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Objectives. This study evaluates the effect of the modification process on the group composition
of bitumen and bitumen binders containing rubber powder and hybrid modifier that is based
on styrene-butadiene thermoplastic elastomer and rubber crumb. The aim of the study was to
determine the presence or absence of functional groups that reflect the direction of physicochemical
processes during the preparation of a hybrid modifier in rotary dispersers and during the
modification of bitumen binders.

Methods. Rubber powder and hybrid modifier were obtained by high-temperature shear grinding
using a rotary disperser. Bitumen and modified bitumen binders were investigated via Fourier-
transform infrared spectroscopy. Using the method of spectral subtraction, it was determined
that during the process of manufacturing modified bitumen binders, structural changes occur in
both bitumen and modifiers. During this study, the extraction of modifiers (rubber powder and
hybrid modifier) in toluene was performed.

Results. The quantitative analysis of changes in the group composition of modifiers before and
after the modification procedure was carried out. The active polymer and structural indices were
determined. The general trend of the change in the active polymer and structural indices was
noted for the initial spectra of the rubber powder and hybrid modifier, and their spectra were
obtained after the procedure of subtraction from the spectra of bitumen binders.

Conclusions. The interdiffusion of aromatic compounds between the bitumen component and
modifier particles was confirmed. On the basis of the results of the extraction of modifiers in
toluene, and by taking into account the infrared spectroscopy data, it was determined that during
the production of hybrid modifier during the simultaneous grinding of rubber crumb and styrene—
butadiene thermoplastic elastomer, there was a chemical interaction between them.
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IMenu. B cmambe npoaHAIU3UpPO8AHO 8AUSTHUE NPOUecca MOOUDUKALUL HA 2pYnnogoll cocmaes
bumyma u BUMYMHBLX BIIKYUUX, COOEPIKAULUX PE3UHOBLLU NOPOULOK U 2UubpUOHbLI Modugura-
mop Ha ocHoge 6YymadueH-CMuUpOabHO20 MEPMOINACMONAACMA U pe3uHo8oll Kpowku. Llenvto
uccnedogaHust 6blLlo onpedeneHue HaIuUUUsL UAU Omeymemaeust QYHKYUOHANIbHbIX 2pynn, ompa-
HKAOWUX HANPABIEHHOCMb (PUBUKO-XUMUUECKUX NPOYUECcco8 Npu NOAYUeHUU 2UOpUOH020 MOOU-
uramopa 8 pomopHbsLX ducnepaamopax u npu MoOUPUKAUUU OUMYMHBLX BSLOKYULUX.
Memooubt. Pe3urosblii nopoulok U 2ubpudHsblil MoOUpUIKAMOp NOAYUEHbL MeMOOOM 8blCOKOMEM-
nepamypHozo c08U208020 USMENbUEHUSL HA pPOMOPHOM ducnepeamope. Bumymbl u MoOUPUUUPO-
8AaHHblE BUMYMHbBLE 8SLKYUUE UCCTE008AHbL MEMOOOM UHGPpaKpacHoii cnekmpockonuu ¢ Pypve
npeobpasogaruem. C noMouibio Memooa 8bluumaHust CneKmpos YyCmaHoe/leHOo, WMo 8 npouecce
U320MOBNAEeHUSL MOOUPUUUPOBAHHBLX OBUMYMHBIX BSIKYULUX NPOUCX00SIM CMPYKMYpHble U3Me-
HeHusl KaK 8 bumyme, mak u 8 moouguxkamopax. B pabome marixe npogedeHa sKCMpaKyus
MOOUPUKAMOPO8 (PE3UHOB020 NOPOUUKA U 2UOPUOHO20 MOOUPUKAMOPA) 8 MOSYOSE.
Pesynemameul. [Ipogeder KoAUUECMBEHHbLU AHANU3 USMEHEHUL, NPOUCXO0SUUX 8 2PYNNO8OM
cocmasge moougpuramopos 00 u nocie npouedypsl moougurayuu. OnpedesieHbvl AaKMUBHBLIL No-
JAUMepHbLIL U cmpyKkmypHbLil uHOeKcbl. OmmeueHa obuast meHOeHYUs. 8 USMEHEHUU AKMUBHO20
NOIUMEPHO20 U CMPYKMYPHO20 UHOEKCO8 OJIsl UCXOOHbLX CNeKmpo8 pe3uH08020 NOPOUUKA U 2u-
6pUOHO020 MOOUDUKAMOPA U UX CNeKMPOo8, NOAYUEHHbLX NOCAE NPOUEOYPbl BLILUMAHUSL U3 CNeK-
mpo8 bUMYMHbBLX 8SLKYWUX cnekmpa bumyma.

Buleoowst. [ToomeeprkdeHa 83aumooudpysus apomamuueckux coeOuHeHUll mMeskoy bumymHoil
cocmasnsiiowell U uacmuyamu moougurkamopos. Ha ocHogaHuu pe3yibmamoe skempakyuu Mo-
Juguramopos 8 moayone u ¢ yuemom oaHHoix HK-cnekmpockonuu HatioeHo, umo 8 npouecce
npouszgoocmaa 2ubpudHo20 MOOUPUKAMOPA COBMECTMHBIM COUBMENbUEHUEM PE3UHOB0U KPOULKU
u 6ymaodueH-CmuposibHO20 MEePMOINACMONAACIA MEHKOY HUMU NPOUCXOOUM XUMUUECKOe
e83aumodeiicmsue.

Knroueevle cnoea: 6umym, pesuHO-NOSUMEPHbLE KOMNO3UMbL, pPe3UuUHO8ble NOPOULKU,
HK-cnexmpockonusi, bumymHoble ssokyuiue, 2ubpudHoslii moduguramop, gblcokomemnepamypHoe
co0suz080€e usMenbUueHue, CmpyKkmypHlil uHOeKe, Memoo 8blUUMAaHUsL CNeKmpos.

Jna yumuposanusa: Topneesa U.B., Mensauko JI.A., Top6aroa B.H., Pesanuenxo [1.C., Haymona FO.A. MccnenoBanme
BIIMSTHHS TIpoIiecca MoAN(HKAIIMK Ha TPYNIOBOH cocTaB Outyma n Moaupukaropos merogoM Dypee-UK criekrpockonuu. Tonkue
xumuueckue mexronoeuu. 2020;15(2):56-66. https://doi.org/10.32362/2410-6593-2020-15-2-56-66
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Investigation of modified bitumen binders ...

INTRODUCTION

In recent years, both in Russia and around the
world, traffic has considerably increased. Therefore,
the quality of binder for pavements remains relevant
because the contribution of binder to the formation
of main coating defects is between 40 and 90% [1].
Moreover, numerous studies [2—5], which have been
conducted in different countries, show that unmodified
bitumen does not provide the proper quality of road
surfaces under the conditions of modern heavy traffic.
A prerequisite for creating a high-quality asphalt
concrete pavement is to modify bitumen binder [6—8].

Thermoplastic elastomers (TPEs) and rubber
powders (RPs) are mainly used as bitumen modifiers;
in addition, attempts have been made to create hybrid
modifiers (HM) [9-13].

Modifiers, depending on the technology of their
addition into bitumen, are divided into two groups:

1) Modifiers that are designed to improve bitumen
properties prior to the preparation of the asphalt mix
by “wet” modification, which involves the stage of
continuous cooking of bitumen at high temperatures
(usually higher than 180°C). The modification
efficiency in this case is achieved by increasing the
degree of dispersion of modifiers in bitumen using
high-speed mixers.

2) Modifiers that are designed to improve the
performance of the asphalt mix by “dry” modification.
In this case, the need for long and energy-intensive
stages of obtaining modified bitumen binders is
eliminated. Modifiers are introduced into the asphalt
mix at the time of its preparation in the asphalt
mixer. Such modifiers include RP and HM, which
are obtained by high-temperature shear grinding.
The modification efficiency is achieved by the fast
deagglomeration of RP particles or a hybrid modifier
upon contact with hot bitumen [6, 14-16].

The first group includes almost all known
modifiers. Hybrid binders are mainly obtained by
the “wet” method. However, the Federal Research
Center of Chemical Physics of the Russian Academy
of Sciences has developed a unique hybrid modifier
that can be introduced by the “dry” approach, which
is similar to the introduction of RP (2nd group
modifiers). This approach became possible owing
to the joint co-grinding of rubber crumb (RC) and
styrene—butadiene thermoplastic elastomer (SBTPE)
by high-temperature shear grinding (HTSG).

In this study, infrared (IR) spectroscopy was
used to study bitumen, modifiers, and modified
bitumen binders. This method allows you to record
changes in the group composition and structure of
bitumen materials in the process of their modification
[17-19]. The aim of the study was to determine the

functional groups, the presence or absence of which
reflects the physicochemical processes occurring
upon receipt of hybrid modifier in rotary dispersants
and upon the modification of bituminous binders. To
achieve this goal, we used the OMNIC software, with
which we performed the procedure of subtracting
the spectra of bitumen and modifiers from the
spectra of modified bitumen binders. RP and hybrid
modifier were extracted with toluene to establish the
presence of chemical interaction between rubber and
thermoplastic elastomer in the process of obtaining
the hybrid modifier by the HTSG method.

MATERIALS AND METHODS

As initial bitumen, BND 60/90 was used, which
is recommended for use in road climatic zones
II-V. The actual values of the physicochemical
parameters of initial bitumen BND 60/90 (Slavneft-
Yaroslavnefteorgsintez,  Yaroslavl, Russia) are
presented in Table 1.

The bitumen modifiers used in this study are rubber
powder, which is based on used tires STO 11101543-
006-2015 (RP studied), and a hybrid modifier obtained
by co-grinding RC (cascade production method)
and styrene—butadiene thermoplastic elastomer
STO 11101543-008-2015 (GM studied). The main
characteristics of dispersed elastomeric modifiers are
given in Table 2. These modifiers were obtained by
the HTSG method on modern installations in rotary
dispersants (patent 2612637 Russian Federation,
B29B13/00). The raw material for producing dispersed
modifiers was RC with a particle size of >1 mm TU
2511-002-56465277-14 (Oris  Prom, Dzerzhinsk,
Moscow oblast, Russia). To obtain GM, we used a
mixture of initial RK and SBTPE of the SBS 30-01 L
brand (Voronezhsintezkauchuk, Voronezh, Russia).

The composition of bitumen binders studied in
this study by IR spectroscopy is presented in Table 3.

The samples of RBB and HBB were obtained by
mixing bitumen and modifiers obtained by the HTSG
method at 160°C for 10 min at the rotation speed of
the mixer blades of 600 rpm.

The effect of the modification process on the
group composition of bitumen was studied using
a Nicolet™ iS5 FT-IR Spectrometer from Thermo
Scientific™ (USA) with an iD3 ATR Plate.

RESULTS AND DISCUSSION

Using IR spectroscopy, we obtained the spectra
of initial unmodified bitumen BND 60/90, rubber-
bitumen, and bitumen binders containing HM,
as well as the spectra of modifiers (i.e., RP and
hybrid modifier obtained by the HTSG method).
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Table 1. Physicochemical characteristics of BND 60/90

Parameters Norm according to GOST 22245-90 Actual value
Penetration grade of unaged binders, 0.1 mm:
at 25°C 61-90 74
at 0°C >20 22
Softening point of unaged binders, °C >47 49
Ductility, cm:
at 25°C >55 88
at 0°C >3.5 3.7
Fraass breaking point, °C <15 =22
Flash point, °C >230 276
Changing the softening point after hardening, °C <5 5
Penetration index -1.0++1.0 -0.4

Table 2. Characteristics of disperse modifiers

Parameters Units RP studied HM studied
Average particle size pm 270 250
Specific surface m%/g 0.237 0312
Bulk density g/em’ 0.36+0.5 032+0.5
Humidity % by weight, no more than 4 32
Residue on the 0.63-mm sieve %, no more than 2 2
Agglomeration index no less than 8 8

Table 3. Compounding composition of the investigated bituminous binders

Sample cipher Sample Modifier type Ratio BND/modifier, mass %
1 Bitumen (BND) - 100/0
Rubber-bituminous Rubber powder obtained
2 binder (RBB) by high-temperature shear
grinding (HTSG)
90/10
3 Hybrid bituminous Hybrid modifier obtained by
binder (HBB) HTSG
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A comparative analysis of the modifying action
of the RP and hybrid modifier was carried out by
comparing the spectra of bitumen and its modifiers
before and after the modification of bitumen. Thus,
the spectra of bitumen or the spectra of RP and HM
were subtracted from the spectra of modified binders,
and the results were compared with the spectra of the
initial components of modified bitumen binders.
During the first stage, a change in the composition
of bitumen after its modification with RP and hybrid
modifier was evaluated. The resulting spectra
obtained by subtracting the spectra of the original
modifiers from the spectra of modified bitumen
binders (samples No. 2 and 3) are shown in Fig. 1.
The qualitative analysis of the spectra is shown
in Fig. 1, which demonstrates that the structure of the
bitumen component changes during the formation
of binders. A considerable change in the group
composition of aromatic compounds in bitumen is

observed. After bitumen modification with RP (Fig. 1a),
the absorption bands of m-xylene (753 cm™') and
p-xylene (781 cm™) degenerate, and the bands of
aromatic compounds at 1600 cm™' and the band of
aromatic triplet of bitumen (746 cm™') disappear.

The absorption spectrum related to the paraffin—
naphthenic fraction (e.g., at 1030 cm™) is not
observed in the spectrum of the bitumen component
obtained by subtracting the spectrum of RP from
the RBB spectrum. The presence of six-membered
aromatic cycles can be detected in bitumen only after
modification (peak at 1892 cm™ [20]).

The presence of active radicals on the surface
of RP leads to a change in the group composition of
oxygen-containing compounds. Thus, the absorption
bands of anhydrides and esters degenerate (1771 cm™! and
1752 cm™!, respectively); however, a band appears,
which corresponds to the stretching vibrations of the
CO group (1243 cm™, acetates).
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Fig. 1. Spectra of original BND bitumen (red line) and bituminous component (blue line) obtained by subtracting
the spectrum of rubber powder (RP) (a) and hybrid modifier HM (b) from the spectrum of the modified bituminous binder.
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The nature of changes in the structure of bitumen
after modification with a hybrid modifier (Fig. 1b)
is similar to the changes caused by the introduction
of RP. The group composition of paraffin—naphthenic
hydrocarbons changes at 1030 cm™', when the
absorption band present on the spectrum of initial
bitumen degenerates in the spectrum of the bitumen
component after modification [21].

When using a hybrid modifier, changes are
observed at 900-600 cm™', which are related to
aromatic compounds. The degeneration of bands
of individual aromatic compounds (746, 753, and
804 cm™) as well as bands at 1600 cm™ and 1892 cm™,
which characterize five- and six-membered cycles
of aromatic compounds [21-23], takes place.
Modification with a hybrid modifier leads to the
appearance of an absorption band at 1243 cm™
(acetates, phenols).

In the bitumen component of modified binders,
both in the case of RP and HM, a band at 1043 cm™ is
observed, which corresponds to compounds containing
the S=0 group (R-SO*-type compounds).

A distinctive feature characteristic of spectra
obtained using only HM is the presence of an
absorption band at 700 cm™!, which corresponds to the
S(CH) group of the aromatic ring (polystyrene) and to
the absence of a band at 1016 cm™, which indicates
the presence in the sample of sulfur compounds in the
form of R-SO-R structures.

A similar procedure for comparing the spectra
of initial modifiers with the spectra obtained by
subtracting the spectrum of bitumen from the spectrum
of modified bitumen binders showed that the changes
in the set of functional groups according to their
assortment and peak intensities are insignificant. The
main feature of the spectra of modifiers, both for RP
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and HM, after contact with bitumen is the appearance
of peaks in the low-frequency region corresponding
to aromatic compounds (645, 680, 773, 798, 841, 881,
946 c¢cm™), which confirms the diffusion of aromatic
hydrocarbons from the bitumen component into the
volume of modifiers [23].

On the basis of the obtained data, the second
stage of this study was dedicated to studying the effect
of bitumen modification on the physicochemical
processes occurring between RC and TPE upon the
receipt of a hybrid modifier. To solve this problem,
a comparative analysis of the resulting spectra was
obtained by subtracting the spectrum of the RP from
the spectrum of the hybrid modifier before and after
bitumen modification (Fig. 2).

In the spectrum before modification (blue line),
shown in Fig. 2, the absorption band of the 3(CH)
group of the aromatic ring (styrene) at 700 cm™' and
the band characterizing the presence of C=C double
bonds (965 cm™') are observed [22, 23]. After the
bitumen modification procedure, the intensity of these
peaks considerably decreases, which is associated
with the occurrence of diffusion processes during the
transition of unsaturated compounds to bitumen.

For the quantitative analysis of the spectra of
modified bitumen binders, the method described in
[24] was applied. This approach is based on the fact
that during modification, the intensity and nature of
the peak at 965 cm™!, which is related to trans-alkanes,
noticeably changes. It was also established that the
absorption band at 810 cm™', which characterizes
C-H bonds in aromatic compounds, remains almost
unchanged; therefore, it is considered to be a
constant value (Fig. 3). The parameter that describes
the quantitative changes that occur in the modified
bitumen binder and in HM during the modification
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| |
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Fig. 2. Spectra obtained by subtracting the RP spectrum from the HM spectrum (blue line for the original modifiers,
red line for modifiers after the bitumen modification procedure).
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process is the active polymer index (API), which is
calculated by the following equation:

API = s

810

where S is the peak area at 965 cm™, and S, is the

peak area at 810 cm™'.
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Fig. 3. Determination of peaks for calculating API using
HBB as an example.

In [25], for the quantitative analysis of MBB,
the structural index (relative optical density) I, .,
is used, which equals to the ratio of the peak area at
965 cm! to the total area of the region between 2000 cm™!
and 600 cm ™

S 965

Z A) 2000-600

The results of the quantitative analysis of the spectra
of modified bitumen binders are presented in Table 4.

The analysis of the data shown in Table 4 allows
us to note the general trends in the change in API and
I, ., in the initial spectra of RP and hybrid modifier
and their spectra obtained after the procedure of
subtraction of the spectrum of bitumen from the

I —

CH=CH

spectra of bituminous binders. The higher values of
these indicators for a hybrid modifier compared to RP
are natural and are associated with the presence of the
polybutadiene component of SBTPE.

The reverse picture observed in the analysis of
the RP and HM spectra after obtaining bituminous
binders, which allows us to make an assumption about
the possible chemical interactions between RC and
TPE during their grinding. When analyzing the spectra
of modified bitumen binders, considerably lower
numerical values of API and I ., ., were obtained. This
can occur due to the lower concentrations of modifiers
in the binder (bitumen/modifier is 90/10 mass %) and
the incorporation of part of the free low molecular
weight polymer component of the modifiers into the
formed structure of the bitumen binder. A decrease in
the structural index I, ., of the hybrid modifier after
modification confirms the data from the qualitative
analysis shown in Fig. 2. This means that during
the manufacturing process of the hybrid modifier,
a noticeable physicochemical interaction occurs
between the starting components.

To identify the presence of a chemical interaction
between RC and TPE during the process of obtaining
a hybrid bitumen modifier by the HTSG method,
styrene—butadiene thermoplastic elastomer was
extracted from the HM sample. The initial RP and
hybrid modifier obtained by the HTSG method were
placed in toluene and kept there for 14 days. After
filtration, the samples were dried and weighed.
Samples were dried at constant temperature and
humidity. The drying time was determined by
achieving a constant mass value of the extracted
samples with an accuracy of £0.001 g. The test results
are shown in Table 5.

Table 5 shows that most TPE (>75% for GM 5/95
and >85% for HM 20/80) that are dissolved in toluene
are added to hybrid modifier, which confirms the
presence of interaction between the polymer and RC
during their co-grinding in a rotary disperser.

Table 4. Quantitative analysis of the spectra of MBB and modifiers

Sample Active polymer index (API) Structural index 7, .
Before modification
RP 1.466 0.0277
HM 3.245 0.0443
After modification
RP 0.2400 0.0086
HM 0.2110 0.0052
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Table 5. Results of the extraction of RP and thermoplastic with toluene

Modifiers/styrene-butadiene thermoplastic elastomer (TPE)

content, mass %

Parameters

RP HM

0 5 20
Sample mass, g 0.1207 0.1915 0.1984
Mass of the sample after extraction, g 0.1128 0.1723 0.1543
Mass of substances extracted with toluene, g 0.0079 0.0192 0.0441
Mass fraction of substances extracted with toluene, % 6.54 10.02 22.23
Mass fraction of TPE extracted with toluene, % - 3.81 17.0

CONCLUSIONS

The use of the method of subtraction of spectra made
it possible to evaluate the structural changes occurring
in bitumen and its modifiers during the manufacturing
of modified bitumen binders. It was determined that
using such modification, aromatic hydrocarbons diffuse
from the bitumen component to modifier particles.
During the modification process, six-membered cyclic
aromatic compounds are formed in the bitumen part;
the composition of paraffin—naphthenic hydrocarbons
is changed, and sulfur compounds are formed and
“transferred” from the particles of modifiers to bitumen.
Thus, in this study, the phenomenon of interdiffusion
between bitumen and modifiers (RP and HM) was
confirmed by IR spectroscopy.
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The analysis of the results of the extraction of hybrid
modifiers in toluene and the IR spectroscopy data allows
us to conclude that chemical interaction occurs between
RC and thermoplastic elastomer when they are co-milled
on a rotary disperser by the HTSG method.
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