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Abstract. This paper investigates the effect of gossypol resin, rubber crumb, and regenerated
waste oil on the properties and ageing behavior of natural liquid bitumen from Tajikistan. FTIR
spectroscopy was used to analyze structural changes before and after heating at 160 °C. The results
show that the additives influence bitumen structure and oxidation resistance. Complex-modified
systems exhibited improved stability and slower ageing compared to pure bitumen, while some
single-additive compositions showed higher degradation. The findings confirm that combined
modifiers can enhance bitumen performance and promote the use of local materials in road
construction.
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1. Introduction

In the Republic of Tajikistan, the shortage of high-quality bitumen necessitates the efficient
use of local raw materials, including heavy oils, industrial waste, and by-products, to reduce
resource consumption and improve sustainability in road construction. The development of
complex binders based on local materials is considered a promising approach; however, many
aspects of their performance remain insufficiently studied [1-5]. Natural liquid bitumen often
exhibits limited thermal stability and resistance to ageing under modern traffic and climatic
conditions, which affects pavement durability. Thermo-oxidative processes during heating lead to
the formation of carbonyl and sulfoxide functional groups, resulting in increased stiffness and
brittleness of the binder. Therefore, the use of modifying additives is widely explored to enhance
bitumen performance.

Numerous studies have demonstrated that Fourier transform infrared (FTIR) spectroscopy is
an effective tool for investigating chemical composition and ageing of bituminous binders. Ageing
is associated with the growth of oxidation products and structural changes that can be quantified
using spectral indices [7-12]. Research on modified binders shows that additives such as polymers
and rubber significantly influence oxidation resistance and improve durability by altering the
internal structure of bitumen [13-15]. In addition, microstructural processes, including asphaltene
interactions, play an important role in ageing mechanisms [16-19]. Nevertheless, limited
information is available on natural liquid bitumen from regional sources modified with locally
available industrial by-products, which highlights the relevance of this study.

In addition, while short-term thermo-oxidative ageing can be simulated under laboratory
conditions, long-term field ageing involves more complex processes including prolonged
oxidation, UV exposure, and environmental effects. Standard ageing procedures such as Rolling
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Thin Film Oven Test (RTFOT) and Pressure Aging Vessel (PAV) are commonly used to simulate
these conditions. Therefore, the present study focuses primarily on short-term ageing behavior,
while long-term performance requires further investigation.

2. Research objects and methods
2.1. Research objects

Road Bitumen and Compounds with Rubber and Petrochemical Additives. Method:
Reflectance FTIR (ATR).

Eight samples of bitumen binders and their modified composites were studied. RP — rubber
powder; ORSM - residue from the regeneration of lubricating oils; GS — gossypol resin

Table 1. Composition of liquid bitumen with additives

Se}g’:)ple Description of composition

1 B — original bitumen (pure)

2 B + 5 % RK — bitumen with the addition of 5 wt.% rubber crumb

3 B + 3 % GS — bitumen with the addition of 3 wt.% gossypol resin

4 B + 10 % rubber + 3 % GS — bitumen with the addition of 10 wt.% rubber component and 3
wt.% gossypol resin

5 B +10 % RK +3 % GS + 5 % ORSM - bitumen with a complex additive of rubber crumb,
gossypol resin and ORSM

6 B +3 % GS + 5 % RP — bitumen with the addition of 3 % gossypol resin and 5 % rubber powder

7 B +5% RK + 5 % ORSM - bitumen with the addition of 5 % rubber crumb and 5 % ORSM

3 B+5%RK+ 5% ORSM + 5 % GS — bitumen with the addition of 5 % rubber crumb, 5 %
ORSM and 5 % gossypol resin

2.2. IR analysis and index calculation methodology

IR spectra were recorded on a Spectrum 65 FT-IR instrument with an ATR (ZnSe) attachment
in the 4000-400 cm™' range, at a resolution of 4 cm™' and an accumulation of 16-32 scans. The
analysis was performed on the original samples and after incubation at 160 °C for 1 hour. For
quantitative processing, the Al, PI, CI and SI indices were used, calculated from the ratios of band
intensities at 1600, 1450, 720, 1700 and 1030 cm™.

3. Results and discussion
3.1. IR spectra of bitumen before and after heating

To evaluate the structural changes and ageing behavior of the studied binders, IR spectral
analysis was performed. Figs. 1 and 2 present the combined IR spectra of all samples before
heating and after thermal exposure at 160 °C.

The PI and Al indices characterize the structural composition of bitumen, reflecting the relative
proportions of paraffinic and aromatic components, while the CI and SI indices describe the degree
of oxidation and ageing. An increase in the CI value indicates a higher level of ageing, whereas
smaller changes in CI suggest greater resistance of the bitumen to thermo-oxidative stress.

The original bitumen (sample 1) has the highest index of paraffin chains PI = 1.50, which
indicates a pronounced paraffin structure. The introduction of modifying additives in most cases
leads to a decrease in PI to the range of 0.94-1.20, i.e., a reduction in the relative proportion of
long-chain «(CHy)n— fragments. The minimum PI value was observed for composition 8§,
indicating a more balanced structural composition.
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Fig. 1. FTIR spectra of bitumen samples before and after thermo-oxidative ageing at 160 °C
for 1 hour (ATR mode, 4000-400 cm™). All spectra correspond to compositions listed
in Table 1 and are presented for comparative structural analysis
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a) Sample 1. B (pure bitumen) b) Sample 2. B+ 5 % RK
Fig. 2. FTIR spectra of samples 1 (base bitumen) and 2 (bitumen with 5 % rubber crumb)
before and after ageing at 160 °C for 1 hour, showing the evolution
of carbonyl (C = O) and sulfoxide (S = O) functional groups

Wave number, cm™!

Table 2. Al and PI index values for the original samples

Sample | Al (before heating) | PI (before heating)
1 —0.106 1.503
2 0.157 1.192
3 —0.084 1.142
4 —0.008 1.147
5 0.113 1.171
6 —0.061 1.418
7 0.094 0.999
8 0.047 0.935

3.2. Aging indices at 160 °C, 1 hour

The carbonyl index (CI) shows that, when held at 160 °C for 1 hour, most systems experience
an increase in the content of C = O carbonyl structures. The largest increase in CI (= 0.31) is
characteristic of composition 2 (B + 5 % RK); elevated ACI values are also noted for samples 3
and 6. The smallest increase in CI was recorded for compositions 5 and 8, which indicates their
higher resistance to thermal-oxidative aging.

Samples 1 and 2 exhibited high paraffin content and pronounced susceptibility to thermo-
oxidative ageing. Sample 1 (pure bitumen) showed significant growth of carbonyl groups after
thermal exposure, confirming intensive ageing processes and indicating that, although it serves as
a reference material, its resistance to oxidation is limited. Sample 2 (B + 5 % RK) demonstrated
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the largest increase in oxidation indices, reflecting a high tendency toward degradation and
confirming that this composition is the most sensitive to ageing among the studied systems.

Table 3. The CI and SI index values before and after heating
Sample | Clupto | Clafter | ACI Slupto | SI after ASI
1 -0.178 | —0.003 | 0.175 3.470 1.960 | —-1.510

2 0.101 0.410 0.309 1.733 1.377 | -0.356
3 —0.138 0.060 0.198 2.122 1.697 | —0.425
4 —0.070 0.063 0.133 1.950 2.039 | 0.089
5 0.045 0.112 0.067 1.945 1.287 | —0.658
6 -0.150 0.045 0.195 2.665 1.961 | -0.704
7 0.097 —0.034 | —0.131 1.316 1.998 | 0.682
8 —0.020 0.032 0.052 1.305 1.920 | 0.615
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a) Sample 3. B + 3 % GS b) Sample 4. B + 10 % rubber + 3 % GS
Fig. 3. FTIR spectra of samples 3 and 4 containing gossypol resin and combined modifiers, illustrating
moderate structural changes and oxidation behavior after thermo-oxidative ageing

Samples 3 and 4 exhibited moderate paraffin content and noticeable thermo-oxidative ageing
after thermal exposure. Sample 3 showed a clear increase in carbonyl groups, indicating that the
addition of gossypol resin alone does not provide sufficient protection against oxidation and
results in intermediate durability between pure bitumen and more stable formulations. Sample 4
demonstrated similar oxidation behavior with moderate changes in ageing indices, allowing it to
be classified as having average resistance to thermo-oxidative ageing.
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a) Sample 5. B+ 10 % RK + 3 % GS + 5 % ORSM b) Sample 6. B +3 % GS + 5 % RP
Fig. 4. FTIR spectra of samples 5 and 6 with complex additive systems, highlighting differences in
oxidation resistance and structural stability after thermal exposure at 160 °C

Samples 5 and 6 showed contrasting ageing behavior under thermal exposure. Sample 5
exhibited only moderate growth of oxidation indices, indicating relatively stable performance and
suggesting that this composition can be considered a promising system in terms of durability. In
contrast, sample 6 demonstrated significant accumulation of carbonyl groups and pronounced
thermo-oxidative ageing, confirming that the combination of gossypol resin and rubber powder
does not provide sufficient protection and places this formulation among the less stable systems.
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Fig. 5. FTIR spectra of samples 7 and 8, demonstrating reduced paraffin content
and improved resistance to thermo-oxidative ageing in multi-component modified systems

Samples 7 and 8 exhibited reduced paraffin content and relatively stable structural
characteristics. For sample 7, only minor changes in the carbonyl index after thermal exposure
indicate relatively high resistance to thermo-oxidative ageing and a more favorable structure
compared to pure bitumen, although its overall performance is slightly inferior to the most stable
systems. Sample 8 demonstrated a balanced structural composition and moderate growth of
oxidation indices, confirming improved resistance to ageing. Overall, composition 8 shows a
favorable combination of structural stability and durability and can be considered one of the most
promising formulations among the studied systems.

From a microstructural perspective, changes in FTIR indices reflect alterations in the colloidal
structure of bitumen, particularly asphaltene-maltene interactions. Reduced paraffin bands and
lower carbonyl growth in complex-modified systems indicate better asphaltene dispersion and
structural stability, leading to decreased phase separation and improved resistance to oxidative
ageing.

4. Conclusions

This study showed that modification of natural liquid bitumen with industrial by-products
significantly affects its structure and ageing behavior. The base bitumen exhibited a high paraffin
content, while modified systems demonstrated a more balanced composition. The highest increase
in carbonyl index (ACI = 0.31) was observed for the rubber-modified sample, indicating its lower
resistance to oxidation. In contrast, complex-modified systems exhibited minimal changes,
confirming their improved ageing resistance. These results can be explained by improved
asphaltene dispersion and stabilization of the colloidal structure in complex systems, which
reduces oxidative degradation.

Although FTIR provides insight into chemical changes, physical performance was not
evaluated and should be addressed in future studies.

The use of local by-products represents a promising approach for sustainable bitumen
modification; however, further research is required to assess large-scale applicability.
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