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Bitumen, as the primary binding component in asphalt mixtures, plays a defining role in
determining the structural integrity, durability, and overall performance of road pavements. However,
unmodified bitumen frequently proves inadequate under the combined pressures of increasing
traffic loads, extreme temperature cycles, moisture infiltration, and accelerated oxidative aging —
challenges that are intensifying in the context of modern infrastructure demands. Modifiers introduced
into bitumen composition serve a fundamental purpose: they alter the internal microstructure of the
binder, improving its rheological properties, extending its service temperature range, and enhancing
resistance to deformation, fatigue cracking, and premature aging.

This review critically examines the specific roles that two major classes of sustainable modifiers —
bio-based resins (including gossypol resin and technical lignin) and post-consumer recycled
thermoplastics (polypropylene, polyethylene grades, and polyethylene terephthalate) — fulfill within
bitumen composition. Bio-based resins integrate into the bitumen matrix through physico-chemical
interactions that reinforce the colloidal structure, reduce oxidative susceptibility, and improve low-
temperature flexibility, while recycled thermoplastics form polymer networks within the binder that
dramatically increase stiffness and rutting resistance at elevated service temperatures. Beyond
performance improvements, these modifier classes address pressing contemporary problems: the
depletion of high-quality petroleum resources, the accumulation of plastic waste in landfills and
ecosystems, growing regulatory pressure to reduce the carbon footprint of construction materials,
and the economic burden of frequent road maintenance and rehabilitation.

KEYWORDS: Bituminous binder modification; Gossypol-based resin; Technical lignin; Waste
polypropylene; Polymer-bitumen compatibility.
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Bumym sierissemcsi 0CHOBHbIM 85XKYLWUM KOMITOHEHIMOM acghasibmobemoHHbIx cMmecell U uzgpa-
em 8a)Hyr posib 8 obecrneyeHuu npoYyHocmu, AoN208€4YHOCMU U SKCyamayuoHHOU Ha0exXHo-
cmu OopoxHbIX Mokpbimut. OOHaKko mpaduyUOHHbIU HeEMOOUGhULUPOBaHHbIU bumyM 4acmo He
crocobeH 8 rosHoU Mepe MPomueocmosims 8030elicmBU COBPEMEHHbIX IKCITyamauyUOHHbIX
hakmopos, makux Kak yeenuyeHue mpaHCrnopmHbix Hagpy30K, 3Ha4UumeribHble memnepamypHbie
KonebaHusi, MPOHUKHOBEHUE 8r1agu U YCKOPEHHbIE MPOUECChl OKUCTUMENbHO20 cmapeHusi. B ces-
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3u ¢ amum mMoOucbuKkayusi BUMYMHbIX 8sXKYUUX paccMmampusaemcsi Kak a¢hgbekmugHbil criocob
108bIWEHUST SKCTITyamayUOHHbIX Xapakmepucmuk u 00r1208e4HOCMU OOPOXHbIX Mamepuaros.

B danHoU 0630pHOU pabome paccmampusaemcs erusiHue 08yX rnepcrieKmueHbIX pyri
ycmouquebix MoOuguKamopo8 — 6UOOCHOBHbLIX CMOIT (20CCUNONO80U CMOJIbI U MEXHUYECKO20
JIU2HUHA) U 8MOPUYHbIX MEPMOIMIaCMUYHbIX MO/IUMEPO8, M0/1yYeHHbIX U3 MocmnompebumensCcKux
0mx0008 (MonunponueHa, pasiuyHbIX MUros nonuamuneHa u nonusmuneHmepegpmanama). lo-
KaszaHo, 4mo 6UOOCHOBHbIE CMOITbI CrIOCOOHbI 83aumModelicmeosamb ¢ KOMIOHEHmMamMu bumyma,
YKPENIIsisi €20 KOITOUOHYH CMPYKMYyPY, CHUXasi UHMEeHCUBHOCMb OKUCIUMENIbHO20 CMapeHUsi U
rnosbiwasi 2ubKkocmb Mamepuarsna rnpu HU3KUX memnepamypax. B mo xe epemsi nepepabomaH-
Hble mepmoriacmel hopMUpPYyom 8 cmpykmype bumymMHO20 8sKyweeo nosIuUMepHbIe cemeable
obpasosaHusi, Ymo criocobcmayem Mos8bILEHUK XECMKOCMU Mamepuara U e2o ycmoudyusocmu
K Korneeobpa308aHUIo Mpu 8bICOKUX meMrepamypax aKcrilyamayuu.

Kpome yrnyyweHus akcrnyamayuoHHbIX c8olicme O0POXHbIX MOKPbIMUU, NMPUMEHEeHUE yKa3aH-
HbIX MOOUGhuKamopoe criocobecmayem peuwleHuUto psida akmyarbHbIX 9KOI02UHYECKUX U 3KOHOMUYe-
CKux 3a0ay, 8Kro4Yasi CokpaweHue nompebneHuss HebmsHbIX Pecypcos, ymunu3dayuro niacmuko-
8bIX 0MX0008 U CHUXXEHUE 3KOII02u4ecKol Hagpy3Ku, c8s3aHHOU ¢ O0POXHbLIM CMpPOUMeTbCMeoM.

KITIOYEBBbIE CJIOBA: modugbukayusi 6umyMHO20 8sXKyu,e20; 20Ccuronosasl cMorna; mex-
Hu4yecKul fueHUH; omxo0bl MOUMPONuUIIeHa; CO8BMECMUMOCMb oNuUMep-6umym.
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Bumym acchanbmbemoH KocnanapbiHbIH Hezi32i 6alinaHbicmbIpfbill KOMIOHeHMI 60rbIn ma-
6b1r1a0b1 XX8He xor xabbiHOapbiHbIH bepikmiziH, y3aK mep3imOinieiH xoeHe nalidanaHy ceHimoinieiH
Kammamacei3 emyode MaHbI30bl pen amkapadbl. Anatida deacmypsi modugukayusinaHbaraH bu-
mym Kasipai 3amaHfbl natdanaHy xardalnapbiHOa, aman alimkaHoa KerliK XyKmeMeCiHiH apmyabl,
memmnepamypaHbiH alimapribikmau ayblmKybl, blriFandblH eHyi XoHe mombify rnpouecmepiHiH
xedendeyi cusskmabl hakmopnapObiH acepiHe mornbikmal memen 6epe anmaliosbl. OcbiraH bau-
naHbicmbl 6umymObIK 6alinaHbicmbipFbilumap0bl MOOughukayusnay Xon mamepuandapbiHbIH
natidanaHy KacuemmepiH XaHe onapObiH Kbi3Mem emy Mep3iMiH apmmbipyOblH muiMOi macin-
OepiHiH 6ipi pemiHde Kapacmbipbiiadsbi.

Byn wony xXymbicbiHOa mypakmbl MOOughukamopriapObiH eKi nepcrekmuegassl MmobbiHbIH —
maburu walbiprapObiH (20ccunon wadblpbl MEH MEeXHUKalbIK JTU2HUH) XX8He mymbiHydaH KediHei
KandbikmapdaH arnbiHFaH eKiHWi pemmik mepMonnacmukarbik rnonumeprepdid (MonunponuneH,
rnonuamureHHiH apmypni myprnepi xeHe nonuamuneHmepegpmanam) 6umym KypambiHOarb!
acepi kKapacmbipbinadsl. Taburu wadlbipnap 6umym KOMIOHEHMMEPIMEH e3apa apeKemmecirl,
OHbIH KOrI1oudmabiK KypbIbIMbIH mypakmaHObIpyFa, MOMbIfy KapKbIHbIH MeMeHOemyae xoHe
MamepuandbiH memMeH memnepamypadarbl uineiwmieiH apmmeipyra biknan emedi. An katima

HE®Tb N TA3 &8 2026 2 (152) 203



HEPTEXUMUNA

eHOerneeH mepmornacmap 6umymobik 6alinaHbICMbIPFbIW KYpPbibiMbIHOA MOIUMEPITIK KeHICMIK-
mik mopnap mya3in, MamepuanobiH KammbI/bIfbIH XXOHE Xofapbl memrnepamypadarbl natdanaHy
xardalnapblHOa olisikmaHyFa me3simoiniaiH apmmbipadsbi.

Kon xabbiHOapbIHbIH natidanaHy cunammamarnapbiH XakcapmyMeH Kamap, amarraH Moou-
gukamopnapOb! KondaHy MyHal pecypcmapbiH muimOi natidanaHy, nnacmukarnbikK KanobikmapObl
Kaltma eHOey XoHe XOI KYPbIbIChbIHbIH 9KOI02USIbIK XYKMeMeCiH meMeHOemy cusiKkmbl MaHbi-
30bI 3KOI02USITIbIK XXOHE SKOHOMUKaIbIK Macenienepdi wewyae MyMKiHOIK 6epedi.

TYWAIH CO3LEP: 6umym mymkbip MOOUUKaUUSIChI; 20CCUNO Walibipbl; MeXHUKanbIK
JIU2HUH, nonunponuneH Kkandbikmapsl; nonumep-bumym ytnecimoiniai.

substances derived through petroleum refining processes, constitute the funda-

mental binding matrix in asphalt concrete pavements globally. Despite wide-
spread implementation across transportation infrastructure networks, conventional un-
modified bituminous binders demonstrate numerous performance-related shortcomings.
These deficiencies include pronounced susceptibility to permanent deformation under
elevated temperature conditions, brittleness-induced fracturing at low ambient tempera-
tures, progressive degradation under cyclic loading (fatigue failure), oxidative hardening
during service life, and loss of adhesion in the presence of moisture [1,2]. Such limita-
tions have catalyzed extensive scientific investigations into advanced modification tech-
nologies designed to enhance pavement durability and extend functional service periods.

Historically, thermoplastic elastomers, particularly styrene-butadiene-styrene (SBS)
block copolymers, have been extensively utilized to augment the rheological and mechan-
ical properties of bituminous binders. Nevertheless, virgin synthetic polymers present
significant economic burdens due to elevated costs, contribute to petroleum resource de-
pletion, and raise considerable environmental sustainability concerns [3,4]. The accelerat-
ing global transition toward sustainable development frameworks and circular economy
principles has intensified research efforts to identify alternative modifiers sourced from
renewable biological resources and post-industrial/post-consumer waste streams [5,6,7].

Emerging Sustainable Modification Technologies. Contemporary research has identified
two particularly promising categories of environmentally-conscious bitumen modifiers:

Bio-Based Natural Resins: Plant-derived materials including gossypol resin (ob-
tained as byproduct during cottonseed oil extraction), industrial lignin (waste material
from pulp manufacturing and bioethanol production), and pine-derived rosin compounds
represent ecologically-sound modification alternatives [8]. These natural substances pos-
sess molecular architectures that demonstrate chemical affinity with bituminous compo-
nents and are commercially available in substantial volumes as industrial processing
residues or agricultural biomass waste.

Post-Consumer Recycled Thermoplastics: Waste plastic materials, specifically poly-
ethylene terephthalate (PET) from beverage containers, diverse polyethylene variants (PE)
from packaging applications, and polypropylene (PP) from multiple consumer products,
offer concurrent solutions for waste management challenges and pavement performance
enhancement . Global thermoplastic production surpassed 400 million metric tons annu-
ally in 2023, with recycling rates remaining below 10%, thereby creating substantial envi-
ronmental pressures that road construction applications can partially alleviate.

ntroduction. Bituminous materials, characterized as viscoelastic thermoplastic
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Bio-Based Natural Resin Modifiers. Technical lignin represents the second most
prevalent natural macromolecule in the terrestrial biosphere following cellulose, primar-
ily recovered as industrial byproduct from chemical pulping operations and lignocellu-
losic ethanol production facilities. This biopolymer comprises approximately 20-30% of
lignocellulosic plant biomass by mass and exhibits a highly complex three-dimensional
network structure constructed from interconnected phenylpropanoid units. The elemen-
tal composition of technical lignin (carbon: 50-66%, hydrogen: 5-7%, oxygen: 30-40%)
demonstrates remarkable chemical similarity to petroleum-derived bitumen, particularly
the asphaltene fraction, thereby establishing fundamental compatibility.

Various commercial lignin grades are produced depending on extraction methodol-
ogy employed: kraft lignin (obtained via alkaline sulfate chemical pulping), organosolv
lignin (isolated using organic solvent systems), hydrolysis lignin (generated during ac-
id-catalyzed biomass saccharification), and soda lignin (produced through non-sulfur
alkaline treatment of agricultural residues). Each technical lignin type exhibits distinc-
tive molecular weight distributions, functional group densities, and thermal degradation
profiles that directly influence performance as bitumen modifiers.

Dual Functionality: Modifier and Partial Replacement. Technical lignin operates
through dual mechanisms in bituminous systems: as a performance-enhancing modifier
at lower concentrations (typically 5-15% by mass) or as a partial petroleum bitumen
substitute/extender at elevated concentrations (ranging from 15-50% replacement lev-
el). Wu and colleagues [8] conducted comprehensive investigations on soda lignin as a
sustainable bitumen extender, maintaining a bitumen-to-lignin mass ratio of 4:1 (corre-
sponding to 20% lignin content). Experimental results conclusively demonstrated that
lignin incorporation yielded increased viscosity at mixing temperatures, substantially
enhanced resistance to permanent deformation (rutting), improved fatigue crack resis-
tance, and exhibited superior thermal stability during extended storage periods.

Gaudenzi and colleagues [9] published an exhaustive review examining lignin uti-
lization in sustainable asphalt pavement systems, analyzing chemical interactions, rheo-
logical behavior, and mechanical properties across multiple length scales from molecu-
lar to mixture level. Their comprehensive analysis emphasized that lignin modification
conferred improved oxidative aging resistance attributable to the antioxidant activity of
phenolic hydroxyl functional groups, which function as free radical scavengers and in-
hibit oxidative degradation pathways . Norgbey and colleagues [10] corroborated these
observations, demonstrating through Fourier-transform infrared spectroscopy that lig-
nin-modified binders exhibited significantly lower carbonyl group formation during ac-
celerated aging protocols compared to unmodified control samples.

Gao and associates [11] performed comparative studies evaluating kraft lignin and
agricultural lignin extracted from corn stover on bituminous binder properties. Multiple
Stress Creep Recovery (MSCR) testing protocols demonstrated that lignin incorporation
decreased non-recoverable creep compliance (Jnr) values by 8-23% depending on ap-
plied stress magnitude and specific lignin source. At low service temperatures (-18°C),
both lignin varieties reduced stiffness modulus from 441 MPa (virgin base binder) to
369-378 MPa, indicating enhanced flexibility and reduced thermal cracking suscepti-
bility.
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Storage Stability and Thermodynamic Compatibility. A critical technological advan-
tage of lignin-based modification is the inherent thermodynamic compatibility with bitu-
minous matrices resulting from structural and compositional similarities. The amphiphilic
(bipolar) molecular architecture of lignin, containing both hydrophilic polar functional
groups (hydroxyl, carboxyl, methoxyl) and hydrophobic non-polar segments (aromatic
rings, aliphatic chains), facilitates favorable interactions with the diverse chemical constit-
uents present in bitumen. Standardized storage stability evaluations (conducted at 163°C
for 48-hour duration) consistently demonstrate softening point differentials less than 3-5°C
between upper and lower sample sections, confirming acceptable phase stability.

However, practical implementation challenges during mixing operations have been
documented. Vigorous bubble formation during initial lignin addition at elevated pro-
cessing temperatures has been reported in multiple studies, necessitating precise control
of mixing parameters including temperature profiles, agitation intensity, and lignin ad-
dition rates to achieve homogeneous dispersions [12]. These operational considerations
must be systematically addressed for successful commercial-scale field implementation.

Environmental Sustainability Assessment. Comprehensive Life Cycle Assessment
(LCA) investigations have quantified substantial environmental benefits associated with
technical lignin utilization in asphalt applications. Moretti and colleagues [13] conduct-
ed attributional LCA of kraft lignin incorporation in Dutch asphalt production systems,
comparing environmental burdens across conventional unmodified asphalt, SBS poly-
mer-modified asphalt, and lignin-modified alternatives. Results demonstrated potential
reductions ranging from 20-40% in carbon footprint metrics, with specific values depen-
dent on lignin source (hardwood versus softwood), extraction process energy intensity,
and transportation distances. Furthermore, lignin valorization addresses critical waste
management challenges in pulp/paper manufacturing operations while simultaneously
reducing dependency on petroleum-derived materials.

Gossypol Resin from Cottonseed Processing. Chemical Properties and Modification
Mechanisms. Gossypol resin, recovered as a valuable byproduct during cottonseed oil re-
fining operations, represents an economically attractive and environmentally sustainable
modifier for bituminous applications. The resin matrix contains polyphenolic bioactive
compounds, condensed polycyclic aromatic structures, and multiple hydroxyl functional
groups that demonstrate favorable chemical interactions with bitumen molecular com-
ponents [14]. Recent experimental investigations have established that incorporation of
1-2% gossypol resin by mass significantly enhances bitumen-aggregate adhesion, partic-
ularly under moisture exposure conditions that typically promote stripping failures [14].

Standardized boiling water adhesion test results indicate that unmodified control
bitumen exhibits substantial stripping (35+2% aggregate surface area) following mois-
ture exposure, whereas 0.5% gossypol addition reduces stripping to 25+1%. Progres-
sive improvements in adhesion performance are observed at 1% and 2% concentrations,
with stripping reduced to 15+1% and 10+£1% respectively [14]. Interestingly, at higher
concentrations (5% by mass), adhesion performance shows slight decline, potentially
attributable to resin phase aggregation or reduced binder homogeneity.

Physical property modifications induced by gossypol resin include substantial viscos-
ity increases (30-40% elevation at 2% concentration) and elevated softening point tem-
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peratures (8-12°C increment) [ 14]. Thermogravimetric analysis (TGA) revealed enhanced
thermal stability characteristics, with decomposition onset temperature increasing from
350°C (control sample) to 380°C (2% gossypol-modified formulation) [14]. Fourier-trans-
form infrared spectroscopy (FTIR) confirmed chemical interaction mechanisms through
hydrogen bonding between gossypol hydroxyl groups and bitumen aromatic components,
evidenced by characteristic broad absorption bands centered at 3400 cm™ [14].

Pine-Derived Rosin and Modified Derivatives. Rosin, extracted from various pine
species through resin tapping (gum rosin), stump extraction (wood rosin), or as a byprod-
uct of kraft pulping operations (tall oil rosin), consists predominantly of diterpene resin
acids including abietic acid and pimaric acid isomers [15]. Rosin functions as an adhe-
sion-promoting tackifier in bitumen modification, enhancing interfacial bonding prop-
erties through mechanisms analogous to gossypol resin but via distinct chemical path-
ways. However, unmodified rosin exhibits significant oxidative instability attributable to
extensive carbon-carbon double bond unsaturation, necessitating chemical stabilization
through esterification reactions, catalytic hydrogenation, or maleic anhydride grafting
[15]. Chemically modified rosin derivatives have demonstrated potential in specialized
epoxy-modified asphalt systems and niche applications, though commercial utilization
remains substantially lower compared to lignin or synthetic elastomers.

Recycled Thermoplastic Polymer Modifiers. Recycled polypropylene, sourced
from diverse waste streams including rigid packaging materials, automotive interior
components, and single-use medical devices, presents significant modification poten-
tial while simultaneously facing critical technical challenges [16]. PP is classified as
a semi-crystalline thermoplastic exhibiting melting point temperatures of 160-165°C,
substantially exceeding conventional bitumen mixing temperatures employed in asphalt
production (typically 140-150°C) [11,12]. This thermal property mismatch necessitates
elevated processing temperatures approaching 180-200°C, resulting in increased energy
consumption, emission of potentially toxic volatile organic compounds, and risks of
thermal oxidative degradation of bituminous components [17,18].

Additionally, the strictly non-polar hydrocarbon molecular structure of PP results in
poor thermodynamic compatibility with bitumen, causing macroscopic phase separation
during hot storage and heterogeneous microstructural morphology in modified binders
[18,19]. Zhu and colleagues [4] published a comprehensive critical review of polymer
modification technologies, emphasizing that polyolefin polymers such as PP exhibit se-
verely limited molecular-level interactions with bitumen due to high crystallinity and ab-
sence of polar functional groups, resulting in pronounced storage stability deficiencies.

Advanced Chemical Modification Strategies. To overcome inherent compatibility
limitations, Ding and colleagues [17] developed an innovative thermo-mechanochem-
ical degradation methodology utilizing dicumyl peroxide (DCP) free radical initiator
at dosages of 1-5 parts per thousand. This treatment successfully reduced PP melting
point and dramatically increased melt flow rate by factors up to 1900%, enabling ef-
fective modification at reduced temperatures of 140-160°C rather than 180-200°C [17].
The degradation mechanism proceeds through free radical generation, polymer chain
scission reactions, and simultaneous limited crosslinking reactions that yield more fluid
polymer products while preserving performance enhancement capabilities.
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Furthermore, reactive grafting techniques have shown considerable promise. Ma-
leic anhydride grafting (producing PP-g-MA copolymers) creates polar carboxylic acid
functional groups along the PP backbone, dramatically enhancing compatibility and
substantially reducing phase separation tendencies [16,18]. Recent innovations include
sequential grafting with polyol chains, generating PP-g-MAH-g-Polyol modifiers that
demonstrate superior workability, excellent high-temperature deformation resistance,
and construction temperature reductions of approximately 30°C relative to conventional
PP modification approaches [18].

Enhanced Performance Characteristics. Chemically modified PP-bitumen blends
(3-7% polymer content) demonstrate substantial improvements in fundamental physical
and complex rheological properties. Penetration values typically decrease by 20-35%,
while ring-and-ball softening point increases by 10-18°C [16,17,18]. DSR testing proto-
cols reveal significantly enhanced rutting resistance parameter (G*/sind), with improve-
ments of 30-50% at critical pavement service temperature of 64°C for 5% PP content.
Dynamic creep compliance tests on complete asphalt concrete mixtures show reduced
permanent deformation accumulation and elevated flow numbers, indicating excellent
resistance to rutting under repeated heavy axle loading [17,18].

However, storage stability remains problematic absent chemical modification in-
terventions. Standardized stability evaluations demonstrate softening point differentials
exceeding 10-15°C between stratified top and bottom sections for unmodified PP blends,
whereas chemically modified PP formulations exhibit differentials below 5°C, satisfying
acceptable engineering criteria.

Recycled Polyethylene Variants. Multiple polyethylene structural variants are uti-
lized in bitumen modification applications, each possessing distinct molecular archi-
tectures and thermal properties. Low-density polyethylene (LDPE) recovered from
plastic films and flexible packaging exhibits branched chain structure (melting point
105-115°C) providing enhanced flexibility and superior compatibility relative to other
PE types [19,20]. Linear low-density polyethylene (LLDPE) sourced from stretch wrap
and industrial films displays intermediate properties (melting point 120-130°C) with
superior mechanical strength characteristics [19,20]. High-density polyethylene (HDPE)
recovered from rigid bottles and containers possesses linear molecular architecture with
elevated crystallinity (melting point 130-140°C) but demonstrates poor solubility in bi-
tuminous matrices [16,20].

Nizamuddin and coworkers [16] published an exhaustive review of sustainable
polymer additives from post-consumer plastic waste as bitumen modifiers, systemati-
cally comparing virgin and recycled polymer performance. Their analysis conclusive-
ly established that LDPE forms three-dimensional reticular network structures within
bitumen through effective swelling in maltene (oil) fractions, whereas HDPE exhibits
minimal solubility even at low concentrations [16].

Storage stability improvements mandate incorporation of chemical compatibilizing
agents. Singh and colleagues [19] systematically investigated various compatibilizers
including elemental sulfur, PE-g-MA grafted copolymers, and synergistic combinations
for recycled LDPE-modified bitumen systems. Results conclusively demonstrated that
combined sulfur and PE-g-MA addition significantly enhanced thermodynamic compat-
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ibility, thermal degradation resistance, and complex rheological properties across tem-
perature spectra [19]. The softening point differential was reduced below 5°C threshold,
and phase angle at elevated temperatures decreased substantially, suggesting complete
polymer-bitumen network formation [19].

PE-modified bituminous binders (3-6% polymer content) exhibit penetration reduc-
tions of 15-30% and softening point elevations of 8-20°C [19,20]. Marshall stability
values increase by 15-30%, while dynamic stability improves by 40-60%, indicating
superior rutting resistance under wheel loading [16,20]. Moisture damage resistance,
quantified through indirect tensile strength ratio (TSR) testing, demonstrates improve-
ments of 10-18% with PE modification [16,20].

Post-Consumer Polyethylene Terephthalate. PET, predominantly recovered from
beverage bottle collection systems, represents 55-60% of plastic bottle waste streams
but poses unique technical challenges attributable to extremely elevated melting point
(~250°C) [21,22,23]. Conventional wet mixing processes are technically impractical, as
required processing temperatures would induce severe thermal oxidative degradation
of bituminous components [21,23]. Consequently, two principal alternative processing
methodologies have emerged for PET utilization.

Dry Process Technology: PET particles function as partial aggregate replacement
rather than wet blending with liquid bitumen. Ziari and associates [23] comprehensively
reviewed PET applications in asphalt pavement reinforcement, emphasizing dry process
advantages including minimized phase separation issues and optimized performance
with fine particle size distributions (<2 mm diameter) [23]. PET dosage typically ranges
from 0.2-1.0% by aggregate mass or equivalently 4-12% by bitumen mass [22,23].

Micronized Wet Process: PET mechanically comminuted to ultra-fine particle dimen-
sions (<100 pum) can be blended with bitumen at moderated temperatures, enhancing dis-
persion quality while minimizing thermal degradation risks [21,23]. Advanced chemical
recycling approaches, particularly glycolysis depolymerization converting PET into low
molecular weight polyols, generate products exhibiting enhanced compatibility with bi-
tumen and capability for forming polyurethane-analogous crosslinked networks [21,23].

Enhanced Performance Characteristics. Ameri and colleagues [21] comprehensive-
ly examined PET potential as bitumen modifier, establishing that 5-20% PET incorpo-
ration decreased ductility and penetration while increasing softening point and rotation-
al viscosity. The complex modulus rutting parameter (G*/sind) improved significantly
across all testing temperature ranges, though low-temperature performance grade de-
creased by one classification grade (from -22°C to -16°C) at 15-20% PET content [21].

Lugeiyamu and associates [22] investigated PET as partial bitumen replacement
in gap-graded stone mastic asphalt (SMA), determining that up to 10% PET substitu-
tion maintained acceptable performance characteristics without compromising mixture
design requirements. Dynamic modulus testing revealed enhanced stiffness at low and
intermediate temperatures, while resistance to moisture-induced damage, permanent de-
formation, and fatigue cracking improved substantially [22].

Sustainable Plastic-Waste-Modified Asphalt (PWMA) Systems. Contemporary com-
prehensive review articles have systematically synthesized global research outputs on
plastic-waste-modified asphalt technologies. Recent publications in Sustainability jour-
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nal [24,25] employed rigorous systematic review methodologies evaluating peer-re-
viewed experimental investigations, quantitatively comparing rheological, mechanical,
and environmental performance outcomes. These syntheses identified that LDPE dom-
inates commercial field applications (approximately 40% market share) attributable to
relatively low melting point and acceptable compatibility, whereas polyvinyl chloride
(PVC) utilization remains limited (11.8%) due to concerns regarding chlorinated com-
pound emissions during thermal processing [24,25].

The mechanical performance characteristics of polymer-modified asphalt depend
critically on thermo-rheological properties and thermodynamic compatibility between
phases. Crystalline thermoplastic polymer domains provide enhanced stiffness and
strength, improving blend properties and overall pavement service performance [24,25].
However, the non-polar molecular nature of PP and PE results in severely limited com-
patibility absent chemical compatibilizers or pre-treatment, necessitating development
of chemical modification approaches [24,25].

Gossypol Resin: Fundamental Understanding and Standardization. Despite demon-
strated technical effectiveness and economic viability, gossypol resin modification re-
quires substantial additional investigation before achieving widespread industry adop-
tion. Current understanding of gossypol-bitumen-aggregate interfacial chemistry relies
predominantly on empirical performance testing and basic spectroscopic characterization
techniques .Advanced fundamental research needs include molecular dynamics simula-
tions elucidating specific hydrogen bonding configurations and interfacial energy calcu-
lations, structure-property relationship studies correlating gossypol molecular structure
variations with quantitative adhesion performance metrics, and thermodynamic model-
ing of hydrogen bonding energetics and competitive adsorption with water molecules.

Long-term durability assessment represents another critical knowledge gap. Pub-
lished research has concentrated primarily on initial performance characteristics and
accelerated laboratory aging. Essential investigations include extended aging proto-
cols (PAV aging for 40+ hours simulating 10+ years service), field validation trials with
multi-year monitoring programs (minimum 5-7 years) tracking pavement performance
through forensic analysis of extracted field cores, and investigation of potential gossypol
leaching under prolonged water exposure and freeze-thaw cycling effects.

Quality standardization and specification development are prerequisites for industry
adoption. Gossypol resin properties vary substantially depending on cottonseed vari-
ety, oil extraction process, and purification procedures. Required developments include
standardized quality specifications defining minimum polyphenol content, viscosity
range, and purity requirements; comparative performance evaluation of gossypol from
different sources establishing equivalency criteria; supply chain analysis assessing glob-
al availability and cost projections; and development of ASTM/AASHTO/EN standard
test methods for gossypol characterization enabling quality control verification.

Recycled Polypropylene: Scalability and Optimization. While laboratory-scale in-
vestigations have demonstrated remarkable success in chemical modification approach-
es, critical challenges must be addressed for industrial-scale implementation. Commer-
cial-scale processing technology requires engineering of continuous high-shear reactors
capable of 10-50 tons/hour throughput while maintaining precise temperature control
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and uniform chemical distribution, real-time monitoring with feedback control systems
ensuring consistent product quality despite feedstock variations, detailed techno-eco-
nomic assessment of chemical additive costs versus performance benefits, and compre-
hensive safety engineering for handling organic peroxides at elevated temperatures and
large quantities.

Feedstock variability management presents ongoing challenges. Post-consumer PP
waste streams exhibit substantial heterogeneity including molecular weight distribution
differences, copolymer content variations, diverse additive presence, and contamination
from food residues, labels, and multi-layer packaging. Research priorities include de-
velopment of rapid quality screening methods (near-infrared spectroscopy, differential
scanning calorimetry, rheological fingerprinting), adaptive processing protocols adjust-
ing chemical treatment parameters based on real-time feedstock characterization, and
tolerance specification defining acceptable feedstock variability ranges for consistent
final performance.

Low-temperature performance enhancement remains a fundamental challenge. Cur-
rent PP modification approaches sacrifice low-temperature flexibility for high-tempera-
ture stiffness, limiting applicability in cold climates. Potential solutions under investi-
gation include hybrid elastomer-plastomer systems combining PP with styrenic block
copolymers or polyolefin elastomers, controlled selective degradation targeting specific
molecular weight fractions, plasticizer incorporation using bio-based oils or oligomeric
polyolefins, and nano-modification incorporating exfoliated nanoclay or graphene pro-
viding reinforcement while allowing matrix plasticization.

Current construction specifications and regulatory frameworks inadequately ad-
dress bio-based and chemically modified recycled polymer systems. No standardized
testing protocols exist for gossypol resin characterization, and current specifications
often prescriptively require SBS creating barriers for alternatives. Proposed solutions
include transition to performance-based specifications emphasizing service outcomes
rather than prescriptive material requirements, standardized laboratory testing sequences
establishing equivalency to benchmark SBS performance, pilot project programs imple-
menting demonstration projects under controlled conditions generating validation data,
and expedited approval pathways for modifiers meeting sustainability criteria with doc-
umented laboratory performance.

Establishing reliable, quality-controlled supply chains represents a critical imple-
mentation requirement. Current limitations include geographic concentration of gossy-
pol production in cotton-growing regions creating supply/demand mismatches, quality
variability in recycled polymers dependent on waste collection infrastructure, and trans-
portation distances potentially offsetting environmental benefits. Development strategies
encompass regional processing facilities co-located with feedstock sources minimizing
transportation, third-party quality certification programs ensuring consistent modifier
properties, long-term supply contracts providing production volume certainty enabling
capital investment, and strategic reserves managing seasonal production variations.

Economic and market barriers impede widespread adoption despite technical perfor-
mance and environmental benefits. Capital investment requirements for chemical modifi-
cation equipment, perceived risk premium for unknown long-term performance, training
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and learning curve expenses, and price volatility in agricultural commodities and chemi-
cals create economic uncertainty. Market development approaches include government in-
centives through tax credits and procurement preferences, performance warranty programs
reducing project owner risk, industry collaborative research consortia sharing implemen-
tation experiences, and comprehensive life cycle cost analysis demonstrating economic
benefits including extended service life and reduced maintenance.

Conclusions

This comprehensive review has systematically examined the functional roles that
bio-based natural resins and post-consumer recycled thermoplastics fulfill within bitu-
men composition for sustainable asphalt pavement applications. Integration and syn-
thesis of recent research literature establishes several definitive conclusions regarding
modifier mechanisms, performance characteristics, and implementation pathways.

Gossypol resin derived from cottonseed oil processing byproducts occupies a
unique and highly valuable functional niche as a natural adhesion-promoting modifi-
er demonstrating exceptional anti-stripping performance. Optimal dosage range of 1.0-
2.0% by bitumen mass provides 60-71% reduction in moisture-induced aggregate strip-
ping compared to unmodified bitumen, surpassing many commercial synthetic adhesion
promoters. The modifier functions through concurrent mechanisms including extensive
hydrogen bonding network formation, progressive reduction of bitumen-aggregate inter-
facial energy, and enhanced polar functionality improving chemical affinity with mineral
surfaces. Gossypol demonstrates excellent cost-effectiveness with <1% total binder cost
increase at optimal 1.5% dosage while representing exemplary circular economy utili-
zation converting agricultural processing waste into high-value construction additive.

Chemically modified post-consumer PP provides exceptional high-temperature me-
chanical performance addressing critical rutting resistance requirements while simulta-
neously valorizing plastic waste. Thermo-mechanochemical degradation using dicumyl
peroxide enables processing temperature reduction from 180-200°C to 140-160°C,
achieving energy savings of 15-20%. Advanced multi-component modification systems
combining controlled degradation, maleic anhydride grafting, and polyol chain incor-
poration produce warm-mix modifiers processable at 150°C while maintaining excel-
lent storage stability. Modified PP incorporation at 5-7% dosage provides dramatic per-
manent deformation resistance improvements with flow number increased 125-160%,
non-recoverable creep compliance reduced 50-55%, and dynamic stability increased
100-130% compared to unmodified bitumen.

Bio-based resins and recycled polymers fulfill fundamentally different but com-
plementary functional roles within modified bitumen systems. Gossypol resin provides
interfacial adhesion enhancement, moisture damage prevention, and antioxidant aging
resistance with minimal processing complexity. Recycled polypropylene provides bulk
mechanical property enhancement, high-temperature stiffness and rutting resistance, and
structural reinforcement addressing plastic waste management. Rather than universal
solutions, modifier selection should be optimized based on specific application require-
ments including climate conditions, traffic loading, and sustainability priorities.

Transportation agencies and pavement engineers should adopt performance-based
specifications enabling sustainable modifier approval based on demonstrated equiv-
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alency to benchmark SBS performance in critical parameters. Establishment of pilot
project programs implementing gossypol resin modification in moisture-prone regions
with comprehensive monitoring provides validation data supporting broader adoption.
Development of regional climate-optimized specifications recognizing optimal modifier
selection varies geographically addresses diverse performance requirements.

Asphalt producers and paving contractors should implement gossypol resin modi-
fication utilizing existing equipment in the near-term, representing minimal capital in-
vestment. Medium-term investment in chemical modification capabilities for recycled
PP processing as market demand develops and agency approvals are obtained positions
organizations for emerging opportunities. Implementation of statistical process control
monitoring critical parameters and development of supplier qualification programs en-
suring modifier quality consistency establishes robust quality management systems.

Academic researchers and research institutions should prioritize long-term field vali-
dation programs with multi-year monitoring tracking pavement performance under actual
conditions. Fundamental mechanism elucidation combining molecular dynamics simula-
tion, advanced microscopy, and spectroscopy reveals molecular-level interactions guiding
optimization. Systematic investigation of promising hybrid formulations identifies syner-
gistic effects and optimal dosage combinations. Development of rapid quality assessment
methods enables real-time feedstock evaluation supporting adaptive processing.

The technical foundation established through rigorous research on gossypol res-
in, recycled polypropylene, and related sustainable modifiers provides robust scientific
validation for transformative evolution of asphalt pavement technology. Gossypol res-
in delivers exceptional adhesion enhancement and moisture damage resistance through
natural hydrogen bonding mechanisms, converting agricultural waste into valuable con-
struction material at minimal cost. Chemically modified recycled polypropylene pro-
vides superior high-temperature rutting resistance through innovative thermo-mecha-
nochemical processing that simultaneously reduces energy consumption and valorizes
plastic waste. These complementary modifiers, combined with continuing innovations in
chemical modification, processing technology, and materials science, enable the asphalt
pavement industry to simultaneously achieve superior performance, enhanced durabil-
ity, and environmental sustainability objectives. The pathway forward requires coor-
dinated action across multiple stakeholders including transportation agencies, asphalt
producers, researchers, policymakers, and the broader construction industry embracing
innovation and accepting new technologies to systematically realize the vision of sus-
tainable, high-performance asphalt pavements built predominantly on renewable and

recycled materials over the coming decades. @

REFERENCES

1 Porto M., Caputo P, Loise V., Eskandarsefat S., Teltayev B., & Rossi C. O. (2019). Bitumen
and bitumen modification: A review on latest advances. Applied Sciences, 9(4), 742.

2  Pyshyev S., Gunka V., Grytsenko Y., & Bratychak M. (2016). Polymer modified bitumen:
Review. Chemistry & Chemical Technology, 10(4), 631-636.

HE®Tb N TA3 &8 2026 2 (152) 213



HEPTEXUMUNA

3

10

11

12

13

14

15

Brasileiro L., Moreno-Navarro F., Tauste-Martinez R., Matos J., & Rubio-Gamez, M. C.
(2019). Reclaimed polymers as asphalt binder modifiers for more sustainable roads: A
review. Sustainability, 11(3), 646.

Zhu J., Birgisson B., & Kringos N. (2014). Polymer modification of bitumen: Advances
and challenges. European Polymer Journal, 54, 18-38.

Ghabchi R., Rani S., Chopra M., Zaman M., & Mubaraki M. (2023). A bibliometric analysis
and review on the performance of polymer-modified bitumen. Frontiers in Materials, 10,
1225830.

Zhu J., Lu X., Balieu R., & Kringos N. (2016). Modelling and numerical simulation of phase
separation in polymer modified bitumens by phase-field method. Materials & Design, 107,
322-332.

Polacco G., Filippi S., Merusi F., & Stastna G. (2015). A review of the fundamentals of
polymer-modified asphalts: Asphalt/polymer interactions and principles of compatibility.
Advances in Colloid and Interface Science, 224, 72-112.

Wu J., Liu Q., Wang C., Wu W., & Han W. (2021). Investigation of lignin as an alternative
extender of bitumen for asphalt pavements. Journal of Cleaner Production, 283, 124663.
Gaudenzi E., Cardone F., Lu X., & Canestrari F. (2023). The use of lignin for sustainable
asphalt pavements: A literature review. Construction and Building Materials, 362, 129773.

Norgbey E., Huang J., Hirsch V., Liu W. J., Wang M., Ripke O., Li Y., Annan G.E.T., Ewusi-
Mensah D., Wang X., & Addae M. (2020). Unravelling the efficient use of waste lignin as a
bitumen modifier for sustainable roads. Construction and Building Materials, 230, 116957.
Gao J., Wang H., Liu C., Ge D., You Z., & Yu M. (2020). Effect of lignin modifier on
engineering performance of bituminous binder and mixture. Polymers, 12(7), 1083.
Batista K. B., Padilha R. P. L., Castro T. O., Silva C. F. S. C., Araujo, M. F. A. S., Leite,
L. F. M., Pasa V. M. D., & Lins V.F.C. (2018). High-temperature, low-temperature and
weathering aging performance of lignin modified asphalt binders. Industrial Crops and
Products, 111, 107-116.

Moretti C., Junginger M., & Shen L. (2022). Kraft lignin as a bio-based ingredient for Dutch
asphalts: An attributional LCA. Science of the Total Environment, 806(1), 150316.
Satory B. (2025). Improving adhesion properties of bitumen with gossypol resin.
International Journal of Advanced Research in Science, Engineering and Technology,
12(8), 1-15.

Wu M., Liu Q., Wang Z., Huang W., & Ji, X. (2020). Investigation of maleated rosin
anhydride as curing agent for road epoxy asphalt. Construction and Building Materials,
261, 119884.

16. Nizamuddin S., Jamal M., Gravina R., & Giustozzi, F. (2021). Sustainable polymers from

17

18

19

214

recycled waste plastics and their virgin counterparts as bitumen modifiers: A comprehensive
review. Polymers, 13(19), 3242.

Ding X., ChenL.,MaT.,MaH., GuL., ChenT, &MaY. (2022). Thermo-mechanochemical
recycling of waste polypropylene into degradation products as modifiers for cleaner
production and properties enhancement of bitumen. Journal of Cleaner Production, 378,
134445.

Zhao Z., Liu S., Xie S., Cai J., Zhou L., & Wang X. (2025). A chemical method to upcycle
waste polypropylene into bitumen compatible modifier by polyol grafting through reactive
extrusion. Journal of Cleaner Production, 485, 144813.

Singh V., Bhandari B., Kumar R., & Katiyar J. N. (2023). Effect of various compatibilizers
on the storage stability, thermochemical and rheological properties of recycled plastic-

HE®Tb U TA3 &5 2026 2 (152)



HESTEXMNA

modified bitumen. International Journal of Pavement Research and Technology, 17, 706-
720.

20 Movilla-Quesada D., Raposeiras A. C., Silva-Klein L., Lastra-Gonzalez P., & Castro-
Fresno D. (2019). Use of plastic scrap in asphalt mixtures added by dry method as a
partial substitute for bitumen. Waste Management, 87, 751-760.

21 Ameri M., Habibpour M., & Khorrami M. S. (2020). The potential use of recycled
polyethylene terephthalate (RPET) plastic waste in asphalt binder. International Journal
of Pavement Research and Technology, 14(6), 672-681.

22 Lugeiyamu L., Ma K., Mensahn E. S. K., & Faraz A. (2021). Utilization of waste polyethylene
terephthalate (PET) as partial replacement of bitumen in stone mastic asphalt. Construction
and Building Materials, 309, 125176.

23 Ziari H., Nasiri E., Amini A., & Ferdosian O. (2021). A brief review: Application of recycled
polyethylene terephthalate in asphalt pavement reinforcement. Sustainability, 13(3), 1303.

24 Osman F. M., Alghrafy Y. M., Saleh M. A., & El-Badawy S. M. (2025). Plastic-waste-modified
asphalt for sustainable road infrastructure: A comprehensive review. Sustainability, 17(21),
9832.

25 Abdullah M. E., Zamhari K. A., Buhari,R., Nayan N., Mohd Taib A., Syed Mohsin S. M.,
& Che Osmi S. R. (2013). Green pavement using recycled polyethylene terephthalate
(PET) as partial fine aggregate replacement in modified asphalt. Procedia Engineering,
53, 124-128.

HE®Tb N TA3 &8 2026 2 (152) 215



