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Abstract: Lignin is a major waste product of biofuel and paper industries that can be used as a
modifier to improve the relevant properties of asphalt. To investigate the effect of lignin and formic
acid lignin wood incorporations into asphalt and the effect on asphalt binder that was unaged and
aged for 85 min, 5 h, and 10 h, a series of tests were conducted, including high- and low-temperature
rheological tests by a dynamic shear rheometer (DSR), followed by Fourier transform infrared
spectroscopy (FTIR) tests, and finally by gel permeation chromatography (GPC). The test results show
that the additions of lignin and formic acid lignin could improve the high-temperature performance
and fatigue capacity of asphalt. In addition, at the glass-transition temperature, it was observed
that the additions of lignin and formic acid lignin into asphalt can effectively improve cracking
at low temperatures; however, the quantity of lignin and formic acid lignin should be controlled.
Fourier transform infrared spectroscopy tests showed that the purity of lignin treated with formic
acid decreased, and degradation and formylation of the same formic acid-treated lignin occurred,
indicating that the lignin underwent chemical changes following acid treatment. The analysis of the
results by gel permeation chromatography (GPC) showed that, with aging, the average molecular
weight (Mw) of lignin-modified asphalt decreased. The reason was that lignin and formic acid lignin
were cracked during aging, which reduced their molecular weights.

Keywords: lignin; formic acid lignin; rheological properties; infrared spectroscopy; gel chromatography

1. Introduction

Asphalt is one of the most widely used types of pavement, and the rapid increase in
traffic and frequency of vehicle travel, larger vehicles, and increase in axle weights, as well
as the exposure to sunlight, extreme temperatures, moisture, and oxygen, can deteriorate
asphalt pavements, resulting in the susceptibility of asphalt binders to deterioration [1–5].
Asphalt pavements with aged asphalt binders are not sufficiently resistant to permanent de-
formation, fatigue cracking, and moisture damage [6,7]. At present, researchers are mainly
modifying asphalt to improve its road-performance characteristic by incorporating rubber
powder [8,9], calcium carbonate [10], zinc oxide [11], SBS (styrene butadiene styrene) [12],
and other modifiers for physical or chemical modifications; therefore, showing a positive
modification effect by improving the high- and low-temperature performance and durabil-
ity of asphalt binders, as well as asphalt mixtures. Searching for environmentally friendly
and sustainable regeneration materials for road asphalt modifications, people use biomass
materials, such as coffee-residue charcoal [13], oil palm shell ash [14], rice shell ash [15],
and bamboo powder [16], for asphalt modifications. This has realized the improvement of
asphalt performance and resource utilization of biomass waste. With the implementation of
the “dual carbon” strategy, coupled with the use of oil as a non-renewable resource, a high
number of resources will eventually lead to resource depletion [17], and biomass resources
are important for sustainable development after oil, natural gas, coal, etc.; thus, obtaining
renewable and sustainable materials to replace asphalt binders has become a top priority.
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Lignin, the second most abundant biomass on Earth, is a natural polymeric material
due to the presence of various reactive groups, such as phenolic hydroxyl and aromatic
groups, in its molecular chain [18]. It can replace petrochemical raw materials, such as
phenol [19]. More attention has been paid to the utilization of lignin, especially isolated
from waste agricultural products. Since plants containing lignin absorb carbon dioxide as
they grow, they reduce the amount of carbon dioxide in the atmosphere. If lignin separated
from biomass is placed into roads, the carbon contained in the lignin is sequestered. The
use of lignin in asphalt binders also reduces the amount of carbon dioxide produced during
the transportation of petroleum-based binders to paving sites. Lignin is widely used in
plastics [20] and adhesives [21]. The physical-performance test results show that with the
addition of lignin, the penetration of asphalt decreases, the softening point increases, and
the high-temperature stability increases [22]. The viscosity of lignin-modified asphalt is
higher than that of unmodified asphalt [23]. Van Vliet et al. [24] used different types of
lignin to modify asphalt and concluded that the amount and type of lignin affects the
viscoelastic behavior of asphalt; the results obtained were different for different types of
lignin. Zhang et al. [25] examined the effect of time and temperature on the steaming
of wheat straw by formic acid with sulfuric acid as a catalyst. The results show that
during the cooking process of wheat straw with formic acid, lignin in wheat straw is
oxidized and cracked, which leads to the degradation of lignin’s molecular weight, shifting
from high-molecular-weight lignin to low-molecular-weight oligomers. Batista et al. [26]
analyzed the physical and chemical properties of lignin-modified asphalt binders with
the aim of applying lignin to asphalt pavements as a by-product of the pulp and paper
industry. The lignin-modified asphalt binder has a lower carbonyl index, resulting in
better aging resistance than conventional binders and the improved thermal stability of the
binder. Pan [27] calculated the antioxidant effect of coniferyl in lignin on asphalt using the
simulation calculation method, and proved the effectiveness of lignin on asphalt oxidation
through X-ray photoelectron spectroscopy (XPS), and proposed that the oxidation process
of lignin-modified asphalt in the air is similar to that of base asphalt; however, the oxidation
rate is slower than that of base asphalt, making it a good antioxidant for asphalt. Xie [28]
developed two different methods to treat lignin in order to produce high-quality asphalt-
binder modifiers, a biological process based on an enzyme-mediated system and chemical
process using formic acid, iron, and H2O2. Both the soluble fraction of biotreated lignin and
insoluble fraction of chemically treated lignin can be used as high-quality asphalt-binder
modifiers. Gel-permeation chromatography analysis showed that the molecular weight
of the insoluble lignin fraction increased by 1.6 times compared to the molecular weight
of the original sulfated lignin fraction, while the molecular weight of the soluble lignin
fraction decreased significantly, in which the soluble fraction of biotreated lignin could even
improve the asphalt binder’s high- and low-temperature properties, providing a unique
modifier. Cai [29] observed that the lignin modification showed some changes in the
repetitive creep viscosity fraction Gv with increasing aging in high-temperature rheology,
which may have been due to the change in the molecular weight of lignin-modified asphalt
with aging. Su [30] observed that the thermal stability of lignin was slightly lower than
that of asphalt, and it may decompose during the thermal oxidative aging process. The
thermal oxidative aging mechanism of lignin is more of a sacrificial agent than the reason
for adsorbing free radicals.

The feasibility of using lignin as a new biological modifier in roads was analyzed
further, especially the industrial lignin from different sources needing to be purified during
the application process. Following purification, the impact of lignin on high and low
temperatures changed, especially at low temperatures. Finally, the impact of aging was
analyzed. The three main objectives of this study are: (1) to compare the molecular weight
and functional group changes of lignin and formic acid-treated lignin, and to analyze
their change mechanisms; (2) to analyze the rheological properties of lignin and formic
acid lignin before and after aging at high, mid, and low temperatures, and to analyze the
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change phenomenon; and (3) to use GPC to analyze the rules before and after aging, and
the molecular weight is used to further analyze the reasons for the changes.

Lignin-modified asphalt is one of the important research fields. At present, scholars at
home and abroad produce the same results on the improvement of lignin-modified asphalt
amounts at high temperatures; however, the research conclusions for low temperatures are
not uniform. Moreover, the improvement effects of lignin obtained by different treatment
methods for high-temperature stability, low-temperature cracking resistance, and the aging
resistance of asphalt are also different. Therefore, this experiment uses DSR to test the
low-temperature rheology of modified asphalt and gel chromatography (GPC) to analyze
and study this further. In addition, the pavement performance, aging performance, and
micro-mechanism of lignin-modified asphalt treated with formic acid are studied to provide
certain reference values for engineering practices. The specific process is shown in Figure 1.

Figure 1. Experimental plan of the study.

2. Experiment
2.1. Raw Materials
2.1.1. Base Asphalt

The asphalt used in this paper was Maoming 70 # base asphalt. According to the rele-
vant regulations in the Test Code for Asphalt and Asphalt Mixture of Highway Engineering
(JTG E20-2011), the performance of asphalt was tested, and the test results are shown in
Table 1.
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Table 1. Performance index of base asphalt.

Experimental Projects Unit Experimental
Value

Technical Requirements
for Asphalt

Penetration (25 ◦C, 5 s, 100 g) 0.1 mm 68.5 60 to 80
Softening point ◦C 50.7 >46
15 ◦C latency cm 150 >100
TFOT needle penetration
(25 ◦C) % 76.9 >61%

Residual ductility (15 ◦C) cm 132.9 >15

2.1.2. Lignin

The lignin used in this study was purchased from Jinan Yanghai Chemical Co., Ltd. It
was a high-purity lignin, and its main technical indicators are shown in Table 2.

Table 2. Technical specifications for lignin.

Listings Main Technical Indicators

Ash 1%
Lignin content 85–90%
Sugar content 1–3%
PH 7–8
Color Brown powder

2.2. Test Methods
2.2.1. Formic Acid-Treated Lignin Preparation

The formic acid reagent with a purity of 88% produced by Guangdong Guanghua
Technology Co., Ltd. (Shantou, China) and the centrifuge with a TSZ5-WS model produced
by Hunan Xiangyi Laboratory Instrument Development Co., Ltd. (Changsha, China) were
used to dissolve the lignin (passing 200 meshes) in formic acid at a 1:10 (g/mL) proportion,
were fully stirred, the PH was adjusted to about 2–3, and then the solution was poured
into a centrifuge tube and centrifuged for 10 min for 3500 r/min. After the instrument
stopped, the upper-layer solution was poured into the test tube, which was the poured into
the beaker; the lower-layer residue was removed; the deionized water was poured into
the beaker and fully stirred; the solution was neutralized; the lignin was separated; the
solution was poured into the test tube and centrifuged; the upper-layer clear solution was
removed; the centrifuged lignin was retained; the deionized water was poured in, stirred,
and centrifuged; the upper-layer clear solution was removed; and this was repeated until
obtaining PH = 7 or close to this value. Finally, the lignin was placed in an oven at 30 ◦C
for drying to obtain formic acid lignin. See Figure 2 for details.

Figure 2. Extraction process of creating formic acid lignin.
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2.2.2. Preparation of Modified Bitumen

The lignin and formic acid lignin were first dried in an oven at 50 ◦C to remove
the moisture from them. Then, the lignin and formic acid lignin were passed through a
200-mesh sieve, and the lignin and formic acid lignin were obtained to be fully integrated
with the bitumen. Then, a certain amount of base asphalt was heated in the flowing state in
an oven, and then placed in an already-set 150 ◦C oil-bath pot and sheared at a 500 r/min
low speed with a high-speed shearing machine. Finally, lignin and formic acid lignin were
blended into the base asphalt in proportion to each other and sheared at 5000 r/min for
1 h to obtain the lignin-modified asphalt and formic acid lignin-modified asphalt. The
doping amounts of lignin and formic acid lignin in this experiment were both 5% and 10%,
respectively (relative to the base asphalt), and the preparation processes for lignin-modified
asphalt and formic acid lignin-modified asphalt were the same. The base asphalt was
labeled SK70, and the modified asphalt samples with 5% and 10% lignin contents were
labeled SK70+5% L and SK70+10% L, respectively. The formic acid-modified asphalt with
5% and 10% lignin contents were labeled SK70+5% FAL and SK70+10% FAL, respectively.
The specific process is shown in Figure 3.

Figure 3. Preparation process of modified asphalt.

2.2.3. Preparation of Aging Specimens

In order to simulate the thermal and oxygen aging of asphalt, all asphalt specimens in
this paper were used in an asphalt rotating thin-film oven (RTFOT) to simulate the actual
process of the asphalt thermal and oxygen aging experiment. In this study, based on the
asphalt rotating thin-film heating experiment in the JTGE 20-2011 Experimental Procedure
for Highway Asphalt and Asphalt Mixture (T0610-2011), the prepared modified asphalt
was poured into glass bottles (35 ± 0.5) g, placed in the rotating oven as a group of 8, and
rotated at the set temperatures of 163 ◦C for 85 min, 5 h, and 10 h, respectively, to produce
specimens at different aging times.

2.2.4. Rheological Performance Test

The DHR-1 dynamic shear rheometer manufactured by the TA Company, USA, was
used to perform the temperature scan test by the strain control method with a target
standard strain value of 12% and a loading frequency of 10 rad/s; the temperature scanning
test was performed at a temperature range of 10~90 ◦C and a sampling interval of 2 ◦C.
The low-temperature dynamic shear rheometer with an 8 mm plate was used to perform
the temperature scanning of the low-temperature rheological properties of formic acid
lignin-modified asphalt and lignin-modified asphalt at a temperature range of −26~10 ◦C.
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2.2.5. Aging Index Evaluation Indicators

The analysis of the aging performance based on high-temperature rheology was
evaluated using the complex shear modulus aging index (CMAI) and phase angle aging
index (PAAI), respectively. According to the literature [31], the calculation equations are
shown in Equations (1) and (2). The aging evaluation calculations were chosen to be
performed at 30~90 ◦C.

CMAI =
G∗

aged

G∗
unaged

(1)

PAAI =
δaged

δunaged
(2)

2.2.6. Gel Chromatography Test

In this paper, we used Agilent PL-GPC50 gel chromatography with tetrahydrofu-
ran THF as the solvent, Jordi Gel DVB as the column, tetrahydrofuran as the mobile
phase, a 100 µL injection volume, 1.5 mg/mL concentration of the experimental solution,
1.0 mL/min mobile phase rate, and 45 min separation time.

2.2.7. Infrared Spectroscopy Tests

The functional group properties of lignin and formic acid lignin were analyzed, respec-
tively, by the Fourier infrared spectroscopy experiment using VERTEX 80 manufactured by
BRUKER, with 400–4000 cm−1 as the acquisition interval, 32 scans, and a 4 cm−1 resolution.
The different lignin samples were added to the appropriate amount of potassium bromide
(KBr) and were completely dissolved in petroleum ether in KBr crystals (spectral purity)
at a ratio of 1:100 (mass ratio) when fully ground in agate mortar. Then, the solvent was
evaporated, mixed well under dry conditions, and then ground and pressed.

3. Results and Discussion
3.1. Mechanistic Analysis of Lignin and Formic Acid Treatment of Lignin

To distinguish the changes between lignin and lignin treated with formic acid, the
characteristics of lignin hanging energy groups and molecular weight changes were inves-
tigated for lignin and formic acid lignin, respectively, and the results are shown in Figure 4.

Figure 4. Infrared spectra of lignin and formic acid lignin with molecular weight distributions.
(a) GPC; (b) FTIR.
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In Figure 4a, for the lignin and formic acid lignin molecular weight distributions,
the horizontal coordinate represents the logarithmic value of the heavy mean molecular
weight and the vertical coordinate is the relative lignin content; it can be observed that the
molecular weight of formic acid-treated lignin decreases and both Mn (the number average
molecular weight) and Mw (the weight average molecular weight) decrease. The reason
for this is that under strong-acid conditions, lignin dissolves in the formic acid solution,
its molecular chains break, and some small molecules are generated, causing formic acid
changes in the relative molecular mass distribution of lignin. The specific values are shown
in Figure 4a, where Mn, Mw, and Mp (the peak molecular weight) of lignin are reduced
from 960, 2964, and 1182 before formic acid treatment to 884, 2170, and 1022, respectively,
resulting in some changes in lignin properties.

Different types of raw materials and separation methods can lead to differences in
the structural characteristics of the isolated lignin. In order to gain further insight into
the changes in the chemical compositions of lignin and formic acid-treated lignin during
the deterioration process, the structural characteristics of lignin isolated by the formic
acid method were investigated by applying infrared spectroscopy (FTIR) experiments
to characterize its functional groups. Figure 4b shows the infrared spectral results, in
which the skeletal structure of formic acid-treated lignin remains unchanged and still
retains the lignin FT-IR characteristics absorption peaks at 1602, 1508, 1425, 1462, and
1331 cm−1. The absorption at 1602, 1508, and 1425 cm−1 was weaker than that of the
untreated lignin, suggesting that the formic acid-treated lignin was less pure and that the
benzene ring structure was not destroyed by formic acid treatment [32]. At 1708 cm−1,
the non-conjugated carbonyl C=O stretching vibration in the ester group had a stronger
peak due to the formylation of lignin caused by formic acid treatment [33]. At the same
time, the absorption of the non-conjugated carbonyl C–O stretching vibration of lignin at
1708 cm−1 was enhanced and the carbonyl content significantly increased. The absorption
peak at 1708 cm−1 was attributed to the C=O stretching vibration and the characteristic
absorption peak of the aromatic skeleton vibration at 1611 cm−1 was attributed to syringyl
(S), 1508 and 1219 cm−1 to guaiacol (G), and 1462 cm−1 to p-hydroxyphenyl (H). According
to the FT-IR analysis results, lignin is a typical SGH lignin [34]. The comparison of the
characteristic peaks revealed changes in lignin and formic acid-treated lignin, where the
intensity of absorption peaks characterizing the benzene ring structure of formic acid lignin
at 1602, 1508, and 1462 cm−1 were significantly weaker, indicating that the degradation
of formic acid lignin occurred, and its content was significantly reduced. In addition, the
decrease in the intensity of the absorption peaks at 1425 cm−1 (bending vibration in the
C–H plane of lignin) and 1331 cm−1 (stretching vibration of lignin C–O) were further
evidence of the degradation of formic acid lignin [35]. This indicates that lignin undergoes
chemical changes after formic acid treatment and formylation modification helps in the
development of lignin for functional bio-based materials. This result is also consistent with
the gel permeation chromatography (GPC) results.

3.2. Rheological Performance Analysis
3.2.1. Analysis of High-Temperature Rheological Properties

Figure 5 shows the results of temperature scans of different modified asphalts, demon-
strating the variation patterns of complex modulus G* and phase angle δ with temperature
for different lignin and formic acid lignin-modified asphalts. As the temperature increases,
complex modulus G* gradually decreases because the asphalt properties gradually change
from an elastic to a viscous flow state with the increase in temperature, and the asphalt
then becomes softer, which shows the decrease in complex modulus G*. Both for lignin-
modified asphalt and formic acid lignin-modified asphalt, complex modulus G* increased
with the increase in lignin incorporation, indicating that the incorporation of a modifier can
improve the deformation resistance of asphalt. The temperature scan curves of formic acid
lignin-modified asphalt (10% lignin content) and lignin-modified asphalt(5% lignin con-
tent) largely overlapped, indicating that both had the same effect on the high-temperature
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resistance of the asphalt. The complex modulus G* of lignin-modified asphalt was greater
than that of formic acid lignin-modified asphalt G* at the same dose, indicating that the
resistance to deformation of asphalt by lignin was greater than that of formic acid lignin.
The phase angle δ increased with the increase in lignin incorporation, indicating that the
incorporation of lignin and formic acid lignin improved the elastic property of the asphalt
and had a good effect on the high-temperature resistance of the asphalt. The phase angle
δ of lignin not treated with formic acid was significantly smaller than the phase angle of
formic acid-treated lignin asphalt, indicating that the lignin-modified asphalt was stronger
than the formic acid lignin-modified asphalt at a temperature range of 30–90◦, giving it a
stronger resistance to high-temperature deformation. The improvement of lignin-modified
asphalt was greater than that of formic acid lignin-modified asphalt; such an observation
was probably due to the grater molecular weight of lignin compared to that of formic acid
lignin, and the incorporation of base asphalt improved the molecular weight of the asphalt.
In Figure 5c, it can be observed that the complex modulus of the lignin-modified asphalt is
the greatest when aged for about 5 h, while the complex modulus of the formic acid lignin-
modified asphalt is the smallest, and the same pattern of the phase angle can be observed.
In Figure 5d, it can be observed that the complex modulus of both lignin-modified asphalt
and formic acid lignin-modified asphalt increase with increasing the admixture at 10 h. The
gap of the complex modulus increased, indicating that the molecular weight of lignin and
formic acid lignin may have changed with aging.

Figure 5. Variation curves of complex modulus G* and phase angle δ with temperatures for each
asphalt specimen in different aging states.

To investigate the deformation resistance of the modified asphalt further, rutting factor
analysis was performed. The higher the rutting factor value, the better the elasticity of the
asphalt material and the stronger its resistance to deformation [36]. In Figure 6, it can be
observed that the rutting factor of different types of asphalt under different aging conditions
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is consistent, in which the rutting factor of lignin-modified asphalt is the greatest, followed
by formic acid lignin-modified asphalt, where the higher the dose, the stronger the rutting
resistance. For the short-term aging condition of 5 h, the rutting/deformation resistance
of formic acid lignin-modified asphalt is the lowest and the deformation resistance of
lignin-modified asphalt is the best, probably because the internal molecules of formic acid
lignin appeared to be cleaved, while the lignin molecules had not yet reached the cleavage
temperature. For the short-term aging conditions of 10 h, with both lignin-modified asphalt
and formic acid lignin-modified asphalt, the lower the lignin dose, the lower the asphalt’s
resistance to deformation, and the gap between their rutting factors increased. At the same
time, it was observed that the rutting resistance of SK70+5% FAL was better than that of
SK70+5 L, because lignin molecules had cracking reactions with the increasing aging time
at high temperatures.

Figure 6. Curves of rutting factor (G*/sinδ) with temperatures for each asphalt specimen during
different aging states.

To analyze the high-temperature performance further, the complex modulus aging in-
dex (CMAI) and phase angle aging index (PAAI) were derived using Equations (1) and (2).
As shown in Figure 7a, the aging index increases and then decreases with the increase
in temperature in a parabolic pattern. SK70+5% L-modified asphalt has the best aging
resistance under the short-term aging condition of 85 min, and SK70+5% FAL with the
same amount of admixture has the worst aging resistance, which indicates that the aging
resistance of lignin-modified asphalt is better than that of formic acid lignin-modified
asphalt. From the PAAI, as shown in the analysis presented in Figure 7b, by comparing the
two modified asphalts, SK70+5% L and SK70+5% FAL were observed to present a better
anti-aging effect when the admixture content was 5%.
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Figure 7. Curves of complex modulus aging and phase angle aging indexes with temperatures for
each asphalt specimen during different aging states.

It can be observed from Figure 7c,d that, compared to the short-term aging index
(CMAI), the lower the addition of lignin, the more obvious the aging-resistance effect. At
the same time, it was observed that SK70+5% L-modified asphalt had the best effect, which
is consistent with the short-term aging index, indicating that the additions of formic acid
lignin and lignin can delay the aging of asphalt, and non-acid-treated lignin had the best
effect. With the increase in the addition of lignin and formic acid lignin, the CMAI aging
index also increased, and the CMAI aging index of SK70+10% FAL-modified asphalt was
the lowest, indicating that its anti-aging effect was the worst.

From Figure 7e,f, it can be observed that with the increase in the aging process, the
addition of lignin and formic acid lignin made the anti-aging effect of asphalt more obvious.
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At the same time, the higher the lignin content, the better the anti-aging effect. Our research
results are similar to those of Arafat [37] et al., and verify the fact that lignin increases the
aging resistance of an asphalt binder under high-temperature conditions. Secondly, the
85 min and 5 h aging index patterns of formic acid lignin-modified asphalt are different,
indicating that aging leads to internal changes in lignin. The phase angle at an 85 min aging
index compared to a 5 h aging index, with an increase in the temperature, the changes in
the curve tended to become more consistent, indicating that the higher the temperature,
the greater the long-term aging resistance of the asphalt.

3.2.2. Medium Temperature-Variation Performance Analysis

The mid-temperature failure temperature was divided according to the formula
G* × sinδ equal to 5000 kPa [38]; the complex modulus versus phase angle for the mid-
temperature is shown in Figure 8.

Figure 8. Variation curves of complex modulus and phase angle with temperatures for each asphalt
specimen at different aging states.

In Figure 8a, it can be observed that the complex modulus of unaged SK70+5% FAL is
observed to be the greatest, followed by SK70+5% L. However, SK70+10%L and SK70+10%
FAL have smaller complex moduli. The phase angles present the same pattern. It can be
observed from Figure 8b–d that the complex modulus of SK70+10% FAL is the greatest after
85 min of aging, followed by SK70+10% L, and it was also observed that the deformation
resistance of asphalt was poor when the content was small. The anti-deformation behavior
of aging for 5 h was the same as that of 85 min; however, it was observed that the anti-
deformation effect of formic acid lignin -modified asphalt was better than that of lignin-
modified asphalt with the same amount of lignin and formic acid lignin after aging for 10 h;
this is contrary to the law of complex moduli at high temperatures. The reason for this may
be due to the high susceptibility of lignin to crack under high temperatures.
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To explore the rheological properties at mid-temperatures further, the fatigue factor
curve results are plotted in Figure 9. The lower the value of the fatigue factor, the better
the fatigue resistance [39]. According to the results presented in Figure 9a, the fatigue
resistance values of SK70+10% L and SK70+10% FAL are almost the same. However, the
fatigue performance of the asphalt was observed to be slightly worse with a less-modifier
dose. Additionally, the fatigue resistance was observed to be better with a less-modified
admixture for 85 min of aging, as shown in Figure 9b, while the fatigue resistance was
observed to be almost the same for formic acid lignin and lignin with the same admixture
contents. In Figure 9c, 5 h aged SK70+5% L has the best fatigue resistance, followed by
SK70+5% FAL, and the worst is SK70+10% FAL. It was observed that aging for 10 h had the
same pattern as that of aging for 5 h, as shown in Figure 9d; however, it was also observed
that the gap of each modified asphalt increased after aging for 10 h, indicating that lignin
and lignin molecules treated with formic acid may have changed with aging.

Figure 9. Curves of fatigue factor with temperatures for each asphalt specimen in different states.

3.2.3. Low-Temperature Rheological Performance Analysis

Asphalt is a temperature-sensitive material expected to present certain characteristics,
such as viscosity, flexibility, and less or no fracture at low temperatures, and the transition
temperature of asphalt from rubber to glass states characterizes the low-temperature
performance of asphalt. The phase angle δ represents the ratio of elasticity and viscosity;
the larger δ is, the more viscous asphalt is and the stronger its fluidity and resistance to low
temperatures. Figure 10 illustrates the results of complex modulus versus phase angle for
different asphalts at low temperatures.
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Figure 10. Curves of complex shear modulus G* and phase angle δ with temperatures for each
asphalt specimen during different aging states.

As shown in Figure 10, when unaged, there is little difference in the complex modulus
at low temperatures, and difference becomes significant as the temperature increases, and,
in contrast, the greater the admixture content, the poorer the resistance to deformation.
From the phase angle, there is little difference in the resistance to cracking of asphalt at
sub-zero temperatures. In Figure 10b, it can be observed that the greater the admixture
content at 85 min of aging, the stronger the resistance to deformation, and the pattern
continues for 5 h of aging. Additionally, as shown in Figure 10d, it is observable that
the 5 h of aging presents the same behavior; however, the gap between the modified
bitumen increases, indicating that the lignin and formic acid lignin molecules may change
during aging.

In order to observe the low-temperature performance more intuitively, knowing
that the loss modulus G” and low-temperature crack resistance of asphalt are propor-
tional, the greater the loss modulus, the greater the energy used to resist low-temperature
flows, the better the resistance to low-temperature fractures, the peak value was usually
used as the glass-transition temperature Tg; to calculate the glass-transition tempera-
ture Tg, extract the Tg value of different modified asphalts in each aging stage, and
the lower the temperature, the better the result [40]. The related details are shown in
Figures 10 and 11.
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Figure 11. Curve of loss modulus G” with temperatures for each asphalt specimen at different states.

From Figure 11, it can be observed that the loss modulus of modified bitumen increases
with the temperature and decreases with the increase in temperature after reaching a
maximum value at a certain temperature. In Figure 11a, it can be observed that the loss
modulus of lignin-modified bitumen is greater than that of formic acid lignin-modified
bitumen at temperatures higher than −6 ◦C and decreases with the increase in the amount
of modifier incorporated. The formic acid lignin-modified asphalt (with 5% lignin content)
gradually increased at temperatures lower than −6 ◦C. When observed, the peak value of
formic acid lignin-modified asphalt (with 5% lignin content) was around −14 ◦C, and the
rest of the modified asphalt was around −12 ◦C, indicating that the addition of formic acid
lignin improved the low-temperature crack resistance of the asphalt.

It can be observed from Figure 11b that when the temperature is higher than −6 ◦C
for 85 min of aging, the higher the admixture content, the better the resistance to cracking.
When the temperature was lower than −6 ◦C, SK70+5% L had the best anti-cracking effect,
followed by SK70+10% FAL, and the least fortunate was SK70+10% L. In Figure 11c, it
can be observed that as aging occurs, the gap of the loss modulus is not as significant as
short-term aging-modified bitumen; on the contrary, the SK70+10% FAL loss modulus is
the largest and the most resistant to cracking. The pattern of the loss modulus in Figure 11d
is very obvious, with SK70+10% L- and SK70+10% FAL-modified bitumen having a higher
resistance to cracking, where the modifier dose is slightly lower in resistance to cracking.
With aging, the molecules of lignin and formic lignin may undergo cleavage and the large
molecular weight becomes small, and the greater the admixture quantity, the better the
resistance to cracking.

From the Tg results, as shown in Figure 12, for SK70+5% specimens, with aging, Tg
decreases, showing good anti-cracking behavior, while in SK70+10% L, it can be observed
that, with aging, Tg changes without obvious patterns, indicating that lignin can effectively
improve the low-temperature cracking performance; however, the amount of admixture
is not recommended to be too high. For the SK70+5% FAL specimens, it was observed



Buildings 2023, 13, 655 15 of 19

that with aging, it did not prevent low-temperature cracking, whereas for SK70+10% FAL
specimens, it was observed that with aging, it could effectively prevent low-temperature
cracking, indicating that formic acid lignin could effectively modify the cracking perfor-
mance; however, the quantity of admixture is not recommended to be too low.

Figure 12. Glass-transition temperature Tg value/◦C. (a) Lignin modified asphalt: (b) Formic acid
lignin modified asphalt.

3.3. Gel-Permeation Chromatography (GPC) Analysis

In addition to the reason for capturing free radicals, the mechanism of lignin thermo-
oxidation aging is more of a “sacrificial agent” [30]. Therefore, the influence of aging on
the molecular weight and distribution of lignin-modified asphalt and formic acid lignin-
modified asphalt was investigated, and samples with a 5% content were selected for testing.
Samples before and after aging were, respectively, dissolved in tetrahydrofuran, and their
molecular weights were tested using GPC. The results are shown in Figure 13.

Figure 13. Gel chromatography of different modified asphalts with methyl lignin and different
aging times. ((a) SK70+FAL: (b) SK70+L: (c) Weight average molecular weight: (d) Number average
molecular weight: (e) Dispersion coefficient).
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Figure 13a,b shows that the molecular weights of lignin-modified asphalt and formic
acid lignin-modified asphalt move in the direction of larger molecules after different
aging times, reflecting the change in the molecular weight of modified asphalt before and
after aging. The molecular weight of the modified asphalt before and after aging was
mainly between 102–105. With the increase in the aging time, the modified asphalt moved
towards a high molecular weight. A small part of the molecules of formic acid lignin-
modified asphalt decomposed after 85 min of aging, while a large part of small molecules
decomposed after 5 h of aging; the small molecules of formic acid lignin-modified asphalt
further decomposed after aging for 10 h; however, the minimum molecular weight did
not exceed that before aging. A comparison between lignin-modified asphalt and formic
acid lignin-modified asphalt before and after aging showed that the molecular weight of
formic acid lignin-modified asphalt dramatically changed and presented a large deviation.
When aged for 85 min, many molecules did not crack as when they were aged for 5 h,
while lignin-modified asphalt decomposed a high number of small molecules when aged
for 10 h, and the minimum molecular weight exceeded that before aging. From the degree
of change in the molecular weight before and after aging, SK70+FAL-modified asphalt had
better heat-aging resistance than SK70+L-modified asphalt.

In order to investigate the combined effect of different aging levels on the base and
modified asphalt, in this paper, Mw, Mn, and d before and after the aging of lignin-modified
asphalt and formic acid lignin-modified asphalt were derived using Agilent PL-GPC50 gel
chromatography, and the results are shown in Figure 13c–e.

From Figure 13c–e, it can be observed that the patterns of Mn of lignin-modified bitu-
men and formic acid lignin-modified bitumen are the same, increasing and then decreasing
with aging, and decreasing at 10 h of aging, and the longer the aging time, Mn decreases,
indicating that the decomposition of small molecules of polymers and large molecules
simultaneously exist during the aging process. From the weight average molecular weight
Mw, it can be observed that the lignin-modified asphalt Mw increases and then decreases
with aging, while the formic acid lignin-modified asphalt continues to increase with aging.
The dispersion coefficients d of lignin-modified bitumen and formic acid lignin-modified
bitumen increase with aging, indicating that the molecular weight at a certain concentration
decreases. The dispersion coefficient increases with the increase in aging time, and the
increase indicates that there are many components with molecular weights at a certain
range, and the range of the phase change of molecular weight is consistent with the temper-
ature range of transition of aggregate components of asphalt; therefore, the heat-absorption
capacity of asphalt must increase, which shows that the overall change is intense and the
temperature sensitivity is enhanced. The addition of lignin and formic acid lignin can
improve the high-temperature stability of asphalt after aging.

Compared to different aging times and before aging, the Mw of lignin-modified
asphalt increased by 1.29, 1.9, and 1.88 times, and the Mw of formic acid lignin-modified
asphalt increased by 1.08, 1.7, and 2.05 times, respectively, and from these ratios, it can be
observed that the molecular weight of lignin-modified asphalt began to show a decrease
at 10 h. Although formic acid lignin-modified asphalt did not decrease, the growth rate
began to decrease; and from the values of the Mw, the values of lignin-modified asphalt
and formic acid lignin-modified asphalt were much lower than before aging after 5 h,
probably because the lignin was cleaved during the aging process, which reduced the Mw
values and also explained the problems that occurred in the rheological properties. While
Murugan et al. [41] studied the pyrolytic behavior of lignin in wood, it was observed that
lignin was dominated by a series of small-molecule cleavage products at 162 ◦C to 246 ◦C.
The temperature at aging was 163 ◦C, but the actual temperature in the asphalt was much
higher than 163 ◦C, which indicated lignin cleavage in the modified asphalt during aging.

4. Conclusions

In this study, dynamic shear rheometer (DSR), Fourier transform infrared spectroscopy
(FT-IT), and gel permeation chromatography (GPC) were used to characterize the effects
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of lignin and formic acid lignin on asphalt. Through the abovementioned research, the
following conclusions can be drawn:

(1) In terms of color, lignin changes from brown to light-white after being purified by
formic acid. Fourier transform infrared spectroscopy shows that the purity of lignin
treated with formic acid is reduced, and the infrared spectra of lignin and formic
acid lignin are similar. However, the lignin treated with formic acid is degraded and
formylated, indicating that the lignin presents chemical changes after acid treatment.

(2) Based on the analysis of the DSR results, it is observed that lignin-modified as-
phalt is stronger than formic acid-treated lignin-modified asphalt at high and mid-
temperatures, and has stronger resistance to high-temperature deformation, fatigue,
and aging.

(3) From the glass-transition temperature, it is observable that at low temperatures, lignin
and formic acid lignin can effectively improve the low-temperature cracking; however,
the content of lignin is not recommended to be too high, and the content of formic
acid lignin is not recommended to be too low.

(4) According to the results of the gel permeation chromatography (GPC), from the
increased magnification Mw value, the ratio of lignin-modified asphalt and formic
acid lignin-modified asphalt decreases, because lignin and formic acid lignin are
cracked during aging, which reduces their molecular weights.

To summarize, lignin, as a sustainable asphalt extender, has environmental benefits
and provides a baseline for future research. To evaluate the modification effect from a
broader perspective, in addition, relevant mixing and field tests should also be conducted to
check the actual performance and potential, and we suggest paying attention to the impact
of molecular weight on its performance in the future, establishing a relationship model
between the molecular weight of lignin or its chemical structure and rheological properties
and anti-aging, and finally studying the life cycle assessment and implementation of this
technology at the industrial level.
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