration at 298 K
is reduced twice, from 71 to 27-35 dmm. At the mo-
dification temperatures of 383—403 K, the softening point
increases significantly to 333 K, and at higher modi-
fication temperatures (423-463 K), bitumen with lower
softening points of 325-328 K were obtained, which
indicates that at 383—403 K the chemistry of maleic
anhydride interaction with the oxidized bitumen com-
ponents differs from the chemistry of process taking place
at higher temperatures (423—463 K). The temperature has
practically no effect on the low-temperature properties of
the obtained bitumen (Fraas breaking point), especially at
the modification temperatures of 383-423 K. At the
temperatures of 383—403 K we obtained bitumen with a
high value of the plasticity interval — 70 K. Bitumen
modified with maleic anhydride is characterized by high
adhesion to the gravel — 4—4.5 points.

Using FTIR spectroscopy, the structural transfor-
mations that occur in the process of chemical modification
of oxidized bitumen with maleic anhydride depending on
the process temperature were studied. It was found that at
the temperatures up to 403 K the chemical interaction of
maleic anhydride with bitumen does not occur, in the

FTIR spectrum of modified 403 K bitumen there is an
absorption band of 583 cm™, which belongs to the double
bond of maleic anhydride. The increase in the softening
point to 333 K is due to the formation of 7-m complexes of
maleic anhydride with bitumen components. At the
modification temperatures above 423 K, maleic anhydride
interacts with bitumen by the Diels-Alder reaction, there
is no absorption band at 583 cm’ in the FTIR spectra of
such bitumen.

The process of heating in a thin film at 436 K
(RTFOT method) of the original oxidized bitumen and
bitumen modified with maleic anhydride was carried out
at the temperatures of 403 and 443 K. It was found that
during the heating process for the original oxidized
bitumen and bitumen modified at 443 K, the softening
point increases by 6.2 and 3.2 K, respectively. For
bitumen modified at 403 K after heating by RTFOT, the
softening point decreases by 7.6 K, which indicates the
destruction of the formed n-m complexes and the
interaction of maleic anhydride with bitumen by the Diels-
Alder reaction. This is also confirmed by FTIR
spectroscopic studies.
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Abbreviations

AG Adhesion to gravel

FBP Fraas breaking point (K)

MA maleic anhydride

OBl oxidized bitumen

OBMA oxidized bitumen modified
with maleic anhydride

P298 penetration at 298 K (dmm)

PI plasticity interval (K)

RTFOT rolling thin film oven test

SP softening point (K)
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OJIEP’KAHHS BITYMY, MOJIA®IKOBAHOT O
HU3bKOMOJIEKYJISPHUMH OPTAHIYHUMHA
CITIOJTYKAMM 13 HA®TOBHX 3AJTUIIKIB.

6. BILTMB TEMITEPATYPHU HA ITPOLIEC
XIMIYHOT'O MOJIU®IKYBAHHS BITYMIB
MAJIETHOBAM AHT'IPMIOM

Anomauin. Ilposedeno npoyec Ximiunoeo MOOUQIKY8aHHs.
OKUCHEHO020 OimyMy 6upoOiieH020 Ha YKPAIHCbKOMY Hagmonepe-
pobHOMY 3a600i maneinosum anziopudom. [osedero, wo Hatbinbiu
CYMmMEBO 8NAUBAE HA MOOUDIKYBAHHA - MeMnepamypa npoyecy.
ITiomegepooiceno, wjo 8 npoyeci MOOUDIKy8anHs MareiHosul aneio-
PUO XIMIUHO 83AEMOOIE i3 CKIA00BUMU YACMUHAMU OKUCHEHO20
6imymy. [Tlokazano, wo 3a Hudicyux memnepamyp (0o 403 K)
npoyec MoOUQIKyeanus i00YaAcmvCsl 3a THUUM XIMIZMOM HIJIC 34
suwux memnepamyp. Ilpogedeno FTIR cnexmpanvhi docniodicenns
onst 6imymie MOOUDIKOBAHUX MANEIHOGUM aHZIOPUOOM 3a DI3HUX
memnepamyp npoyecy (403, 423 ma 443 K) ma ecmanosnerno
cmpykmypu  yux moougpixosanux 6imymis. Taxooic nposedeno
npoyec npoepimms 6 moukiu niisyi 3a 436 K (memooom RTFOT)
onst Gimymie MOOUPIKOBAHUX MANEIHOBUM AHIOPUOOM NPU PIZHUX
memnepamypax. Bemanoeneno, wo ons 6imymy moougixoeanoeo
maneinosum aneiopudom 3a 403 K nicns npocpimms 3a memodom
RTFOT siobysacmobcsi pyiiny@anis. ymeopeHoi CmpyKmypu, wo
niOMBEPONCYEMBCS  3MEHUEHHAM MeMnepamypu  po3m AKUuleHHs
mooughikosarozo 6imymy. Taxooic suamo FTIR cnekmpu euxionoeo
OKUCHEH020 Oimymy ma Oimymie MOOUQDIKOBAHUX MALEiHOBUM
anziopuoom 3a 403 i 443 K nicia npoyecy npocpimms 3a Memooom
RTFOT. Ha ocnosi odepycanux FTIR cnexmpie ecmanosineno
CIMPYKMYPHI nepemeopenHs, wo 6i0bysaomvcsi 8 npoyeci npo-
2pimmsi 3 yumu Oimymamu.

Knrouoei cnosa: 6Oimym, maneinosuti anciopud, Ximiune
MOOUGDIKY8AHHS, BNIIUE MEMNEPANTYPU.



