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Abstract: The use of lignin, which is a by-product of the pulp and paper industry, in the
development of asphalt binders would contribute to waste reduction, providing environ-
mental, economic, and social benefits. In this study, samples of lignin-modified asphalt
binder samples with different content of lignin (3%, 6%, 9%, 12%, and 15%) and
unmodified asphalt (control) were tested using Fourier transform infrared spectro-
scopy (FTIR), dynamic shear rheometer (DSR), and thermogravimetry. The mech-
anism and effectiveness of lignin in improving the thermal stability of asphalt at
high temperatures were analyzed. The FTIR analysis shows that no new chara-
cteristic absorption peak is seen in the infrared spectral of the lignin-modified asphalt
binder samples, and some bands characteristic of lignin-related peaks gradually
increased with the increase of lignin content. This suggests that the modification
of lignin-modified asphalt binder samples was due to physical blending rather than
chemical modification. The increase of lignin content in the lignin-modified asphalt
samples increases the complex shear modulus G* of the samples and decreases the
phase angles of the samples. Similarly, the anti-rutting performance (G*/sind)of the
samples improves with the increase in lignin content, but this is not significant after
any addition of lignin that exceeds 12% of asphalt mass. Thermal characterizations
show that the thermal decomposition rate of lignin is lower, and its residual amount is
higher compared to that of asphalt, which is a major reason for the improved stability
of lignin-modified asphalt binders at high temperatures. The effect of lignin on the
thermal stability of asphalt is dependent on both lignin content and temperature. It
has a positive effect on the thermal stability of asphalt at high temperatures within
the range of asphalt service temperature (25°C-200°C). Additionally, from the
pyrolysis viewpoint, it was explained that excessive lignin addition is not beneficial
to the thermal stability of asphalt at high temperatures, which is consistent with the
DSR test result conducted high temperatures.

Keywords: Lignin modified asphalt; high-temperature stability; FTIR; TG

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ @ permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.



mailto:<author-notes><corresp id=
http://dx.doi.org/10.32604/jrm.2020.012054
http://dx.doi.org/10.32604/jrm.2020.012054

1244 JRM, 2020, vol.8, no.10

1 Introduction

Lignin is the second most abundant renewable polymer in nature. Its molecular chain contains several
active reactive groups, such as phenolic hydroxyl group and aromatic group [1], and it can be used as a
substitute for phenol and other petrochemical raw materials to prepare polymers such as phenolic resin
[2-4], polyurethane resin [5—7], and epoxy resin [8—10]. It can also be used to modify polymers,
enhancing their mechanical properties [11] and significantly improving their thermal stability [12], aging
resistance [13], and flame retardancy [14].

The structure of lignin is similar to bitumen resin with large rings joined by alkyl chains [15—17].
Therefore, lignin can be used to improve the performance of asphalt. Lignins used for modifying
asphalt include Kraft lignin [18-20], sulfonated lignin [21], Organosolv lignin, Klason lignin [19,22],
and Enzymatic Hydrolysis lignin [23] and are mainly derived from pulp and paper mills and
lignocellulosic biorefinery.

Test results of asphalt physical properties show that the addition of lignin reduces asphalt penetrability
and increases its softening point. This means that the stability of asphalt is improved at high temperatures
[18,23-25]. However, the addition of lignin will harden asphalt, decreasing its ductility, especially when
the content of lignin added is higher than that of asphalt. Controlling the lignin content [25] or adding
low dose styrene-butadiene-styrene [24] would prevent the above-mentioned issue. The rheological
properties of asphalt binders directly affect the performance of asphalt pavements. When lignin is added
to asphalt, the rheological properties of asphalt are changed. Lignin-modified asphalt binders have a
greater viscosity than unmodified binders [18,26]. Rheological test results on Lignin-modified asphalt
binders indicate that the addition of lignin can significantly increase the storage modulus (G') of
asphalt binders, have little effect on the loss modulus (G") [27], and improve the rutting resistance of
asphalt binders [25-29]. Meanwhile, lignin can improve thehigh-temperature performance grade
of asphalt [25,30]. Harder lignin-modified asphalt may crack at low temperatures or degrade due to
fatigue [31,32]. However, some researchers have reported that the addition of lignin does not significantly
affect the susceptibility of asphalt to cracking at the low temperatures [20,21]. Chemically treated lignins
could prevent the cracking of asphalt at low temperatures up to —24°C [30]. Pan [33] evaluated some
asphalt samples and lignin samples using X-ray photoelectron spectrometry. Evaluation results indicated
that lignin can be used as an antioxidant in bitumen on the condition that lignin is not oxidized.
Compared to unmodified asphalt, the physical properties and rheological properties of lignin-modified
asphalt are not significantly changed after aging [20,27], and its carbonyl index is reduced [32]. This is
mainly due to the presence of phenolic hydroxyl groups in lignin that can effectively remove free radicals
generated during asphalt aging [31]. Additionally, the stability of lignin-modified asphalt at high
temperatures is one of the reasons for improving its oxidation resistance [34]. Generally, several related
research studies have been done on the rheological properties and oxidation resistance of lignin-modified
asphalt. The application of lignin to modify asphalt performance is widely recognized. However, there are
few studies on the modification mechanism of lignin-modified asphalt and the effectiveness evaluation of
asphalt thermal stability at high temperatures.

In this study, Fourier transform infrared spectroscopy (FTIR) will be used to test the functional groups of
lignin and asphalt samples to explain the mechanism of lignin-modified asphalt, and the dynamic shear
rheological (DSR) test will be used to evaluate the dynamic shear modulus (G*) and phase angle (3) of
asphalt samples with different lignin content and analyze the effect of lignin content on the rheological
properties of asphalt at high temperatures. The pyrolysis test on lignin and asphalt samples is conducted
using a thermogravimetric analyzer. Reasons for the improvement of the thermal stability of asphalt at
high temperature are analyzed, and the effect of lignin on the thermal stability of asphalt at high
temperatures is also discussed.
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2 Materials and Methods

2.1 Preparation of Lignin-Modified Asphalt Binders
Asphalt used was 70" base asphalt produced by SK Group of Korea and was supplied by Yunnan Asphalt
Oil Reserve and Guarantee Center in China. The technical properties of bitumen are shown in Tab. 1.

Table 1: Technical properties of 70# asphalt binder

Technical Indices Result Requirement Unit
Penetration/(25°C, 5 s, 100 g) 65.4 60-80 0.1 mm
Softening point 46.6 >46 °C
Ductility/(15°C) 150 >100 cm
TFOT penetration ratio/(25°C) 76.9 >61% %
Residual ductility/(15°C) 132.9 >100 cm

The commercial lignin used herein was produced by Jinan Yanghai Chemical Co., Ltd. (Shandong
Province, China). Main indicators, including lignin content, ash content, sugar content, and pH are
shown in Tab. 2.

The preparation process of lignin-modified asphalt samples was conducted following these three steps:

1. Matrix asphalt was heated to a liquid state in an oven at 120°C, then poured into an iron container
with a certain quality and heated to 150°C in an oil bath pot.

2. Asphalt and lignin were first mixed at a shear rate of 500 rpm until the lignin was completely
immersed in the asphalt, and then the shear rate was gradually increased and stirred at the shear
rate of 5000 rpm for 1 h.

3. Finally, the mixture was put into an oven at 120°C for 1 h, and lignin-modified asphalt samples
were prepared.

Table 2: Main indicators of lignin

Indicators Result Unit
Lignin content 85-90 %
Ash content 1 %
Sugar content 1-3 %
pH 7-8 -

The preparation process of lignin-modified asphalt is shown in Fig. 1.

In this study, different lignin-modified asphalt samples were prepared. The content of lignin in the samples
accounted for 3%, 6%, 9%, 12%, and 15% of asphalt mass and termed SK-3, SK-6, SK-9, SK-12, and SK-15,
respectively. To eliminate the effect of the preparation process on the test results, the matrix asphalt was used as
a comparative sample after the preparation of the same sample and termed SK-0.

2.2 Fourier Transform Infrared Spectroscopy Test on Lignin and Asphalt Samples

The asphalt samples and lignin were sufficiently milled in an agate mortar with a KBr crystal (spectral
purity) in a ratio of 1:100 (mass ratio) when fully dissolved in petroleum ether. Afterward, the solvent
evaporates, and equal masses of the mixture were weighed and tableted, as shown in Fig. 2a. The
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High Speed Shearing
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Figure 2: Photographs of FTIR lignin-modified asphalt preparation. (a. Lignin or asphalt mixed with KBr
powder. b. Samples (mixture) kept dried under an infrared spectral lamp)

tableted samples were kept dry under an infrared lamp, as shown in Fig. 2b, which prevents the samples from
absorbing moisture in the air. The FTIR test was used to determine the functional groups present in the
samples using a spectrophotometer (Bruker TENSOR27, Germany) with an infrared region median

(4000—400 cm™ "), 32 scanning times, and a resolution of 4 cm ™.

2.3 Dynamic Shear Rheological Test Lignin-Modified Asphalt at High Temperatures

Rheological tests on asphalt samples were conducted using a rheometer (Malvern CVO100, UK)
equipped with a parallel plate geometry (1 mm in gap, 25 mm in diameter) and a Peltier system (+0.1°C)
for temperature control. Experiments were conducted at 58°C, 64°C, and 70°C; the shear frequency
used was 10 rad/s, and the strain was controlled at 12%. Dynamic shear modulus G*, phase angle 3, and
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G*/sin & were calculated to evaluate the effect of lignin on the rheological properties of asphalt at
high temperatures.

2.4 Thermogravimetry Test on Lignin and Asphalt Samples

Thermal analysis was performed using a synchronous thermogravimetric analysis instrument
(METTLER TOLEDO TGA/SDTAS851e, USA). The samples (3 mg—5 mg in mass) were heated in a
standard aluminum oxide crucible. All experiments were conducted in a nitrogen atmosphere with a flow
rate of 20 ML min~' and a heating rate of 10°C min~' from 25°C up to 700°C.

3 Experimental Results and Discussion

3.1 Fourier Transform Infrared Spectroscopy Analysis

FTIR test results for the lignin and asphalt samples are shown in Fig. 3. The lignin sample has a broad
and strong peak around 3400 cm ', which is a hydrogen bond stretching vibration peak in -OH. The
comparative sample SK-0 due to high-speed shear processing completely volatilized the internal water.
As a result, no obvious -OH stretching vibration absorption peak appears close to 3400 cm™'. To better
analyze the change of functional groups in asphalt after lignin addition, the infrared spectral of the lignin
fingerprint region between 1800 and 800 cm ' were selected for comparison.
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Figure 3: FTIR test results of lignin, asphalt sample (SK-0)

Fig. 4 shows a comparison of the six lignin-modified asphalt samples with different lignin content.
Comparing the FTIR spectrum of each sample shows that the infrared spectrum base of each lignin-
modified asphalt sample has only the characteristic peaks of lignin and asphalt. No new characteristic
absorption peak is attributable to the chemical reactions of lignin and asphalt. The increase of lignin
content from 3% to 15% of asphalt mass gradually increased the intensities of the 1512 cm™' and 1265
cm ' bands and other lignin-related peaks (1126 cm ™', 1602 cm™ !, 1650 cm ™', 1695 cm™'). This shows
that the asphalt binders were uniformly well-mixed [28]. It can be inferred that the modification of
asphalt by lignin is merely physical blending.

3.2 High-Temperature Stability

Dynamic shear modulus (G*) is an index to evaluate the total deformation resistance of asphalt. The
larger the G*, the stronger the deformation resistance of asphalt binders at high temperatures. The phase
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Figure 4: Comparison of FTIR spectra of lignin modified asphalt samples

angle () is the proportion index to evaluate the components of asphalt viscosity (non-recoverable part) and
elasticity (recoverable part). The smaller the phase angle of the asphalt, the higher its elasticity and the better
its stability at high temperatures [35,36]. According to the test method described in 2.3, the test results of
asphalt samples at 58°C, 64°C, and 70°C are shown in Fig. 5.

As shown in Fig. 5, compared to the matrix asphalt, the complex shear moduli G* of the modified
asphalt samples are increased and the phase angles are reduced. This indicates that the addition of lignin
increased the elasticity of asphalt and is beneficial to the improvement of the matrix asphalt stability at
high temperatures.

Asphalt anti-rutting performance is improved as the content of lignin is increased, but further addition of
lignin content that exceeds 12% of asphalt mass has an insignificant effect on asphalt anti-rutting
performance. This is mainly because the modification mechanism of lignin-modified asphalt is primarily
physical blending, and lignin mainly increases the viscosity of asphalt. Therefore, with the increase of
lignin content, the viscosity of the lignin-modified asphalt samples was increased and the high-
temperature stability of the samples was also improved. However, if excess lignin was added to the
asphalt binder, it would saturate the asphalt binder and not significantly improve the properties of the
asphalt binder and could worsen the properties of the asphalt binder due to a change in the phase state of
the asphalt binder.

3.3 Thermogravimetry Analysis

The thermogravimetric test results of the lignin and asphalt samples are shown in Figs. 6 and 7,
respectively. Fig. 6 shows that the derivative thermogravimetric (DTG) curve of SK-0 has only a single
peak at 455°C, indicating that there is only one pyrolysis stage, which is slightly different from what is
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Figure 5: Experimental results of lignin-modified asphalt DSR

described in the literature [37]. This is mainly caused by the volatilization of some light components in the
preparation of SK-0 or by the conversion of some light components into heavy components due to aging. The
TG curve of SK-0 shows no thermal decomposition at temperatures below 200°C. Taking a weight loss
temperature of 5% as the initial pyrolysis temperature, the initial temperature of unmodified asphalt was
360°C, and the thermogravimetric loss rate was 0.6%°C'. The mass loss rate increased rapidly with the
increase in temperature and reached a maximum of 4.5%<°C™" close to 455°C. This indicates that the
main components of asphalt are pyrolysis. Then, the mass loss rate decreased gradually and remained
weakly changed above 500°C. At the same time, the asphalt sample had been carbonized and the quality
retention rate of the sample was 15.9%.

As can be seen from Fig. 7, the first mass loss peak of the lignin sample appeared in the range of 50°C—
60°C, which is mainly caused by the loss of free water in the lignin sample. In the temperature range of
200°C-300°C, there are several small mass loss peaks due to the loss of water in the lignin sample and
the production of methane, ethane, carbon dioxide, and so on [38,39]. The maximum mass loss rate of
the lignin sample is seen at 345°C, and its mass retention percentage was approximately 68%. The lignin
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Figure 6: TG/DTG curves for asphalt sample (SK-0)
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Figure 7: TG/DTG curves for lignin

sample could be used to modify the asphalt samples because at 190°C the retention percentage of the sample
was above 95%. It was worth noting that the maximum mass loss and mass retention rates of the lignin
sample were 25% and 2.5 times higher than those of the unmodified asphalt SK-0, respectively.
Compared to the asphalt sample, the thermal decomposition rate of the lignin sample was lower and the
mass retention rate was higher, which was an essential reason for the improved thermal stability of lignin-
modified asphalt at high temperatures.

The DTG curves of the lignin modified asphalt samples are the same as that of the unmodified asphalt
sample, and there are no multiple heat loss peaks, as seen in the lignin DTG curve (in Fig. 8). This was mainly
due to the relatively less content of lignin in the modified asphalt samples and the free water contained in the
lignin sample or because its low-temperature pyrolysis products had been volatile and dispersed in
processing. The addition of lignin resulted in a slight decrease in temperature during the initial pyrolysis
of the modified asphalt samples and at the maximum mass loss, which could be ignored for the
unmodified asphalt sample. Fig. 9 shows a graph of the variation of mass retention rate and maximum
pyrolysis rate to lignin content. As the lignin content increase, the residual carbon ratio of the asphalt
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Figure 8: TG/DTG curves for lignin-modified asphalt samples

19.5 ¢ 150

19.0 |

g oo
< W
T T

Residue at 700 °C"/%
Maximum derivative mass/% °C~!

-2 0 2 4 6 8 10 12 14 16
Lignin content/%

Figure 9: Effect of lignin content on residue and maximum derivative mass

sample increases, while the maximum pyrolysis rate decreases. This further proves that lignin can
significantly improve the thermal stability of asphalt.

3.4 Effectiveness Analysis

The properties of lignin-modified asphalt can be considered the superposition of lignin and asphalt
because there is no chemical reaction (only physical modification) when lignin is added to asphalt.
Therefore, this study defines a variable W, 5,1 to represent the mass loss rate of asphalt and lignin when
the temperature is T and adds them according to their proportion in the mixture, as shown in Eq. (1).

WT,A+L =WT,A x 100/(100 + Cr) + Wr x CL/(100 + Cp) )

Mass loss rates of asphalt and lignin at temperature T were represented by Wr, o, and Wr, 1, respectively,
C_ is the lignin content (0, 3, 6, 9). Wr is the mass loss rate of lignin-modified asphalt at temperature T, and

the difference between W, 5 + 1 and Wy at temperature T is used to analyze the effect of lignin on the
thermal stability of asphalt.
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When the difference between W, o 1 L and Wr is greater than 0, the thermal stability of the modified
asphalt is improved by the addition of lignin; otherwise, the addition of lignin will have a negative effect on
the modified asphalt. The effect of lignin on the thermal stability of asphalt is depended on both lignin
content and temperature, as shown in Fig. 10.
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Figure 10: Relationship between Wt 4 1 1 - W of modified asphalt samples and temperature

Fig. 10 shows thatin the range of 25°C-350°C (3%) has no significant effect on improving the thermal
stability of asphalt, especially in the road asphalt use and processing temperature range (<200°C). The
quantity of lignin content added has a gradual positive effect on the thermal stability of asphalt, but the
thermal stability of the asphalt sample was negatively impacted by the addition of lignin content of 15%
of asphalt mass, especially at higher temperatures. This is mainly due to a large amount of thermal
decomposition of lignin in lignin-modified asphalt, which means that the lignin content must be controlled.

4 Conclusions

In this paper, the rheological properties of lignin-modified asphalt binders at high temperatures with
different lignin content were tested using DSR. The mechanism and effectiveness of lignin in improving
the thermal stability of asphalt at high temperatures were analyzed by FTIR and TG. The main
conclusions are as follows:

1. According to the FTIR analysis, only the characteristic peaks of both the lignin and the asphalt
samples were present in the infrared spectral of the lignin-modified asphalt samples, and no new
characteristic absorption peak was observed. Therefore, the modification mechanism of the lignin-
modified asphalt samples was physical blending rather than chemical modification.

2. The rheological test results showed that the addition of lignin to asphalts can effectively improve the
stability of asphalt at high temperatures, but the content of lignin added should be controlled, and the
recommended optimum lignin content was 12% asphalt mass.

3. Compared to the pyrolysis process of lignin and asphalt, it was found that the thermal decomposition
rate of lignin was lower and the residual carbon rate of lignin was higher than that of asphalt,
respectively. An increase of lignin content decreased the pyrolysis rate and increased residual
carbon rate of lignin-modified asphalt. This explained that lignin could improve the stability of
asphalt at high temperatures.
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4. The proposed effectiveness evaluation index of high-temperature stability further proved that the
addition of lignin has a positive effect on the improvement of the thermal stability of asphalt at
high temperatures in the range of asphalt service temperature (25-200°C). Specifically, from the
pyrolysis viewpoint, it was explained that excessive lignin addition was not beneficial to the
thermal stability of asphalt at high temperatures. Additionally, this was consistent with the shear
rheological test results conducted at high temperatures.
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