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KaszakcmaH Pecrniybnukacbl ¥nmmbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibIMOap Cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze kKabbindaHraHblH xabapnaldbl. byn uHdekcmerny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, 6acnawhbinap MeH MeKemesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHadbl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramdacmbiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMOap 6olbiHWa KoHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, 4ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu U mexHu4eCcKux
Hayk» bbln npuHsam O uHOekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Usesecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpuUpyem Hawy nNpueepXeHHOCMb K Haubosee akmyarbHOMY U 8/1USIMEIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam O5isi Hawezo coobujecmea.
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NEW EXPERIMENTAL APPROACHES TO ANALYSE
THE SUPRAMOLECULAR STRUCTURE
OF REJUVENATED AGED BITUMENS

Abstract. Bitumen aging occurs through volatilization, oxidation and supramolecular assembly variations
involving drastic changes in the structure of the material. Due to the ageing process of bitumen and its corresponding
increase in viscosity, the stiffness of asphalt pavement is increased during its lifetime. Chemically, the relative
content between asphaltenes and maltenes in the bitumen shifts towards a lower maltene fraction. Therefore, addition
of high amounts of Reclaimed Asphalt Pavement (RAP) in asphalt mixtures may negatively affect the quality and
performance of the final mix design. Rejuvenating agents can assist in this process by decreasing the aged bitumen’s
viscosity and restoring its original properties. An efficient rejuvenating agent favors there organization of the
colloidal structure of the oxidized bitumen, thus recreating a supramolecular structure similar to fresh bitumen. Then,
novel experimental approaches are needed to evaluate the efficiency of rejuvenators as well as the effect such
additives have on aged bitumen properties. To achieve the aforementioned purpose, two advanced experimental
approaches able to provide detailed information on bitumen microstructure are examined here. The essential
concepts underlying the scattering and NMR techniques will be reviewed and the results of some recent applications
of these methods in the evaluation of the effectiveness of the RAP rejuvenation will be synthetically illustrated.

Key words: rejuvenators, bitumen, aging, scattering, PXRD, NMR, relaxometry.

Introduction. Many important physical, mechanical, rheological and other characteristics of asphalt
concretes depend considerably on bitumen properties [1-6]. But bituminous materials are easily subject to
oxidative aging during pavement service life, especially in conditions of thermal and / or ultraviolet
radiation [7, 8]. It is well assessed that oxidized bitumen is characterized by reprocessing temperatures
higher than fresh one, because most of the condensed aromatic components and resins, which are respon-
sible for a certain grade of mobility, are converted into highly oxygenated polar and more saturated com-
pounds (asphaltenes and saturates), [9]. Indeed, the depletion of polycyclic aromatic compounds with
amphiphilic activity and acting as supramolecular cage surrounding the polar asphaltenes, may lead to an
increase of average colloidal sizes dispersed in the continuous a polar maltene phase. This phenomenon in
turn gives rise to loss of elasticity and predisposition to material failure. Thus, once removed and proces-
sed, the bituminous layers can be recycled as reclaimed asphalt pavements (RAPs), even though their
reuse is still limited (less than 20% in the mix design) due to their poor bulk mechanical properties
(complex modulus and viscosity), which can cause premature cracking failures. The RAP performances as
asphalt binders may be partially restored towards their original state upon addition of several classes of
compounds called rejuvenators [10-12]. In particular, at least two classes of rejuvenators can be
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distinguished on the basis of the mechanism by which they exert their respective regenerating action,
namely, softening agents (usually called flux oils, lube stock, slurry oils etc.) able to decrease the viscosity
of the aged binder, and real rejuvenators capable to restore the physicochemical properties of bitumen
whose virgin microstructure has been altered by volatilization and oxidative processes [13]. To the former
type belong the rheological rejuvenators (commonly taken from vegetable oil wastes), which should
replenish the volatiles and light chemical fractions that have been lost during aging of asphalts, and
rebalance the asphaltene/maltene ratio typical of fresh bitumen. The latter category comprises novel
rejuvenators related to the general class of surfactants. Indeed, thanks to its capability to lower the inter-
facial energy between two immiscible phases, an amphiphilic molecule can bind on a side the polar phase
and on the other side the a polar one, due to the simultaneous presence within its molecular architecture of
both polar and non-polar moieties. The overall result of these simultaneous interactions proved to be
effective in the stabilization of clusters of polar molecules dispersed in polar solvents [14, 15].

Therefore, amphiphilic molecules are expected to work similarly well in improving the dispersion of
asphaltene clusters in the maltene phase, and consequently counteracting the aging process and reverting
to rejuvenation eventually [16, 17].

The efficient and targeted use of additives with documented rejuvenating action on RAPs employed
in the road paving industry must be based primarily on a rigorous experimental investigation of their effect
exerted on the colloidal microstructure of bitumen. However, although these additives play an important
role in bitumen recycling methods, their impact on the bitumen supramolecular structure arrangement has
not yet been fully investigated in depth. The purpose of the present contribution is to emphasize the
potentialities of advanced experimental methods such as scattering techniques and nuclear magnetic
relaxometry, which can be considered promising techniques in the elucidation of the dynamics of the
complex microstructure in bitumen. In fact, unlike the results acquired through the analysis of the mecha-
nical bulk properties, scattering (in particular X-ray scattering) and NMR experiments can probe from
nano- to mesoscale level the effectiveness of a rejuvenator in restoring the microstructure of bitumen
subjected to the drastic action of aging processes [18, 19]. This work underlines that the detailed analysis
of the microstructural dynamics of bitumen, extending the information taken from commonly used
empirical and rapid methods, allows us to better understand the phenomena that occur in such complex
materials, providing new tools for the piloted design of ever-performing rejuvenations.

Experimental methods. Information on how rejuvenators can affect the supramolecular structure
and distribution of aggregates within the bituminous colloidal network and how this may affect the overall
material properties can be achieved from careful analyses of Powder X-Ray Diffraction (PXRD) data and
NMR measurements performed at low magnetic fields ("H-NMR Relaxometry), making these techniques
very powerful methods to carry out structural investigation in such complex systems [18, 20].

Application of X-ray scattering techniques for the analysis of bitumen. X-ray scattering techniques
represent non-destructive analytical methods able to reveal information about the crystallographic
structure, chemical composition, and physical properties of materials and thin films. These techniques are
based on observing the scattered intensity of an X-ray beam hitting a sample as a function of incident and
scattered angle, polarization, and wavelength or energy [21]. The PXRD spectrum provides the nano-
structural information as well as the crystallite parameter of the molecules that are associated with the
asphaltene aggregates [22-24]. For structure investigations on length scales longer than a few nm, Small-
Angle X-ray Scattering (SAXS) is best suitable, whereas in the wide angle range (WAXS) the spectrum
furnishes precious indications about characteristic distances belonging to various atomic and molecular
organizations of different levels of complexity.

Application of Nuclear Magnetic Resonance techniques for the analysis of bitumen. Nuclear Magne-
tic Resonance (NMR) spectroscopy has been recently found to be an efficient and powerful technique for
the characterization of complex materials such as bitumen [25]. One of the advantages of this technique is
the ability to simultaneously identify several components of the mixture with the acquisition of a single
high resolution'H-NMR spectrum and, consequently, to evaluate the relative amount of the aliphatic and
aromatic hydrogens portion in the complex system. In particular, dynamics information can be obtained
from 'H spin—spin relaxation time (T,) measurements according to the Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence (NMR Relaxometry) [26, 27]. Usually the T, varies all over the sample because
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of the sample heterogeneity or surface relaxation differences; then a multi-exponential attenuation of the
NMR spin echo envelope should be observed. The relaxation time probability distribution function can be
obtained by applying an inverse Laplace transform (ILT) to the experimental data [28]. The T, relaxation
time distribution can be considered a structural fingerprint of the bitumen in which the changes in
relaxation times reflect the changes that occur in the structure of the colloidal binder. In general, by ILT
NMR relaxometry one can monitor the structural evolution of bitumen when additives (polymers, surfac-
tants and so on) are added, since the relaxation distribution is strongly affected by the supramolecular
organisation present in the colloids. In particular, the powerful ILT method applied to the experimental
NMR echo decay can be exploited to test the effectiveness of the real rejuvenator. Indeed, direct corre-
lation can be made between T, and the rigidity of structures in these materials as well as the molecular
constrain causing dynamic hindrance [29].

Results and discussion. The bulk mechanical properties of bituminous materials such as, e.g.,
ductility and rigidity, are empirically determined by the amplitude oscillatory rheometry through the
measurement of the complex modulus G”consisting in its real (elastic modulus G’) and imaginary (viscous
modulus G") components [30-33]. However, more sophisticated experimental investigations such as NMR
relaxometry and X-ray scattering are being proposed as emerging methods for the comprehension of the
microscopic/molecular processes underneath the observed behaviour of a bituminous material subjected to
both physical and chemical treatments. Indeed, the application of low-field NMR spectroscopy has been
used for the determination of physical properties of petroleum fractions [25, 29] and the Inverse Laplace
Transform analysis of the NMR echo signal decay gives the transverse (or spin-spin) relaxation time T»
that can be connected to different domains characterized by different rigidities [20]. The chemical
reasoning for this lies on the molecular constrain causing dynamic hindrance and lowering T, an effect
that can be considered quite general and already found also in different systems [34-36]. In bitumen, the
T, relaxation time distribution profile is usually characterized by two distinct peaks.
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Figure 1 - T2 relaxation time distribution functions obtained for pristine bitumen (SA) at 50°C, PAV bitumen (SB) at 70°C,
PAV bitumen + 2 wt% vegetable flux oil (SC)at 60°C and PAV bitumen + 2 wt% green rejuvenator (SD) at 60 °C

— 297 ——




N E W S of the Academy of Sciences of the Republic of Kazakhstan

The short T, times (around 10 ms) arise from slow tumbling of more rigid supra-molecular aggre-
gates; hence they can be reasonably attributed to the dynamics of asphaltenes. Conversely, long T, times
(around 100 ms) connected to low intra-molecular interactions can be referred to the maltene fraction of
the sample under examination. The T, profiles illustrated in figure 1 provide an example of the application
of the ILT method in the choice of the right rejuvenator through a quick comparison of the T, distributions
for different treatments subjected to the same bituminous matrix. Indeed, one can easily verify that the
addition of a green rejuvenator to the oxidized bitumen (PAV bitumen), has the effect of restoring the
original probability density function compatible with fresh pristine bitumen (compare SA with SD). On
the other hands, the pattern is only partially recovered when a flux oil (a softening agent) is used (compare
SA with SC).

Structural features of the asphaltene clusters self-aggregated in the maltene phase can be also
investigated by the X-ray scattering technique in order to gain new results on the role played by some
additives in the rejuvenation action of bitumen whose colloidal structure has been seriously compromised
by the aging processes. Indeed, the eventual presence of an additive triggers the formation of further
intermolecular interaction in competition with those responsible for this self-assembly, causing a change
of the size and shape of these aggregates. A representative X-Ray scattering spectrum of bitumen together
with the Lorentzian deconvolution reported in figure 2 as a function of scattering vector q = 4m sin 0 / A,
illustrates several important features.

A experimental
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Figure 2 — Typical Wide AngleX-Ray diffraction pattern of asphalt binder with peak profile analysis

The most prominent band centred at around 1.3 A'gives a characteristic of 4.4-4.7 A, which can be
attributed to the typical intermolecular lateral distance commonly present in disordered fluids. This length
parameter results to be slightly higher than that identified from the band of graphene (lateral distance of
about 3.6 A) and coming from the stacks in the aromatic compounds. However, owing to the coexistence
of aliphatic components in the bitumen it is reasonable to treat this band as an unresolved superposition of
these two contributions. Therefore, deconvolution procedures in terms of bell-shaped curves are necessary
to discriminate all the signals. Besides, an eventual low-intensity reflection in the range 0.3-0.8 A™! can be
attributed to the occurrence of a supra-molecular aggregation and would be therefore associated to a
repetition distance between one asphaltene local aggregate and its neighbouring one, in accordance with a
model of a complex system with different levels of complexity. Finally, for q<0.3 A the fractal aggre-
gation generated by an ensemble of asphaltene clusters can be examined. In principle, the formation of
self-similar, fractal structures in bituminous materials cannot be excluded. In such case, the interfacial
boundary is not sharp and a scaling law between the mass M (or particle number N) and the enclosed
volume is established, which can provide an indication of how efficiently the particles are packed. The
presence of additives may modify not only the fractal structure but also the intermolecular assembly as
probed by the band centred at 1.3 A™! and the peak around 0.5 A",
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Conclusion. The restoring of the aged bitumen structure to the original conditions is a challenging
task due to its complex organization at the supra-molecular scale. It has been emphasized that scattering
techniques and nuclear magnetic relaxometry represent promising methods of investigation that deserve
attention for a deeper analysis of bituminous materials. In fact, they can probe the effectiveness of a
rejuvenator in restoring the bitumen microstructure after the aging process, while the mechanical
properties alone do not allow reaching this degree of microstructural knowledge. In conclusion, we want
to bring to the attention the fact that the detailed analysis of the physics of molecular bitumens allows us
to better understand the phenomena that occur in bitumen, providing new tools for the piloted design of
new rejuvenators with ad-hoc performances.
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KACAPTBUIFAH ECKIPTEH BUTYMJAPJABIH MOJIEKY JIAJIBIK
KYPBIJIBIMBIH TAJIJAYFA APHAJIFAH )KAHA TOXIPUBEJIIK TOCIJIIEP

AHHOTanusi. BUTYMHBIH ecKipyi MaTepuan KYpbUIBIMBIHIAFBI ©3repicTepMeH OainaHbICThl 00JaThiH OylaHy,
TOTBIFY JKOHE MOJIEKYJIANIBIK KOCBUIBICTApaFbl ©3repiCTepAiH HOTHKECIHIE OpbIH anaabl. BUTYMHBIH eckipy yaepi-
CiHE YXKOHE OHBIH TYTKBIPJIBIFBIHBIH apTyblHa OaiIaHBICTHI acaabTOCTOH KaMBUIFBICHIHBIH KATTBUIBIFBI MaiiiaaHy
Ke3iHze apTa Tyceli. XUMHSIBIK TYPFbIIAH TYCIHIIpreHae, OuTymaarsl acanbTeHaep IeH MalbTeHIEpAiH cajbic-
TBIpMabl yjleci MaJbTEHIEpPAiH TOMEH KypaMblHa Kapail XbUDkuabl. COHABIKTaH, KaiiTa KajlblHAa KeNTipuireH
acdanbT xaMbuIFBICHH (KAXK) acansT KocnangapsiHa Ken Mesniepe Kocy achaabTOeTOH KaMbUIFbICBIHBIH CHITAT-
TamachlHa Tepic acep eTyi MyMKiH. JKacapTKbIII peareHTTep ecKipreH OMTYMHBIH TYTKBIPJIBIFBIH a3aiTy JKOHE OHBIH
OacTankbl KacHeTTepiH KaJllblHA KeNTYpl apKbUIBI OCHI YAEPICTI jKaKcapTybl MYMKiH. THIMII jkacapTKbIII peareHT
TOTBIKKAaH OMTYMHBIH KOJUIOMITI KYPBUIBIMBIHBIH YHBIMIACYbIHA KONl JKaFiail TyFBI3bII, )KaHaJaH JailbIHIAFaH
OMTYMHBIH MOJIEKYJIalbl KYPbUIBIMBIH KanmbiHa Kentipeai. OxaH 0acka, ’kaHa TOXKIpHOeNik Toacuiaep KacapTKbIII
peareHTTepIiH THIMALIr MEH MyHJIail Kocnajap/AblH €CKipreH OMTYMHBIH KacHeTTepiHE BIKHNAJIbIH Oarajiay YIIiH
KaxeT. JKorappla atayFaH MakcaTTapra KOJ JKeTKi3y YIIiH, OChl Makaiaja OMTYMHBIH MHUKPOKYPBUIBIMBI TYpajlbl
TOJIBIK aKmapar OepeTiH HEFYpibIM INEpCHEeKTUBAIBIK Tacinaep KapacToipbuiansl. Celiny sxone SIMP oxictepinin
Heri3i 6osraH 0acThl TY)KBIpBIMJIaMaiap KapacTeIpbliazpl, connaii-ak KAXK sxacapTyablH THIMALTITIH Oaranayia ochl
qAicTep/li CHHTETHKAJIBIK IaiilaiaHy HATHXKeJepi KopCeTii.

Tyiiin ce3mep: >kacapTKpIII peareHTTep, OUTYM, ecKipy, ceiiny, peHtreH audpakuuscel (¥P/I), saponbik-
MarHuTTiK pe3onanc (IMP), penakcomeTpusi.
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HOBBIE SKCIHEPUMEHTAJIBHBIE ITOJAXOAbI K AHAJIU3Y
HAJIMOJIEKYJISIPHOU CTPYKTYPBI OMOJIOKEHHBIX COCTAPEHHBIX BUTYMOB

AnHoTtanusi. CtapeHue OMTyMa IPOUCXOJUT W3-3a BBINAPUBAHMA, OKHCICHUS M W3MEHEHHH B HaJIMOJIEKY-
JSIPHBIX COEIMHEHUSIX, CBA3aHHBIX CO 3HAYMTEILHBIMU H3MEHEHUSIMH B CTPYKTYpe MaTepuaia. B cBs3u ¢ mporeccom
CTapeHust OuTymMa M COOTBETCTBYIOIIETO YBEIMUCHUS €T0 BA3KOCTH, )KECTKOCTh ac(aabTOOCTOHHOTO MOKPBITHS yBe-
JMYMBaeTCs BO BpeMs JKCIUTyaTalluu. B XMMHYeCKOM CMBICIIE OTHOCHTEIBHOE COAepiKaHue Mex Iy achaabTeHaMH U
MalbTeHaMH B OHTyME€ CIOBHTacTCsl B CTOPOHY 0Ooyiee HU3KOTO COMAEpXaHUs MayibTeHOB. IloaTomy moOaBieHue
0OJIBIIOro KOJMYECTBA pereHepupoBanHoro achanstoBoro nokpbitus (PAII) B acdanbroBeie cMecH MOXET OTpuUIa-
TENbHO TMOBJIMATH HA KAa4eCTBO U XapaKTEPUCTHKH OKOHYATEIBHOTO cocTaBa cMecH. OMOJa)KUBAIOIINE peareHTHI

— 299 ——



N E W S of the Academy of Sciences of the Republic of Kazakhstan

MOTYT MOCIOCOOCTBOBATh YJIYUIICHHIO JAHHOTO Mpoliecca MyTeM YMEHbBLICHHs BSI3KOCTH COCTAPEHHOro OMTyma u
BOCCTAHOBJICHUSI €0 MEePBOHAYAIBHBIX CBOWCTB. D(PQEKTUBHBI OMOIAKHUBAIOIIUA peareHT OJaronpusTCTByeT
OpTraHu3allMi KOJUIOMJHOW CTPYKTYphl OKHCIEHHOIO OWTyMa, TEM CaMbIM BOCCTaHABIHBas HaJMOJEKYJISPHYIO
CTPYKTYPY CBEIKEIPUTOTOBICHHOTO OUTYyMa. 3aTeM, HOBBIC SKCIICPUMEHTAIBHBIC TIOIXO0/1bI HEOOXOAUMBI JIJISl OLCHKH
3 PEKTUBHOCTH OMOJIXKHUBAIOIIMX PEareHTOB, a TaKKe KaKoe BIMSHUE OKa3bIBAIOT Takue NOOABKM Ha CBOMCTBA
coctapeHHOro Outyma. UroObl JOCTHYB BBIIEYKAa3aHHOH 1LIeJIM, B JAHHOM CTaThe pacCMaTpPHBAIOTCS JBa Hauboiee
MepPCIEKTUBHBIX MOX0/a, CIOCOOHBIE MTPEIOCTaBUTh MOPOOHYI0 HHPOPMALINIO 0 MUKPOCTPYKType Ouryma. bynyT
paccMOTpPEHBI OCHOBOIIOJIAraroIe KOHIIETIINH, JIe)Kallle B OCHOBE METOAMK paccenBanus U SIMP, a taxxe OynyT
MPOUJUTIOCTPUPOBAHBI PE3yJIbTaThl HEKOTOPHIX HEJABHUX CHHTETHUECKHX HPUMEHEHHI ITHX METOJOB B OICHKE
s dexTHBHOCTH oMonaxkuBaHus PAITL

KJ1oueBble ¢JI0Ba: OMOJI2XKUBAIOIIUE PEarcHThl, OUTYM, CTapEHHE, PACCEUBAHKE, PEHTTCHOBCKAs AUPPAKIHS
(ITP 1), smepHO-MarHUTHBIN pe3oHanc (IMP), penakcomeTpus.
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