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� Asphalt was eroded by five kinds of aqueous solutions, respectively.
� The morphology, chemical structure and four components of asphalt were observed.
� The pH, total organic carbon and chemical component of solutions were monitored.
� The oxidation, dissolution and migration of asphalt occurred alternately.
� Solute could accelerate the erosion on asphalt through interaction.
a r t i c l e i n f o

Article history:
Received 17 July 2020
Received in revised form 1 December 2020
Accepted 21 February 2021

Keywords:
Asphalt
Aqueous solutions
Morphology
Structure
Components
a b s t r a c t

Aqueous solution is one of the main factors of asphalt pavement disease. However, the physicochemical
changes of asphalt are ambiguous during immersion in different aqueous solutions. This study evaluated
the physicochemical properties of asphalt under the action of different aqueous solutions to further
understand the mechanism of moisture erosion. The morphology, chemical structure and four compo-
nents of asphalt were observed after immersion, while the pH value, total organic carbon (TOC) and char-
acteristic functional groups of residual solutions were monitored. The test results showed that aqueous
solution could change the bee structure on the asphalt surface and increased the mean roughness. The
carbonyl index (IC=O) and sulfoxide index (IS=O) of asphalt increased with immersion time. And the
asphaltenes of asphalt fluctuated and eventually increased during immersion. Solute could accelerate
the erosion on asphalt through interaction, the degree of which increased in the order, Na2SO4

saline < NaCl saline < pH 3 acid < pH 11 alkali.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Asphalt, an organic polymer material, is generally considered
insoluble in water and less affected by water. The influence of
moisture on the physicochemical properties of asphalt is often
overlooked. The properties of asphalt are the main factors affecting
the quality and life of asphalt pavement. The thickness of asphalt
binder in asphalt pavement is only tens of microns, moisture is rel-
atively easy to intrude into asphalt binder [1]. The moisture intru-
sion has a negative effect on the performance of asphalt concrete
which may cause cohesion destruction of asphalt and adhesion
failure between asphalt and aggregate interface [2–7]. Moreover,
early damage of asphalt pavement is always related to moisture
erosion that has attracted increasing attention as a factor to accel-
erate the aging of asphalt in recent years [8–13]. Nevertheless, the
mechanism of moisture accelerating asphalt aging and the degra-
dation of moisture susceptibility is still ambiguous. Hence, it is of
great significance to understand the physicochemical effects of
moisture on asphalt during immersion.

It is believed that asphalt oxidation, dissolution and migration
affect the physicochemical properties during immersion. Asphalt oxi-
dation is a kind chemical between asphalt components and oxygen,
which cause pavement performance degradation [14]. The process
in which some components of asphalt mix with aqueous solution to
forma homogeneous phase in amolecular state is asphalt dissolution
[15]. Asphaltmigrationmeans that some components of asphalt sep-
arate from the asphalt surface into aqueous solutions [16].

Noguera et al. [17] observed that the physical changes of
asphalt immersed in distilled water were induced by chemical
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reactions. As a result, the aromatic/saturated ratios and resins/as-
phaltenes ratios of asphalt decreased, indicating that asphalt can
react with oxygen molecules from the water leading to asphalt oxi-
dation. Menapace and Masad [18] compared the effects of the
aging mode with and without moisture on the asphalt by the
degree of oxidation. It was found that the presence of moisture
could cause the dissolution of water-soluble components of
asphalt and the separation of part of asphalt from the surface.
Dos Santos et al. [19] and Nivedya et al. [20] used atomic force
microscopy (AFM) to study the effect of moisture on the surface
structure of asphalt. The results showed that the surface structure
cracked and the material leak through the cracks, causing the sur-
face to become rougher. This means that there exists a migration of
substance during immersion. Hung et al. [21] investigated the
effects of high temperature or prolonged exposure to water on
the asphalt by Fourier transform infrared spectroscopy (FTIR). After
water exposure, the polar compounds of asphalt surface increased.
Gong et al. [22] used AFM and FTIR to investigated the effect of
moisture on asphalt micro properties. The interactions between
moisture molecules and polar components alter the components
of asphalt surface thus influencing the adhesive force. Through
pull-off test for bond strength, Yang et al. [23] observed that the
aggregate with 10% moisture might decrease the adhesion
between asphalt and aggregate to 50% compared with the dry
aggregate condition. Over time, moisture can diffuse into asphalt,
reducing the adhesion between asphalt and aggregate, even caus-
ing further moisture erosion such as the increase of asphalt mois-
ture sensitivity [24]. The researches above showed the occurrence
of oxidation, dissolution and migration of asphalt and the changes
of asphalt properties during immersion. However, the relevant fac-
tors of physicochemical changes of asphalt during immersion are
ambiguous, so are the mechanisms.

Asphalt pavement in different area may be exposed to different
kinds of aqueous solution. Due to the destruction of the atmo-
sphere and vegetation, the rainfall pH can usually be as low as 3
in some areas of acid rain, while the pH of the soil can be up to
11 in some saline-alkali areas [25,26]. The pH of solution can lar-
gely affect the physicochemical properties of asphalt and aggregate
to destroy the pavement performance [27–29]. Salt fog usually is
generated by the evaporation of seawater in coastal areas and
snowmelt salt is generally used on asphalt pavement in winter,
which might include around 10% sodium chloride or 10% sodium
sulfate [30,31]. The intrusion of saline solution can lead to chemi-
cal erosion and crystalline destruction on asphalt binder [32].
Moreover, the chemical composition of the water-soluble sub-
stance of asphalt and the interaction between aqueous solution
and asphalt are still unclear. In order to improve the moisture sus-
ceptibility of asphalt to reduce the pavement distresses, it is very
crucial to understand the erosion mechanism of different solutions
on asphalt and the physicochemical changes of asphalt.

In view of the above background, this study investigated the
erosion behaviors of five different aqueous solutions on the
asphalt, including distilled water, pH 3 acid solution, pH 11 alkali
solution, 10 wt% NaCl saline solution and 10 wt% Na2SO4 saline
solution. Combining with physicochemical analysis of asphalt
and residual solution, the study investigated the related erosion
mechanism of different aqueous solutions on asphalt and the
physicochemical changes of asphalt.
Table 1
Physical properties of 70 A.

Physical properties Unit 70A Standards

Penetration (100 g, 5 s, 25 ℃) 0.1 mm 71.6 ASTM D-5 [33]
Softening point ℃ 48.3 ASTM D-36 [34]
Ductility (5 cm/min, 15 ℃) cm ＞100 ASTM D-113 [35]
Solubility (Trichloroethylene) % 99.5 ASTM D-2042 [36]
2. Materials and experiments

2.1. Materials

The asphalt binder with Pen 60/80 (simply refer to as 70A)
obtained from Ezhou Kepai Asphaltic Products Co., Ltd (Hu Bei,
2

China) was employed in this study. The physical properties of vir-
gin asphalt are shown in Table 1.

2.2. Experiments

2.2.1. Experiment plan
The methodology of this study was shown in Fig. 1. First, the

asphalt samples were obtained by immersion in five kinds of solu-
tions at 60 ℃, including distilled water, pH 3 acid solution, pH 11
alkali solution, 10 wt% NaCl saline solution and 10 wt% Na2SO4 sal-
ine solution. To distinguish the effects of thermal oxygen aging,
70A was processed under the same condition without aqueous
solution immersion to obtain the control samples. Then, the
asphalt samples were characterized by AFM, FTIR and thin-layer
chromatography with flame ionization detection (TLC-FID) test to
investigate the physicochemical properties of asphalt during oxi-
dation, dissolution and migration. Then, the residual solution after
immersing the asphalt was monitored by a pH meter, total organic
carbon (TOC) analyzer and FTIR to investigate the changes in the
chemical properties of asphalt caused by dissolution and migration
of asphalt. And the substances that dissolved and migrated from
the asphalt into aqueous solution were studied after immersion.
Finally, the related mechanism of moisture erosion was discussed
by combining with the test results of asphalt and residual solution.

2.2.2. Immersion test
The immersion test aimed to simulate asphalt immersed in the

real atmosphere. First, 5 g heated 70 A was poured into a glass dish
with a diameter of 90 mm, cleaned with isopropanol to reduce the
risk of microbial growth on the asphalt. The glass dish was placed
in a vacuum drying box at 120℃ for 0.5 h. After cooling, a 0.78 mm
asphalt film was prepared. The pH 3 acid solution was prepared
with pure sulfuric acid and nitric acid, and the molar ratio of which
was 9:1. The pH 11 alkali solution was obtained by dissolving solid
sodium hydroxide. The pH value of the two kinds of solutions is
controlled by a pH meter. And two kinds of saline solution were
prepared by dissolving solid sodium chloride and solid sodium sul-
fate with a mass percentage of 10, respectively. Then 40 ml of each
solution, including distilled water, pH 3 acid solution, pH 11 alkali
solution, 10 wt% NaCl saline solution and 10 wt% Na2SO4 saline
solution, were poured into the glass dish respectively, which made
the asphalt film immersed completely. It is known that the pave-
ment temperature in summer can reach 60 ℃ in most cases. To
simulate solution immersion in the real atmosphere in summer,
the experimental temperature of immersion test was set at 60 ℃,
and the experimental time was 2 days, 4 days, 6 days, 8 days and
10 days, respectively. After immersion, the asphalt films were
slowly cleaned by distilled water for 5 min to wash off the saline
and other water-soluble substance attached to the surface, and
then placed in an oven at 110 ℃ for 15 min to remove moisture
on the asphalt surface. The control samples were heated under
the same condition without immersion to distinguish between
the erosion of moisture and the effect of temperature during
immersion. Then 10 ml trichloroethylene organic solvent was
poured into the glass dish to dissolve the surface of asphalt films,
and asphalt solution was placed in a fume cupboard for 72 h to
allow trichloroethylene to evaporate completely. Finally, asphalt



Fig. 1. The methodology of this study.
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films with a thickness of 0.2 mm were obtained for AFM test and
TLC-FID test. The different preparation method of asphalt samples
for FTIR test was described in the characterization section of
asphalt.
2.2.3. Characterization of asphalt
AFM (Nanoscope IV, DI Nanoscope TVti with Nanoscope soft-

ware, AmericanVeeco Company), FTIR (Nicolet 6700, Thermo Fisher
Scientific, Waltham, MA, USA) and TLC-FID (Iatroscan MK-6, Iatron
Laboratories Inc., Tokyo, Japan) were employed to investigate the
microscopic changes of asphalt during immersion. After immersion,
the microstructure of samples was detected by AFM in tapping
mode with TAP-300 silicon cantilever tips. A drop of liquid asphalt
heated to 130℃was placed on a glass slide and then cooled to room
temperature for AFM test. An etched silicon probe was applied to
scan the height and Z-images of asphalt samples. The test conditions
were that the elastic coefficient was 6 N/m, resonance frequency
was 150 kHz and the scanning area was 20 � 20 lm. To quantita-
tively evaluate the bee structure (BS) of asphalt micro-surface, the
two-dimensional images were processed by Matlab software. The
grayscale, equalization and binarization were processed, as shown
in Fig. 2. The BS called catana phase distributed unevenly that was
surrounded by the dispersed phase called peri phase adjacent to
the continuous phase called para phase [37]. After binarization,
the image is black and white, and the white area shows the hills of
BS. It clearly showed the amount and area of BS.

AFM offline software, Image-Pro Plus, was used to calculate the
characteristic parameters of BS [38,39]. And the parameters and
3

the calculation formulas were shown in Table 2. Where the total
area of sample is 400 lm2; N expresses the total number of test
points.

The chemical structure of asphalt was monitored by FTIR with
Omnic 6.2 software after immersion for different time. The tradi-
tional method of sample preparation is to immerse asphalt in a
container, then dissolve the upper asphalt with an organic solvent
such as trichloroethylene and finally drop the asphalt solution on
the KBr chip for the test. However, the more experimental steps,
the greater the experimental error. A new sample preparation
method was adopted to avoid the error in this study. In detail,
10 wt% asphalt was added to the CS2 solution, then 3 drops of
which were dropped on the CaF2 chip. The dried samples were
immersed in aqueous solution at 60 ℃. After immersion, the sam-
ples were dried directly for FTIR test, which reduced the secondary
processing steps such as dissolution in the traditional sample
preparation method to reduce the experimental error. The test
conditions were that the range of scan wave number was from
4000 cm�1 to 400 cm�1 and the scan time was 64 times. The oxi-
dation characteristic functional groups of asphalt were character-
ized by the carbonyl index (IC=O) and sulfoxide index (IS=O) [40].
Due to the use of CaF2 chip, the peaks between 700 cm�1 and
400 cm�1 were messy peaks, the indexes were calculated with
the following equations:

IC¼O ¼ Area of the carbonyl band centered around 1700cm�1

Area of the spectral bands between 2000 and 700cm�1

� 100%

ð1Þ



Fig. 2. Image processing of two-dimensional image (a, Virgin; b, Grayscale; c, Equalization; d, Binarization).

Table 2
Characteristic parameters of BS.

Parameter Unit Definition Calculation formula

Ratio of total area
(Rt)

% Percentage of area
of all BS in sample
area

Rt ¼ Total area of BS
Total area of sample � 100%

Ratio of single
area (Rs)

% Percentage of area
of single BS in
sample area

Rs ¼ Rt
Amount of BS � 100%

Area of single (As) lm2 Area of single BS As¼ Total area of BS
Amount of BS

Maximum peak
(Zp)

nm Height of the
highest peak

Zmax

Maximum
depth of valley

(Zv)
nm Height of the

deepest valley
Zmin

Mean roughness
(Ra)

nm Arithmetic mean
deviation of the
entire three-
dimensional
surface

Ra¼ 1
N

PN
i¼1jZpþZvj
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IS¼O ¼ Area of the sulphoxide band centered around 1030cm�1

Area of the spectral bands between 2000 and 700cm�1

� 100%

ð2Þ
TLC-FID test was undertaken for analyzing the four components

change of asphalt with the prolongation of immersion time. The
asphalt solution with 2 wt% concentration was prepared with
dichloromethane and then was placed on a chromatographic col-
umn. Three kinds of organic solvent, including n-heptane, n-
heptane/toluene mixture (volume ratio is 1:4) and toluene/anhy-
drous ethanol mixture (volume ratio is 11:9), were used as exten-
ders to separate the four components of asphalt. Firstly, the
chromatographic column was placed in a container containing
70 ml n-heptane until the asphalt solution expanded to 100 mm.
Then the chromatographic column was heated at 80 ℃ for 60 s
to remove the residual solvents. Similarly, the asphalt solution in
chromatographic column expands to 50 mm and 25 mm in the
container containing 70 ml n-heptane/toluene mixture and 70 ml
toluene/anhydrous ethanol mixture, respectively. Finally, the data
4

was recorded by TLC-FID analyzer. Colloid instability index (CII)
was used to characterize the colloid structure of asphalt [41] which
were calculated with the content of each component as follow:

CII¼Asphalteneþ Saturate
Resinþ Aromatic

ð3Þ
2.2.4. Characterization of residual solution
After immersion, the changes of residual solution were detected

by a pH meter (OHAUS Starter 2100, Shanghai, China), TOC ana-
lyzer (Multi-N/C2100S, Jena, German) and FTIR (Nicolet 6700,
Thermo Fisher Scientific, Waltham, MA, USA) respectively. The
pH meter was applied to detect the pH value of the solution after
immersing asphalt for different time. The test range was from
0.00 to 14.00, and the precision was 0.01. Due to the low concen-
tration of the organic substance, the residual solutions need to be
treated for the reliability of data before FTIR test. In view of this,
carbon tetrachloride was selected as the extractant to extract
organics of the solution. The residual solution was poured into a
separating funnel and 10 ml carbon tetrachloride was added. The
separating funnel was shaken to make them blended, and then
stood uprightly for 5 mins until the solution was completely strat-
ified. Finally, the purified residual solution was collected from the
lower outlet. The composition of the residual solution was
observed by FTIR. Two drops of the extracted solution were
dripped on a KBr chip and dried under the warm light for the test.
The test conditions were the same as that of the asphalt. The TOC of
the residual solution was counted to characterize the carbon
migration of asphalt by combustion method TOC analyzer.

3. Results and discussions

3.1. Changes of asphalt caused by aqueous solution corrosion

3.1.1. Changes in morphology
It is believed that asphalt morphology is closely related to the

chemical composition, and the distribution of four components
in a single BS is shown in Fig. 3. The lighter the color, the higher
the altitude. And the yellow convex area is resins; the main com-
ponent of white convex area is asphaltenes; the black subsidence



Fig. 3. Distribution of four components in a single BS.
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area is saturates; and the surrounding horizontal area is aromatics
[42]. The two-dimensional and three-dimensional AFM images
were used to characterize the morphology of asphalt samples after
immersion for 10 days, as shown in Table 3. From the two-
dimensional images, compared with the control sample, the area
of BS increased significantly after immersion. The asphaltenes are
the main component of the convex part of BS [43]. The larger the
BS, and the more the asphaltenes. Asphalt oxidation can increase
the number or size of BS [44]. Thus, it indicated that asphalt oxida-
tion might occur and cause the growth of asphaltenes. From the
three-dimensional images, there were the periodically undulating
hills and valleys that formed the BS. After immersion, the area of
hills and valleys increased and the surface became rougher.

To quantify the influence of solutions on the BS, the binarization
images were processed by Image-Pro Plus software to calculate the
characteristic parameters of BS, as shown in Fig. 4. The results
showed that the amount decreased after immersion in distilled
water and saline solution, while the amount increased after
immersion in acid solution and alkali solution. Moreover, the Rt,

Rs and As increased after immersion. And the degree of change is
greater in acid solution and alkali solution. This indicated that
asphaltenes were more after immersion in acid solution and alkali
solution. Thus, the constituent components of asphalt were more
sensitive to pH rather than saline. It might be the interaction
between them and the acid and alkali solution resulted in the more
serious erosion.

From three-dimensional images, the increased of hills and val-
leys roughened the surface. The Ra of asphalt was used to quantify
the erosion effect of aqueous solutions on the asphalt surface, as
shown in Fig. 5. The Ra increased after immersion. However, Yi
et al [38] observed that the Ra of asphalt decreased after oxidation
aging, including ultraviolet aging and thermal oxygen aging. Thus,
it might be that the aqueous solution penetrated the asphalt, lead-
ing to the increase of Ra [39]. That indicated that asphalt might be
affected by dissolution and migration in addition to oxidation
under the action of aqueous solution. In general, the simultaneous
occurrence of oxidation, dissolution and migration of asphalt
increased the Ra during immersion.
3.1.2. Changes in chemical structure
To explore the reasons for the change of asphalt morphology,

the chemical structure of asphalt samples was tested by FTIR, as
shown in Fig. 6. The absorption peaks at 1700 cm�1 and
1030 cm�1 were caused by the carbonyl group and sulfoxide group,
both of which were the oxidation products of asphalt [45]. It could
be seen that the peaks of carbonyl and sulfoxide increased with the
extension of time which meant that oxidation of asphalt occurred.

To quantify the degree of oxidation, the IC=O and IS=O were com-
pared, as shown in Fig. 7. As the main product of asphalt oxidation,
the IC=O of all asphalt samples increased, as shown in Fig. 7a. For the
5

same time, the control sample has the lowest IC=O, followed by the
asphalt immersed by distilled water, Na2SO4 solution, NaCl solu-
tion, pH 3 solution and pH 11 solution. It indicated that the aque-
ous solution largely affected asphalt erosion. And solute could
accelerate the oxidation of asphalt during immersion. Among
them, the oxidation of asphalt occurred slowly through the reac-
tion with oxygen in distilled water. However, the IC=O of asphalt
immersed in pH 3 solution increased rapidly after 2 days, so did
that of asphalt immersed in pH 11 solution. This could be
explained by the dissolution and migration rate of polar molecules
on asphalt surface increased under the action of solutes such as
acid and alkali, which might promote the penetration rate of aque-
ous solution into the asphalt. Moreover, the presence of saline fur-
ther intensified the emulsification of asphalt. It was the presence of
chlorine ions that accelerated the oxidation of asphalt after immer-
sion in NaCl saline solution [46]. When sodium sulfate intruded
into the asphalt, it crystallized and expanded, increasing the poros-
ity to accelerate the oxidation of asphalt [47].

In Fig. 7b, the IS=O increased rapidly after immersion. And sulfu-
ric acid and mercaptan compounds of asphalt undergone oxidation
condensation reaction to form subacid compounds and disulfide
during immersion in pH 3 acid solution, causing a sharp increase
of IS=O [48]. The results further proved that the solute could accel-
erate the asphalt oxidation, and the effect increased in the follow-
ing order, Na2SO4 saline < NaCl saline < pH 3 acid < pH 11 alkali.
3.1.3. Changes in constituent components
Like the formation of carbonyl and sulfoxide functional groups,

the increase of asphaltenes has also been widely recognized as oxi-
dation indicators of asphalt [49]. The four components of all
asphalt samples were measures by TLC-FID after immersion for dif-
ferent time, as shown in Fig. 8. After heating for 10 days, the satu-
rates and aromatics of control sample decreased by 3.23% and
1.62%, respectively; whereas the resins and asphaltenes increased
by 2.32% and 6.97%, respectively. This was the result of asphalt
thermal oxygen aging. After immersion for 10 days, the saturates,
aromatics and resins of asphalt immersed in distilled water
decreased by 3.54%, 1.82% and 1.25%, respectively; whereas the
asphaltenes increased by 11.58%. It indicated that asphalt dissolu-
tion and migration occurred during immersion, resulting in the
decrease of resins. The aromatics and resins of asphalt immersed
in pH 3 solution decreased by 0.04% and 25.27%, respectively;
whereas the saturates and asphaltenes increased by 5.31% and
18.79%, respectively. It was probably because the esterification
reaction between olefin of asphalt and sulfuric acid formed sulfites
or sulfates. Then the cationic intermediate that was formed by the
reaction between them and isomeric alkane reacted with olefin of
asphalt to form long-chain isomeric alkane, which increased the
content of saturates [48]. The saturates, aromatics and resins of
asphalt soaped in pH 11 solution decreased by 3.28%, 1.98% and



Table 3
AFM images of asphalt after immersion for 10 days.

Sample Two-dimensional image Three-dimensional image

Control

Distilled water

pH 3

pH 11

NaCl

Na2SO4

Y. Zou, S. Amirkhanian, S. Xu et al. Construction and Building Materials 286 (2021) 122810
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Fig. 4. Parameters of BS on asphalt micro-surface after immersion for 10 days (a. Amount; b. Rt; c. Rs; d. As).

Fig. 5. Ra of asphalt after immersion for 10 days.
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33.71%, respectively; while the asphaltenes increased by 44.27%.
NaOHmight react with the fatty acids in resins to form small mole-
cule products, resulting in the sharp reduction of resins during
immersion in pH 11 solution [50]. The saturates, aromatics and
resins of asphalt after immersed in NaCl solution decreased by
1.87%, 1.72% and 5.47%, respectively; while the asphaltenes
increased by 13.40%. The saturates, aromatics and resins of asphalt
after immersed in Na2SO4 solution decreased by 1.35%, 0.48% and
8.98%, respectively; whereas the asphaltenes increased by
12.23%. The asphaltenes of asphalt immersed in two kinds of saline
solution were more than that of asphalt immersed in distilled
7

water. The presence of saline caused the chemical erosion on
asphalt during immersion.

In general, the saturates and aromatics might be stripped from
the asphalt surface, leading to the decreased of the content. The
aromatics and resins might react with the oxygen to form the
asphaltenes, leading the decrease of aromatics and resins and the
increase of asphaltenes [51]. And the resins might contain water-
soluble polar substances and ions, and they were more hydrophilic
in aqueous solutions than that of other components, such as the
dissolution and ionization of carboxylic acids and phenols, causing
the resins to continue to decrease with time [15]. Among them, the
saturates and aromatics of all samples increased while the resins
and asphaltenes decreased after immersion for 4 days, which
might be due to the dissolution of the water-soluble substances
of resins and asphaltenes. Over time, the asphaltenes of all asphalt
samples began to increase, indicating that the oxidation reaction of
aromatics and resins was dominant.

The CII was compared to study the influence of solute on the
colloid structure of asphalt, as shown in Fig. 9. After heating for
10 days, the CII of control asphalt increased by 2.01%. The thermal
oxygen aging changed the colloid structure of asphalt from sol to
gel structure. After immersion in distilled water, pH 3 acid solu-
tion, pH 11 alkali solution, NaCl saline solution and Na2SO4 saline
solution for 10 days, the CII of asphalt increased by 4.95%,
28.39%, 30.18%, 7.72% and 6.38%, respectively. It indicated that
the erosion of aqueous solution could also change the colloid struc-
ture of asphalt from sol to gel structure. And the addition of solute,
including acid, alkali and saline, increased the colloidal instability
index of asphalt, and the influence degree increased in the follow-
ing order, Na2SO4 saline < NaCl saline < pH 3 acid < pH 11 alkali.
With the growing of time, these solutes had a more significant pro-
moting effect on asphalt aging. The results are consistent with the
above analysis results of FTIR test.



Fig. 6. The FTIR spectrum of asphalt after immersion.

Fig. 7. IC=O and IS=O of asphalt after immersion (a. IC=O; b. IS=O).
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Fig. 8. Four components of asphalt after immersion for different time (a. Control; b. Distilled water; c. pH 3; d. pH 11; e. NaCl; f. Na2SO4).
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3.2. Changes in aqueous solution after immersing asphalt

3.2.1. Changes in pH value
To better understand the change in physicochemical properties

of asphalt during immersion in different aqueous solution, the pH
value of the residual solution was observed after soaking asphalt
samples, as shown in Fig. 10. It could be found that the pH value
of all residual solution decreased, in addition to the pH 3 acid solu-
tion. The distilled water gradually became acid, manifesting that
the most of soluble substances of asphalt were acid. However,
the pH value of pH 3 acid solution increased with the extension
of time. It was on account of sulfuric acid that could react with
the olefins of asphalt, reducing the concentration of hydrogen ions
in the solution. After immersion for 10 days, the pH 11 alkali solu-
tion performed the greatest change of pH value, which was as low
as 7.00. This could be explained by the fact that alkali could react
with the active component of asphalt to form soaps and fatty acids,
accelerating the neutralization of alkali [50]. Saline solutions such
as NaCl and Na2SO4 had higher surface energy and were more
likely to intrude into asphalt film than distilled water, increasing
dissolution and migration [52]. Hence, it was inferred that some
substances of asphalt dissolved and migrated under the action of
9

the solution and most of them were acid. There were not only
physical changes but also chemical reactions during the
immersion.

3.2.2. Changes in chemical components
FTIR was applied to investigate the substances dissolved and

migrated from asphalt into the aqueous solution, as shown in
Fig. 11. Apparently, the characteristic absorption peaks corre-
sponding to different solute aqueous solutions were approximately
the same. Through specific analysis of peaks in the infrared spec-
trum, there were 14 kinds of characteristic absorption bands in
the wavenumber range of 4000 ~ 400 cm�1, as shown in Table 4.
It could be seen that alkanes, aromatic hydrocarbons, sulfoxides,
amines, amides, carboxylic acids and ethers might exist in the
residual solutions. Among them, the alkanes and aromatic hydro-
carbons existed because of the migration of light components, such
as saturates and aromatics. And sulfoxides, amides, carboxylic acid
and esters were the product of asphalt oxidation [53]. The pH value
test results indicated that most of substances dissolved and
migrated from asphalt were acid. Amines and amides are alkaline
but carboxylic acids are acid, so the content of carboxylic acids in
all residual solutions is greater than that of amines and amides



Fig. 9. CII of asphalt after immersion. Fig. 10. pH changes of aqueous solution with immersion time.
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except for alkali solution. NaOH might be gradually neutralized by
carboxylic acids migrated from asphalt into pH 11 alkali solution,
so the pH value gradually approached 7. In general, partial compo-
nents and oxidation product of asphalt dissolved and migrated into
solution because of physical erosion and chemical reactions.

3.2.3. Changes in TOC
To quantify the substances dissolved and migrated from

asphalt, TOC analyzer was undertaken for counting the TOC of
the residual solution to verify the erosion degree of the five kinds
of solutions on asphalt, as shown in Fig. 12. It can be seen that
Fig. 11. The infrared spectrum of residual

10
the TOC increased after immersion, indicating that some organic
substances of asphalt dissolved and migrated into the aqueous
solution. With immersion time, the TOC gradually increased, which
means that the erosion degree of aqueous solution on asphalt
increased over time. After immersion for 10 days, the TOC of differ-
ent residual solutions increased in the following order, distilled
water < Na2SO4 saline solution < NaCl saline solution < pH 3 acid
solution < pH 11 alkali solution. Distilled water had the lowest
the TOC, but it wasn’t zero. That means there existed some soluble
substances of asphalt, which is consistent with the above results of
the pH value test. The relationship between TOC and immersion
solution after immersion for 10 days.



Table 4
The absorption bands of the residual solution.

Wavenumber
(cm�1)

Functional group Wavenumber
(cm�1)

Functional group

3357 Stretching
vibration of N–H
in amine

1632 Stretching vibration of
C = O or bending
vibration of N–H in
amide

3190 Stretching
vibration of C–H
in amine

1457 Scissoring vibrationof
C–H in –CH2- or –CH3

2954 Asymmetrical
stretching
vibration of C–H
in –CH3

1377 Bending vibration of
C–H in –CH2- or –CH3

2921 Asymmetric
stretching
vibration of C–H
in –CH2-

1265 Stretching vibration of
C-O in carboxylic acid
or aromatic oxide

2852 Symmetric
stretching
vibration of C–H
in –CH2-

1093 Stretching vibration of
C-O in aliphatic ether

1740 Stretching
vibration of C = O
in
carboxylic acid

1018 Stretching vibration of
S = O

1659 Stretching
vibration of C = O
in amide

798 Out-of-plane bending
vibration of N–H in
amide

Fig. 12. TOC of the residual solution after immersion.
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time could be described by the resulting polynomial regression
equations, the correlation coefficients R2 of which were all over
0.99. The TOC of residual solution can be predicted by these equa-
tions based on immersion. And it can be predicted from the trend
line that the TOC of alkali solution will increase sharply after more
than 10 days. These substances that dissolved and migrated from
asphalt are more sensitive to alkali solution. The interaction
between aqueous solution and asphalt aggravated the dissolution
and migration of asphalt. The more the substances dissolved and
migrated from asphalt, the more serious the corrosion. That could
result in the thinning of asphalt film and further deterioration of
the asphalt concrete performance [54].
4. Conclusions

In this study, the effect of different aqueous solutions on the
physicochemical properties of asphalt was investigated from the
perspectives of oxidation, dissolution and migration of asphalt.
11
Five kinds of solutions were used for asphalt immersion treatment.
And AFM, FTIR, TLC-FID, pH value and TOC test methods were
applied to monitor the asphalt and residual solution after immer-
sion, respectively. The following conclusions can be drawn:

� Based on the test results of asphalt, oxidation, dissolution and
migration of asphalt occurred alternately. And the dissolution
and migration were dominant first, and then the oxidation
was dominant over time. The erosion of aqueous solution could
change the BS on asphalt microstructure and increased the Ra.
And the oxidation indicators such as IC=O, IS=O and asphaltenes
increased after immersion because the interaction between
aqueous solution and asphalt accelerated asphalt oxidation
and changed the colloid structure of asphalt from sol to gel
structure.

� The majority of substances dissolved and migrated from asphalt
were acid, including alkanes, aromatic hydrocarbons, sulfox-
ides, amines, amides, carboxylic acids and ethers.

� Combining with the test results of asphalt and residual solution,
it could be found that there was not only physical erosion but
also chemical reactions during immersion in different aqueous
solution. And solute could accelerate the moisture erosion on
the asphalt through interaction, the degree of which increased
in the following order, Na2SO4 saline < NaCl saline < pH 3
acid < pH 11 alkali.
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