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The effective recycling of waste materials as alternatives to traditional mineral fillers in asphalt mixtures has
both economic and environmental benefits. Phosphogypsum (PG), as one of the industrial solid wastes is a
promising alternative to be used in asphalt mixture. However, in terms of the physical nature of PG, its high-
absorption and moisture-expansion cause significant deterioration in engineering properties, particularly
moisture-induced damage. To address these concerns, this study considered adopting polymeric diphenyl-
methane diisocyanate (PMDI) to activate asphalt binder with the introduction of active isocyanate (-NCO)
groups, to chemically capture and stabilize the treated PG (TPG) fillers in the mixture. Based on this, the
moisture-induced properties and other engineering performances of TPG-containing asphalt mixture (PGAM)
with various PMDI contents were evaluated through a series of mechanical tests, and the chemical interaction
mechanism between PG and PMDI in asphalt mixture was further simulated and analysed by X-ray diffraction
(XRD), infrared spectroscopy (FTIR), thermogravimetry-differential thermogravimetry (TG-DTG), X-ray photo-
electron spectroscopy (XPS), and scanning electron microscopy (SEM) tests. The results indicated that PMDI can
effectively improve the moisture-induced performance of PGAM, in addition to enhancing the high- and low-
temperature stability and reducing rutting and cracking risks. The thermal and microstructural analyses
confirmed PMDI in asphalt binder helps consume water released from TPG fillers through promoting the for-
mation of surface coatings, while also enhancing chemical bonding with ~OH groups on mineral aggregates.
Overall, the recycling approach developed in this study provides an effective solution for improving the engi-
neering performance of PG in asphalt pavement applications.

1. Introduction fillers, which has significant impacts on the mixture performance [6,7].

Hence, mineral filler is one of the most important components contrib-

Asphalt pavements are the most common type of road pavements
worldwide, and offers superior driving comfort, convenient construc-
tion, and adaptability in comparison with concrete pavements [1-3].
Asphalt mixtures are a viscoelastic composite material formed by
asphalt, aggregates, and fillers in specific proportion [4,5]. The bonding
behavior of coarse aggregates in mixture comes from asphalt mastic
composed of asphalt binder and fine aggregates including mineral

uting to the overall quality of asphalt pavements.

Along with the increasing construction of asphalt pavements, the
demand for mineral fillers are also increasing in practical applications
[8,9]. Mineral fillers are being continuously consumed to cause the
reduction or shortage of natural resources, which have led to the in-
crease in construction expense and resulting ecological ramifications
[10]. Therefore, it is necessary and valuable to seek low-cost alternatives
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Table 1
Physical properties of asphalt binder.
Item Test result Requirement Standard
Softening point (°C) 48.2 >46 ASTM D36
Ductility at 15°C (cm) >100 100 ASTM D113
Penetration at 25 °C (0.1 mm) 69 60-80 ASTM D5
Viscosity at 135°C (Pa-s) 0.45 <3 ASTM D4402
Table 2
Physical properties of PMDI.
Item Test Result Standard
Density at 25 °C(g-cm ) 1.22 ASTM D1480
Dynamic viscosity at 25 °C (mPa-s) 200 ASTM D445
Physical state Orange liquid -
Flashpoint (°C) 204 ASTM D56
—NCO content 30 % ASTM D2572-19
Table 3
Physicochemical properties of UPG and limestone mineral powder.
Filler type Item Test result Standard
UPG powder Main constitution CaS04-2H,0  ASTM
C471M
Moisture content (%) 13.5 ASTM C566
Apparent relative 2.46 ASTM C128-
density 15
Average particle sizes 39.1 ASTM C110-
20
pH 5.5 ASTM C25
Specific surface area 90 ASTM C204
(m?%/kg)
Limestone mineral Main constitution CaCO3 ASTM C25
powder Moisture content (%) 0.5 ASTM C566
Apparent relative 2.71 ASTM C128-
density 15
Average particle sizes 18.6 ASTM C110-
20
pH 8.9 ASTM C25
Specific surface area 410 ASTM C204
(m%/kg)

to replace natural mineral fillers for sustainable construction of asphalt
pavement.

Solid wastes may be a cost-effective option as they are grinded into
powders at a filler scale [11]. During the past decades, fillers have been
generated at a large scale due to the rapid development of industry,
agriculture, and urban areas, including PG, fly ash, waste concrete
[12,13]. If these wastes can be properly handled or disposed of, the
negative impacts on the ecological environment and public health can
be mostly avoided [14,15]. Current studies have shown that solid wastes
can be effectively used as alternatives for mineral fillers to prepare
asphalt mixtures [16-18]. For instance, Chen et al. [19] found the use of
recycled fine aggregate powder (RFAP) as an alternative filler can
enhance the moisture-induced damage resistance and fatigue resistance
of asphalt mixtures. Zhang et al. [10] demonstrated that the incorpo-
ration of red mud waste as filler can benefit to improve the stiffness,
elasticity, and rutting resistance to a certain extent. Chen et al. [20]
discovered that steel slag powder (SSP) filler mixed in asphalt mixture
shows superior resistances to permanent deformation, low-temperature
cracking, and water damage, as compared to the asphalt mixture mixed
with natural limestone filler.

PG, one of the industrial solid wastes, is generated from the pro-
duction of phosphoric acid [21]. During the production, approximately
4.5-5 tons of PG will be produced for one ton of phosphoric acid [22].
PG is mainly composed of calcium sulfate dihydrate (CaSO4-2H30),
which is limited to be widely used in practical engineering due to its
susceptibility to moisture and harmful elements [23,24]. The
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indiscriminate discharge and accumulation of PG can squander land
resources, contaminate groundwater resources, as well as severely
degrade the ecological environment [25,26]. These factors obviously
increases difficulties in adopting PG as filler in asphalt pavement if no
further measures are considered.

As of now, there have a few studies published in regard to how to
properly recycle PG as a modifier or filler in asphalt mixtures. For
instance, Cuadri et al. [27] used sulfuric acid to treat PG as a bituminous
modifier, and found that the temperature sensitivity and rheological
properties of asphalt binder can be significantly improved by adding 10
wt% treated PG at elevated temperatures. Amrani et al. [28] compared
the differences of PG, fly ash, and dry phosphorus mud as fillers in
asphalt mortar and discovered that PG has more significant merits in
contributions to mechanical properties and rutting resistance of asphalt
mortar in contrast to fly ash and phosphorus mud. Metha et al. [29]
combined PG and cement as fillers instead of conventional mineral
powders, and found that the suggested fillers have capacity of improving
the engineering properties of asphalt mixture, including Marshall sta-
bility. These studies demonstrated that PG can be applied in asphalt
pavement for some potential performance benefits if it can be well
treated. However, almost all studies have focused on the engineering
performance of asphalt mixtures containing PG filler (PGAM), whereas
important investigation on water stability improvement method and
mechanism analysis of PGAM are still not yet understood.

To fill this research gap, this study proposes to use polymerized
diphenylmethane diisocyanate (PMDI) to chemically activate asphalt
binder with the introduction of active isocyanate (-NCO) groups for
creating opportunities to capture and stabilize PG fillers in the mixture.
To this end, the moisture-induced properties and other engineering
performances of PGAM with various PMDI contents will be evaluated
through a series of mechanical tests, and the chemical interaction
mechanism between PG and PMDI in asphalt mixture will be analyzed
using advanced characterization tests. Overall, the work conducted in
this study is theorized to provide valuable guidance for pavement de-
signers and practitioners to build more sustainable asphalt pavements
containing PG.

2. Materials and methodology
2.1. Materials

Asphalt binder. The asphalt binder used was bitumen with a Pen.70
grade, supplied by a local company in Wuhan City, China. The results of
the physical properties are presented in Table 1.

Asphalt modifier. The polymeric diphenylmethane diisocyanate
(PMDI) utilized in this study was provided by a supplier from China. It is
mainly composed of 4,4-diphenylmethane diisocyanate (MDI) and
bicyclic monomer, which is an orange liquid admixture at room tem-
perature. The main physical properties of PMDI are shown in Table 2. It
is known that the active isocyanate group (-NCO) in PMDI can react
with substances containing active hydrogen atoms (such as water, hy-
droxyl, amine, etc.) under suitable conditions, as followed by the
representative reaction Equations (1), (2), and (3) [30].

Filler. The original PG powders (denoted as UPG) used in this study
were provided by a factory from Yichang City in Hubei province, which
were in a long-term aged state and contained less amounts of unsatu-
rated hydroxyl from phosphate rock. Before use, the UPG powders were
calcined at 160 °C for 4 h, and further adopted as alternative fillers
(denoted as TPG) with a particle size less than 0.075 mm after washing
and drying. To understand the differences between the UPG filler and
limestone mineral filler, their main physicochemical properties are
displayed in Table 3. Apart from this, the appearances of UPG, TPG, and
limestone mineral fillers are shown in Fig. 1.

Aggregate. The limestone aggregates were provided by a local
supplier at Wuhan city, China. This study used those more than 2.36 mm
as coarse aggregates and 0.075—2.36 mm as fine aggregates. After
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Fig. 1. Appearances of (a) UPG, (b) TPG, and (c) limestone mineral powder.

Table 4
Physical properties of aggregate.
Aggregate type Item Test Requirement Standard
Result
Coarse Apparent relative 2.864 >2.60 ASTM C29
aggregate density
(>2.36 mm) Water absorption 1.71 <2.0 ASTM
(%) C127-15
Crushing value (%) 16.2 <26 ASTM C131
Firmness coefficient 3.2 <12 ASTM
(%) D2938-95
Fine aggregate Apparent relative 2.749 >2.50 ASTM
(0.075 ~ density C128-15
2.36 mm) Firmness coefficient 3.2 <12 ASTM
(>0.3 mm) D2938-95
Firmness coefficient 2.6 <12 ASTM
(<0.3 mm) D2938-95
Sand equivalent 83.3 >60 ASTM C117
(%)
Table 5
Composition design of asphalt mixtures.
Item Asphalt type Filler type
Lime-AM Virgin asphalt Limestone
PGAM/PMDIO Virgin asphalt TPG
PGAM/PMDI2 2 % PMDI modified asphalt TPG
PGAM/PMDI4 4 % PMDI modified asphalt TPG
PGAM/PMDI6 6 % PMDI modified asphalt TPG

Note: The content of asphalt binder, aggregate and limestone/TPG in asphalt
mixtures are 4.6%, 91.6%, and 3.8%, respectively.

testing, the main physical properties of aggregate are illustrated in
Table 4.

2.2. Preparation of PMDI modified asphalt binder

The PMDI modified asphalt binders were prepared following the
procedures: at first, the virgin asphalt binder was heated to 160 °C until
a flowing state; subsequently, PMDI was added at 2 %, 4 %, and 6 %, by
weight of virgin binder, to the binder and blended at a shearing speed of
4000 rpm for 30 min, respectively; and finally, the modified asphalt
binders were collected for mixture fabrication. For brief expressions,
these modified asphalt binders are orderly denoted as PMDI2, PMDI4,
and PMDIS, respectively, and as for virgin binder, it is denoted as PMDIO
(see Table 5).

2.3. Mix design and sample preparation of PGAM

Asphalt concrete with a 13 mm-nominal maximum aggregate size
(AC-13) is a commonly-used aggregate gradation for surface-paving
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Fig. 2. Design gradation curve of asphalt mixture.
Table 6

Fabricating and testing programs of asphalt mixtures.

Property Fabricating Sample Test method  Test
method dimension standard

Moisture-induced Marshall $101.6 mm Marshall ASTM
stability after compaction X 63.5 mm test D6927-15
immersion

Moisture-induced Marshall 9101.6 mm Indirect ASTM
stability after compaction X 63.5 mm tensile D6931-17
freeze-thaw strength test

Marshall stability Marshall $101.6 mm Marshall ASTM
after wet-curing ~ compaction x 63.5 mm test D6927-15

High-temperature Rolling 300 mm x Wheel AASHTO
stability 300 mm X tracking test ~ TP63-09

50 mm

Low-temperature Marshall $101.6 mm Indirect ASTM

stability compaction x 63.5 mm tensile D6931-17

strength test

construction of highways and expressways in China [31]. One of the
AC-13 aggregate gradations was selected for this study and depicted in
Fig. 2. In terms of the preparation of target asphalt mixtures for different
testing programs, all the asphalt binder content was the same, controlled
at 4.8 % and air void ranging from 3 % to 6 % (see Table 6.).

2.4. Marshall stability (MS) test

The immersed Marshall stability was used to assess the stripping
resistance of PGAM containing various contents of PMDI while being
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Fig. 3. Mixing and postprocessing procedures of TPG and PMDI.

Table 7
Pretreatment method design for PG.

Item Pretreatment method Mixing proportion
UPG or TPG PMDI
UPG Untreated, wash, and dry / /
TPG Calcinate, wash, and dry / /
TPG/PMDIO.1 Calcinate, wash, mix, dry, and grind 1 0.1
TPG/PMDIO.2 Calcinate wash, mix, dry, and grind 1 0.2

Note: PMDIO.1 and PMDIO.2 refer to that the incorporating percentage of PMDI
accounts for 10% and 20%, respectively, by weight of UPG or TPG.

exposed to water for hours. According to ASTM D6927-15, the Marshall
specimens were first immersed in a 60 °C-water bath for 30 min and 48
h, respectively, and then they were separately subjected to the loading at
arate of 50 mm/min + 5 mm/min for acquiring the Marshall load. After
this, the immersed Marshall stability, namely the residual Marshall
stability (RMS), can be calculated following the Equation (4).

To further understand how the moisture-induced performance of
PGAM benefits from the changing content of PMDI, the Marshall sta-
bilities of specimens after wet-curing conditions with time were
comparatively evaluated in this study. The experimental setups were as
follows: the specimens were first placed in a 25°C incubator with a 95 %
humidity for curing for 0 h, 12 h, 24 h, 36 h, and 48 h, respectively; and
once the curing time was reached, the Marshall stability test was then
conducted after the specimens went through a 60°C immersion for 30
min.

2.5. Indirect tensile strength (ITS) test

The ITS test was employed in this study to understand how the
tensile strength development of PGAM after being subjected to freeze-
—thaw condition. According to ASTM D4867, Prior to test, the specimens
first underwent vacuum and pre-wetting treatments and then get
conditioned at —18 + 3°C for 16 h and 60 + 1°C for 24 h in freeze-thaw
device. Finally, the preconditioned and unconditioned specimens were
moved into a 25°C-water bath for 2 h for ITS test.

According to ASTM D6931-17, the ITS test was conducted with a
loading rate of 50 mm/min to determine the tensile strength of target
specimens before and after one freeze-thaw cycle. Based on this, the
indirect Tensile Strength Ratio (TSR) can be calculated following the
Equation (5).

2.6. Wheel tracking test (WTT)

WTT was used in this study to evaluate the effect of PMDI on the
rutting resistance of PGAM under repeated wheel loads at higher tem-
perature. According to AASHTO TP63-09, the target mixture slabs with
dimensions of 300 mm x 300 mm x 50 mm were fabricated for one-day
stay, and subsequently, they were placed into a 60°C-chamber for 5 h.
After this, the specimens were tested one by one under an applied wheel
load of 0.7 MPa with a round-trip rolling speed of 42 passes for 60 min.
On this basis, the rut depth for each was recorded and its development
was derived by calculations for high-temperature evaluations. Herein,

the specimens for the same mixing proportions were repeated three
times to ensure the data accuracy.

2.7. Low-temperature performance test

The long-temperature performance was characterized in this study to
demonstrate the cracking behavior of target PGAM mixtures through the
comparative evaluations from Indirect Tensile (IDT) test conducted by
universal testing machine (UTM-100). According to ASTM D6931, the
IDT test was performed at a temperature of —10°C + 0.5°C with a
constant loading rate of 1 mm/min, while the load-deformation curve
was recorded until failure. After test, the indirect tensile strength (Ry),
Poisson’s ratio (u), failure tensile strain (er), and failure stiffness
modulus (St) were calculated by the Equations (6) ~ (9).

Other than the abovementioned, the stress—strain curve can also be
interpreted by the load-deformation data results [32,33]. On this basis,
the fracture energy (FE), for characterizing the withstanding of spec-
imen from tensile load and crack expansion, can be calculated by the
Equation (10) [34].

2.8. Test methods for chemical mechanism analysis

To further reveal the chemical reaction mechanism between PMDI
and TPG in asphalt mixtures, this study proposed to use solvent oil that
can be easily volatilized at lower temperatures to replace asphalt binder,
providing a simple mixing environment for both. After mixing, the
mixtures were first sent for drying at approximately 50 °C for hours to
completely remove the solvent oil and then slightly grinded for powder
formation, as displayed in Fig. 3. Comparatively, the pretreatment
methods designed for chemical mechanism analysis are presented in
Table 7. Furthermore, a series of characterizing tests including X-ray
diffraction (XRD), thermogravimetry—differential thermogravimetry
(TG-DTG), Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy
(SEM) were conducted for chemical interaction mechanism analysis,
which are briefly introduced in the following subsections.

(1) XRD test

The XRD test was used in this study to analyze the change of crys-
talline structure of TPG after pretreatments for understanding how
PMDI works in solvent oil or asphalt binder to chemically capture the
TPG particles. During the test, the Ultima IV X-ray diffractometer was
utilized to radiate the test samples with an employment of Cu-target Ka
line at a wavelength of 1.5406 A. After examining, the XRD pattens were
recorded for chemical analysis.

(2) TG-DTG test

The TG-DTG test was adopted in this study to acquire the thermal
information of target samples, including mass loss, phase changes, and
chemical composition, within a ranging control of temperature. During
the test, the PerkinElmer STA 8000 TG apparatus was employed to check
the thermal properties for all selected samples in nitrogen atmosphere at
a heating growth rate of 20°C-min~! within the temperature range
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between 30°C and 600°C. Afterwards, the TG-DTG profiles were
collected for the key information outputs, to analyze whether PDMI can
be chemically coated on the surface of TPG particles for good thermal
stability while being applied in practice.

(3) FTIR test

The FTIR test was utilized in this study to understand if the PMDI can
be chemically adhered to the surface of TPG particles by detecting the
changes in molecular structure. For this purpose, a Nicolet Nexus 470
FTIR spectrometer was employed to identify the changes in character-
istic groups of spectral brands at molecular level. The main test setups
were as follows: wavenumber range of 4000-400 cm ™, 32 of scanning
times, and resolution of 4 cm ™.

(4) XPS test

The XPS test was used in this study to analyze the surface chemical
state, including the element distribution and composition, of TPG par-
ticles treated by PMDI. Based on this, it could be strongly support in
terms of chemical evidence the interactions between TPG and PMDI,
providing further insights into their mutual reaction mechanism from
semi-quantitative resultant analyses of newly-merged and disappeared
chemical structures. Prior to the test, the powdery samples were treated
to remove the impurities following the as-common surface cleaning and
drying procedures. After this, the samples were tested using a Mono Al
Ka source at working voltage of 12 kV and filament current of 6 mA with
a spot size of 400 pm by a Thermo Scientific K-Alpha XPS instrument.
For full and narrow spectral scanning, the energies were 150 eV and 50
eV, with a step size of 1 eV and 0.1 eV, respectively. With the results, the
data were processed to the outputs of full spectra and fitted to high-
resolution spectra of Cls and N1s using an Advantage software, for
overall analyses of elements and chemical states.

(5) SEM test

The SEM test was employed in this study to comparatively evaluate
the influence of PMDI content on the surface state of TPG particles in
microstructural morphology. Before the test, the target samples were
first affixed to the sample holders with conductive adhesive and then
gold-sputtered and vacuum-processed. Afterwards, they were placed in
the test chamber for testing. As for this, a Zeiss Gemini 300 SEM appa-
ratus was adopted to capture the morphological images of samples at
magnification of 5,000 with appropriate controls of conditions including
voltage.

3. Results and discussion
3.1. Moisture-induced performance evaluation
(1) Immersed MS and freeze-thawed ITS analysis

Fig. 4 displays the effect of PMDI contents on the moisture-induced
performance of PGAM. As illustrated in Fig. 4(a), with the increasing
content of PMDI, the MS value presents a first-increase-and-then-
decrease trend regardless of immersion, which reaches the peak load
at 14.1kN before immersion and remains the peak load at 12.9kN after
immersion, respectively, as the PMDI content is 4 %. Correspondingly,
the RMS value shows the same development as the PMDI content in-
creases, which reaches the peak at 91.5 % while using 4 % PMDI. In
addition, it is worthwhile noting that as compared to the PG-free
mixture, PGAM/PMDIO has a lower RMS value at 81.8 % whereas the
others containing 2 %, 4 %, and 6 % PMDI have increasingly higher RMS
value at 87.7 %, 91.5 %, and 88.1 %, respectively.

Similarly, from Fig. 4(b), it is clear that with the increasing PMDI
content from 2 % to 6 %, the ITS values of PGAM increase slightly
irrespective of freeze-thaw, but correspondingly, the TSR value first
increases and then decreases with the peak at 88.4 %. These results
obtained indicated that the total use of TPG, instead of limestone min-
eral powder, causes a moisture-induced performance deterioration of
asphalt mixture no matter immersion or freeze-thaw, while PMDI can
positively overcome this problem for significant performance
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Table 8
Fitted equation extracted for the variation prediction in rut depth.
Item Fitted equation R%
PGAM/ ¥ = -2.83*exp(—x/1620.61)-2.79exp(—x/1620.66) + 0.998
PMDIO 5.32
PGAM/ ¥ = -1.33*exp(—x/464.07)-3.24exp(—x/2984.37) + 4.41 0.999
PMDI2
PGAM/ ¥ = -1.89%exp(—x/447.82)-2.56*exp(—x/4288.45) + 0.999
PMDI4 4.26
PGAM/ ¥ = -1.45%exp(—x/233.82)-2.33*exp(—x/3846.73) + 0.996
PMDI6 3.53
0.004
a
b

0.003 -

I
I
I
I
I
I
I
|
I
0.002 :
I

Rut depth/time (mm/s)

0.001

1
1
1
|
1
1
| 1 1 1 1

600 1200 1800 2400 3000 3600
Time (s)

0.000
0
Fig. 7. Effect of PMDI contents on rut depth developing rate of PGAM at 60 °C:
(a) PGAM/PMDIO, (b) PGAM/PMD], (c) PGAM/PMDI4, and (d) PGAM/PMDI6.

improvements, particularly its use at 4 %, by weight of virgin bitumen
[35].

(2) Cured MS analysis

Fig. 5 reflects the effect of wet-curing on the moisture-induced per-
formance of PGAM/PMDI. From Fig. 5(a), it is clear that with the elapse
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Table 9
Differential fitting equation and the critical index on the rut depth change rate.
Item Differential fitted equation R?
PGAM/PMDIO ¥1 = 3.47*10*exp(—x/1621.25)-4.98*107 0.997
PGAM/PMD2 ¥1 = 2.68%103*exp(—x/1322.46)-8.32%10 0.996
PGAM/PMDI4 ¥1 = 3.09*10*exp(—x/996.32)-1.02*107 0.998
PGAM/PMDI6 yi= 2.62*10’3*exp(7x/984‘68)-1.84*10'7 0.998
5
a /Peak stress
b
2426 ¥ \
¢ b:4.05
4r —a d:3.74 ¢:3.82
=
a3r
S
)
wn
o
E2t+
n
1 -
1 1 1
0 2 4 10

6
Strain (%)

Fig. 8. Stress-strain curve and fracture energy of PGAM/PMDI at —10 °C: (a)
PGAM/PMDIO, (b) PGAM/PMDI, (c) PGAM/PMDI4, and (d) PGAM/PMDI6.

Table 10
Low-temperature performance test results.

Item Fracture energy Damaged tensile Damaged stiffness
Jm3? strain (%) modulus (MPa)
PGAM/ 892 5.7 1264.8
PMDIO
PGAM/ 1028 6.2 1130.1
PMDI2
PGAM/ 998 8.8 884.9
PMDI4
PGAM/ 836 7.5 852.9
PMDI6

of wet-curing time the MS values of PGAM/PMDI somewhat increase
irrespective of PMDI content, which of Lime-AM and PGAM/PMDIO
show no significant changes. In addition, it is also observed that
compared to Lime-AM, PGAM/PMDIO has lower MS values of 7.7kN at 0
h and 7.5kN at 48 h, but PGAM/PMDI2, PGAM/PMDI4, and PGAM/
PMDI6 have higher MS values of 10.6kN, 14.1kN, and 13.4kN at 0 h and
11.4kN, 15.6kN, and 14.9kN at 48 h, respectively. These results indi-
cated that PMDI can not only compensate the mixture stability loss
caused by the filler replacement from limestone to TPG but also signif-
icantly increase the mixture stability of PGAM, which however will not
lastingly contribute to the mixture stability enhancement with an
excessive content. The reason can be that appropriate amounts of -NCO
groups from PMDI in asphalt binder chemically interact with the
released water from TPG and —OH groups from aggregate surface for
freshly mixed PGAM, and residual amounts of -NCO groups continue
interacting with the water from humid environments during the service
time [36].

Fig. 5(b) displays the RMS changes after immersion and curing for
48 h. It is obvious that with the increasing content of PMDI from 0 % to
6 %, the RMS value of PGMA first increases fast and then become stable
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Table 11

Thermal decomposition parameters of UPG, TPG, and TPG/PMDI.
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Fig. 10. Thermal analysis of UPG, TPG, and TPG/PMDI: (a) TG; and (b) DTG.
from 97.4 % to 111.1 % while subjected to humid environments, which
Solvent oil first increases and then decreases with a peak value of 91.5 % at 4 %

PMDI by weight of virgin binder while subjected to water immersion.
The results obtained demonstrated that PMDI works effectively to
enhance the mixture stability during an earlier period regardless of
curing or immersion, which however at excessive content reaching 6 %
causes a decreased mixture stability after immersion.

3.2. High-temperature stability analysis

Fig. 6 illustrates the effect of PMDI content on the rut depth of PGAM.
It is evident that the rut depth of PGAM gradually decreases with the
increasing content of PMDI after they are further stabilized by repeated
wheel loads. Obviously, as the PMDI content is added from 0 % to 2 %, 4
%, and 6 %, the rut depth of PGAM at 3600 s decreases from 4.71 mm to
3.44 mm, 3.15 mm, and 2.61 mm, respectively. These findings showed
that more incorporation of PMDI gives better resistance to PGAM
deformation at elevated temperature. In addition, all rut depth de-
velopments present a good relationship with time, which have

Items T onsec at mass loss of 5 %-min~* Residual mass (m) at 600°C  Tq, max Total component amount based on R max Crystal transition point
(9] (%) (9] Td, max (9]
UPG 145.4 79.5 159 1 -9.54 168
TPG 135.1 86.1 151 1 —5.16 162
TPG/ 109.8 75.9 120, 359 2 —5.94, /
PMDIO.1 —1.08
TPG/ 103.1 72.6 116, 368 2 —3.06, /
PMDIO.2 —2.66

Note: T ,nse refers to initial decomposition temperature; T g max refers to maximum decomposition temperature; and R 1, refers to maximum decomposition rate.
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Table 12

Attribution of main characteristic bands of UPG, TPG, and TPG/PMDI.

Wavenumber (cm ™)

Vibration type

3600, 3557, 3400, 3244
2970

2927

2275

2236

1715

1685

1623, 1540, 1511

1413

1310

1142, 1124, 1115, 1005
840

667, 600

468

H,0 stretching

O-H Carboxylic acid stretching
—CHo- stretching

NCO asymmetric stretching
H,O stretching

C=0 deformation

—OH deformation

-NH deformation

—CH bending

—CN stretching

v3, v1 SOF asymmetrical bending
Eutectic phosphorus

v4 SO asymmetrical bending
v2 SOF symmetric bending

correlation coefficient (R%) more than 0.996. The fitted equations
extracted for the variation prediction in rut depth are displayed in
Table 8, which are used to back-calculate the rut depth developing rate
as presented in Fig. 6.

Fig. 7 reflects the rut depth developing rate of PGAM containing
different contents of PMDI. Correspondingly, the fitted equations with
correlation coefficients (R%) higher than 0.996 are collected in Table 9.
Compared to PGAM/PMDIO, others have lower rut depth developing
rates after they are stabilized. With time towards 3600 s, they are all
developed below 0.001 mm/s in rut depth rate, but significantly,
PGAM/PMDIO still has a relatively higher rut depth developing rate than
others. Meanwhile, the rut depth developing rate of PGAM/PMDI2 is
presented higher than that of PGAM/PMDI2 and PGAM/PMDI4. In
addition, it is worthwhile noting that PGAM/PMDI4 has a slightly higher
rut depth developing rate at earlier stage after 600 s and presents a
closer changing rate at later stage towards 3600 s in contrast to PGAM/
PMDI6. These results suggested that PMDI can reduce the rut depth
developing rate of PGAM, which contributes to delaying the rutting
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Table 13

Relative content of elements in UPG, TPG, and TPG/PMDI.

Items Elemental composition (%)
Ols S2p Ca2p Cls Si2p Fl1s P2p N1s
UPG 57.74 889 2276 6.08 119 193 059 0.82
TPG 56.73  9.06  23.62 6.40 1.06 159 052 1.01
TPG/ 46.45 7.85 20.30 20.41 0.52 0.85 0.35 3.27
PMDIO.1
TPG/ 46.39 6.00 1560 27.64 051 0.08 026 3.52
PMDIO.2

deformation development to large extent as it is reached at 4 %. This is
because the addition of PMDI will make the modified asphalt have more
complex microstructure and reduce the thermal sensitivity of the asphalt
[37]. In addition, PMDI can chemically react with released water from
PG, exposed -OH from aggregate surface, and free water from natural
environments for structural connections, thus causing a susceptibility
reduction of PGAM to high temperatures [38,39].

3.3. Low-temperature performance analysis

Fig. 8 displays the stress-strain curve and fracture energy of PGAM/
PMDI at —10 °C. It is clear that as the PMDI content increases from 0 %
to 2 %, 4 %, and 6 %, the peak stress of PGAM decreases from 4.26 MPa
to 4.05 MPa, 3.82 MPa, and 3.74 MPa, and the corresponding strain
changes from 5.7 % to 6.2 %, 8.8 %, and 7.5 %, respectively. These
results indicated that PMDI will slightly produce negative impacts on the
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stress-induced damage of PGAM at low temperature, which however
will contribute to improve the toughness to some extent. Based on this,
the fracture energy, damaged tensile strain, and damaged stiffness
modulus of PGAM/PMDI are calculated and presented in Table 10. As
shown, the fracture energy first increases and then decreases with the
increasing content of PMDI, which shows close values at 1028 J-m ™2 and
998 J-m~2 for PGAM/PMDI2 and PGAM/PMDI4. In addition, damaged
tensile strain slightly increases, and damaged stiffness modulus signifi-
cantly decreases as the PMDI content increases. The results implied that
the resistance of PGAM to cracking at low temperature can be well
improved with limited amount of PMDI within 4 % by weight of virgin
binder, in association with acceptable slight sacrifice of stiffness.

The reason for this is that the -NCO groups from PMDI can react with
the released water from PG and the ~OH from aggregates for the network
structure formations to enhance the fracture toughness and fracture
energy of PGAM at low temperatures. However, with an increased PMDI
content, an excessive content of PMDI reacts with asphaltene compo-
nents and maltene components in asphalt binder are excessively trans-
formed into asphaltene components, which disrupts the balance
between maltene and asphaltene components and results in poor
compatibility [40,41]. Consequently, the low-temperature cracking
resistance of the asphalt mixture is adversely affected to the decrease in
the fracture energy and fracture toughness of PGAM [42,43].

3.4. XRD analysis

Fig. 9(a) indicates the XRD test results of UPG, TPG, and TPG/PMDI.
Fig. 9(b) shows the crystal structure changes of them. It is evident that
compared to that of UPG, the XRD patten of TPG shows four newly-
merged peaks that represents calcium sulfate hemihydrate
(CaS04-0.5H20) and significantly diminished amounts of calcium sul-
fate dihydrate (CaSO4-2H50), while the less amount of SiO is still
present [44]. However, as compared to TPG, the diffraction peaks for
CaS04-2H50 have completely disappeared and for CaSO4-0.5H20 are
limitedly diminished in TPG/PMDIO.1 and TPG/PMDIO.2. Especially,
the peak intensity of CaSO4-0.5H20 in TPG/PMDIO0.2 shows to be rela-
tively lower than that in TPG/PMDIO.1. These results suggested that the
calcination treatment can remove some of the crystalline water from
CaS04-2H,0 in PG, and further, more contents of PMDI strives to
chemically consume the residual CaSO4-2H50 and form CaSO4-0.5H50.
The reason is that more active -NCO groups provided by PMDI can
interact with less crystalline water from the mixed CaSO4-2H50 and
CaS04-0.5H,0 for chemical combinations.

3.5. TG-DTG analysis

Fig. 10 displays the TG-DTG curves of UPG, TPG, and TPG/PMDI.
Fig. 11 shows the PG chemical structure changes during TG process.
Correspondingly, the initial decomposition temperature (T gpset, at 5 %
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Fig.14. XPS Cls high-resolution spectrum: (a) TPG; (b) TPG/PMDIO.2.
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Table 14
Fitted results of XPS Cls and N1s high-resolution spectra of TPG and TPG/
PMDIO.2.

Relative content
(%)

Spectrogram Chemical group

TPG Cls fine spectra C-C(H) 284.8 eV 65.71
C-O-C/C-OH 286.6 eV 34.29
TPG/PMDIO.2 C1s fine spectra ~ C-C(H) 284.8 eV 47.06
C-O-C/C-OH/C-N 286.6 49.88

eV
COOH(R) 289 eV 3.06
TPG/PMDIO0.2 N1s fine —NH 398.9 eV 11.04
spectra —CH 399.5 eV 7.71
—NCO 400 eV 78.01
NHCOOH(R) 401 eV 3.24

mass loss) and the maximum decomposition rate (R pax) are shown in
Table 11. As presented, UPG starts losing mass at around 145°C and goes
to balance after 200 °C, with a R may of —9.545 %-min~ ! at 159 °C, while
the total mass loss for UPG is 20.5 %. Conversely, TPG begins being
dehydrated at around 135°C to thermal stabilization after approxi-
mately 200 °C with a R ¢ of —5.163 %-min~! at 151 °C and a total mass
loss of 13.9 %. These results indicated the selected treatment can in
advance remove the crystalline water of PG by 6.6 % for the thermal
stability improvement [45]. However, for TPG/PMDIO.1 and TPG/
PMDIO.2, both of them present two mass loss stages in TG curves and
two peaks in DTG curves, which for the first-stage represent the mass
loss from the hardly removed residues of solvent oil used for simulation
experiment and for the second-stage mainly refer to the mass loss of
chemically formed substances coated onto the surfaces of TPG. It is
worthy of noting that the maximum decompositions of crystalline water
at 151—-159 °C are not observed, which demonstrated that PMDI can
chemically capture the released crystalline water to the newly-formed
products on the surface of TPG in solvent oil, or maybe in asphalt
binder, during the treatment, for reducing the risks from water attacks to
the mixture.

In addition, TPG/PMDIO.2 has a total mass loss of 27.4 % and a
second-stage R pmax of —3.055 %-min! at 368°C, but by contrast, TPG/
PMDIO.1 presents a total mass loss of 24.1 % and a second-stage R p,x Of
—3.055 %-min~! at 359°C. Before 375°C, it is clear that TPG/PMDI0.2
shows lesser mass loss during the whole thermal process as compared to
TPG/PMDIO.1. These findings implied that more use of PMDI will pro-
duce a thicker protective coating onto the surface of TPG for improving
the thermal stability, which significantly benefits to avoid negative
impacts from water. The reason depends upon that PMDI, mixed in the
medium of solvent oil or maybe asphalt binder, can chemically consume
crystalline water released from TPG to produce more adhesive reaction
products for providing better water-proofing protection [46]. Apart
from this, it can be understood that as this asphalt mixture is applied in
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practice, the chemical coatings on TPG will not be damaged at maximum
service temperatures such as in summer at approximately 70°C.

3.6. FTIR analysis

Fig. 12 depicts the FTIR spectra of UPG, TPG, and TPG/PMDI.
Table 12 shows the attributions of main characteristic bands. It is clear
that the peaks at 3600 cm™!, 3554 cm™!, 3400 cm™}, and 3244 cm™!
correspond to the stretching vibrations of ~OH in the crystalline water
from UPG. The 1685 cm ' and 1623 cm ™! peaks are attributed to the
bending vibration absorption of ~OH in the crystalline water from UPG
(curve a). After pretreatment, the peak intensities at these positions
significantly decrease as shown in the profile of TPG (curve b). In
addition, the peak location at 1715 cm ™! is belonged to carbonyl (C=0)
deformation vibration that related to carbamate and urea (curves c and
d) [47]. The results indicated that CaSO4-2H50 in UPG can partially be
transformed into CaS0O4-0.5H,0 after calcination. Compared to TPG, the
absorption peak intensities at these positions are markedly diminished
in TPG/PMDIO0.1 and TPG/PMDIO0.2, as well as the absorption peak of
the -NH group in carbamate at 1511 em ™!, which is more pronounced in
TPG/PMDIO.2 (Fig. 12 (c)). These results suggested that PMDI consumes
the hydroxyl groups in TPG and forms carbamate upon chemical re-
actions with TPG ().

As presented in Fig. 12 (b), the absorption peaks at 2970 cm™! and
2927 cm ™! are attributed to stretching vibrations of —OH in carboxylic
acid, and the absorption peaks of C-N stretching and -NH bending vi-
brations are also found at 1310 cm ! [42]. The stretching vibrations at
2275 em ™! and at 1540 ecm ™! are respectively attributed to the -NCO
and -NH groups (Fig. 12 (c)) [48]. The results indicated that the
chemical reaction between PMDI and PG produced amine salts and urea
(Equation (2), (3)), and there are still unreacted free -NCO groups in
TPG/PMDIO.1 and TPG/PMDIO.2. The reason is that the terminal -NCO
groups at both ends of the MDI component in PMDI have latent chances
to react with PG, at which some of them reacts with PG for connections
and the residual groups remain opportunities to react with surrounding
water for further strength enhancement in pavement service while being
subjected to the natural environment [49].

3.7. XPS analysis

Fig. 13 illustrates the full XPS profile of UPG, TPG, and TPG/PMDI.
The relative content of main chemical elements are presented in
Table 13. As compared to UPG, TPG still has the main chemical elements
including Ca, O, S, Si, C, P, and F, which showed the treatments of
washing and calcination cannot remove the C based organic substances,
P based insoluble substances (or called co-crystalized P), F based
insoluble substances, and Si based substances in UPG. More signifi-
cantly, the relative content of O decreased from 57.74 % to 56.73 %,
which indicated that the treatment only causes the dehydration reaction
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Fig. 16. Microstructural morphology: (a) UPG; (b) TPG; (c) TPG/PMDIO.1; and (d) TPG/PMDIO.2.

of crystalline water in UPG. Further, with PMDI, the weak intensity
signals of F, P, and Si are all sharply decreased, even almost disappeared,
in association with the decreased content of O, Ca, and S, the appearance
of N, as well as the increased content of C. For O, Ca, S, N, and C, from
TPG/PMDIO.1 to TPG/PMDIO.2, they change from 46.45 %, 20.30 %,
7.85 %, 3.27 %, and 20.41 %, to 46.39 %, 15.60 %, 6.00 %, 3.52 %, and
27.64 %, respectively, while for P and F they vary from 0.35 % and 0.85
% to 0.26 % and 0.08 %, respectively. These results hinted that PMDI
can not only chemically interact with released crystalline water of TPG
to produce surface coating materials, but also be capable of partially
fixing F and P inside the surface coating materials for the reduction of
pollutants.

To further understand the main molecular structure forms, the XPS
Cls and N1s high-resolution spectra of TPG and TPG/PMDIO0.2 are fitted
as shown in Fig. 14 and Fig. 15, respectively. The relative contents of
chemical structures are correspondingly presented in Table 14. From
Fig. 14 and Table 14, it is obvious that the relative contents of C-C(H)
and C-O-C/C-OH in TPG are 65.71 % and 34.29 %, respectively, whereas
the relative contents of C-C(H), C-O-C/C-OH/C-N, and COOH(R) in
TPG/PMDIO.2 are 47.06 %, 49.88 %, and 3.06 %, respectively. The re-
sults indicated that new chemical structure forms, namely C-N and
COOH(R), are appeared with the introduction of PMDI to PG.

As further observed in From Fig. 15 and Table 14, there are appar-
ently no N based functional groups on the surface of TPG. The relative
contents of -NH, —-CN, -NCO, and NHCOOH(R) in TPG/PMDIO.2 are
11.04 %, 7.71 %, 78.01 %, and 3.24 %, respectively. The binding energy
of N1s at 398.9 eV is related to Carbamide produced in the (III) reaction.
The binding energy of N1s at 399.53 eV is attributed to R-NH in the (II)
reaction. The N1s peak at 400 eV is attributed to the -NCO group. The
binding energy of N1s at 401 eV is related to NHCOOH(R). These results

11

of the N1s spectra show a good correspondence to those of the Cls
spectra, which indicated again that PMDI can chemically react with PG
in medium like solvent oil, or even in asphalt binder. The reason can be
found in consistency with FTIR analysis.

3.8. SEM analysis

Fig. 16 illustrates the microstructural morphology of UPG, TPG, and
TPG/PMDI with a 5, 000 x magnification. It is observed that the surface
state of UPG presents to be relatively smooth, but some small defects
such as micro-holes and agglomerates clearly exist, as shown in Fig. 16
(a). After calcination pretreatment, TPG still has a smooth surface with
smaller particle agglomerates, as displayed in Fig. 16(b). Further, the
surface becomes vague and those smaller particles are fixed under the
coating of newly-formed substances with addition of PMDI, which looks
more significant as the PMDI content increases, as shown in Fig. 16(c)
and (d). These observations demonstrated that PMDI works effectively
in medium to chemically capture TPG with the formation of organic
coating materials for the reduction of moisture susceptibility. The rea-
sons are attributed to the chemical reactions of PMDI with the released
crystalline water from TPG, which are consistent with the analyses of
XRD, TG-DTG, FTIR, and XPS.

3.9. Performance-enhancing mechanism analysis

Based on systematic evaluation of moisture-induced properties and
other engineering performances of PGAM, in association with chemical
and morphological characterizations using XRD, TG-DTG, FTIR, XPS,
and SEM tests, the performance-enhancing mechanism can be charac-
terized as shown in Fig. 17. From Fig. 17(a), it presents the chemically



X. Xu et al.

(a)

YOCHN .

OH

' Asphaltene .

| Maltenes

Z
~
~
=

(=]

=

2

Fd

Fd

;f

B
Pt
\ll(O()*—(

Fuel 393 (2025) 134977

—
» -OH on the aggregate surface

(©

» Carbamate

i O Maltenes

. Asphaltene

@ Chemically coated PG —— MDI segment whose end is-NCO

Fig. 17. The performance-enhancing mechanism of PGAM: (a) terminal -NCO groups of PMDI chemically consumes the limited -OH groups from asphaltenes in
asphalt binder [41]; (b) complex chemical interactions in PGAM; (c) active asphalt binder between coarse aggregates in PGAM; and (d) full map showing the

distribution state of TPG fillers in active binder between aggregates.

activating modification of asphalt binder with the addition of PMDI,
which promotes the terminal -NCO groups of PMDI to chemically con-
nect with the active oxygen-containing groups like -OH from asphal-
tenes in asphalt binder [50], for the partial formations of carbamate
(RNHCOOR) and substituted urea (RCO(NH2)2R) [51,52]. During the
modification, less amounts of -NCO groups are consumed and the re-
sidual -NCO groups make the asphalt binder active. As presented in
Fig. 17(b), the active binder goes to the aggregates incorporating TPG
fillers, and three parallelling chemical reactions will occur [49]. They
are: (1) PMDI dynamically stabilizes TPG fillers for surface coatings
through chemical reactions between -NCO and released HyO in inner
physical spaces of asphalt binder [53], as shown in Equation (1); (2) the
self-reactions chemically happen between active binders, as shown in
Equation (2); and (3) those -NCO groups in active binder chemically
captures the -OH groups formed in the surface of natural mineral ag-
gregates, as shown in Equation (3).

As further displayed in Fig. 17(c), the active binder can be firmly
fixed onto the surface of mineral aggregates and tightly connect the
coarse aggregates by chemical bonding[54]. For Fig. 17(d), it is a full
map showing the distribution state of TPG fillers in active binder be-
tween aggregates, where the TPG fillers are chemically suspended with
connections from crosslinking structures of active asphaltenes. Based on
these chemical analyses, it is very significant that the introduction of
PMDI to asphalt binder can chemically consume the released water from
TPG fillers, maybe even PG fillers, for their surface coatings, and also
promote the asphalt binder to be chemically active to closely adhere
onto the mineral aggregates.

4. Conclusions

This study investigated adopting -NCO based PMDI as a modifier to
activate virgin asphalt binder and initiate chemical interactions to
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capture and stabilize TPG fillers in asphalt mixtures, to address the main
concern of moisture-induced damage. Through Marshall stability, indi-
rect tensile strength test and wheel tracking test, the moisture-induced
properties and other engineering performances of PGAM were system-
atically evaluated. The chemical interaction mechanism between TPG
and PMDI in asphalt mixture was further analyzed by X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravi-
metry—differential thermogravimetry (TG-DTG), X-ray photoelectron
spectroscopy (XPS), and Scanning electron microscopy (SEM).

The engineering performance tests show that appropriate amounts of
PMDI can effectively enhance the immersed or freeze-thawed stability of
PGAM and help improve the stability during an earlier period regardless
of curing or immersion, but an excessive use at 6 % leads to a decreased
mixture stability after immersion. PMDI contributes to decreasing the
rut depth development rate of PGAM and significantly delaying the
progression of rutting deformation, particularly at 4 % dosage, while the
resistance of PGAM to low-temperature crack can notably be improved
in association with an acceptable loss of stiffness.

The XRD and SEM tests show that new crystal structures are formed
and coated onto the surface of PG after chemical interactions between
PG and PMDI. The TG-DTG analysis indicated that PMDI shows capacity
to capture the released crystalline water and transform it into newly
formed products on the surface of TPG during treatment. FTIR and XPS
tests further demonstrated the in-situ chemical reactions on the PG
surface and found new C-N and COOH(R) structures formed by chemical
reactions between PG and PMDI in the surface coating and fixed the F
and P elements in these coating materials, thereby reducing contami-
nant levels. The performance-enhancing mechanism indicated that the
introduction of PMDI to the asphalt binder can chemically consume the
released water from TPG fillers for facilitating the formation of surface
coatings, and with its chemical activation of asphalt binder.

Overall, the proposed approach opens a new avenue for recycling PG
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in sustainable asphalt pavements of the future and the research con-
clusions can support the possible use of PGAM. However, further eval-
uations are required to assess the durability of PGAM, particularly its
long-term resistance to water damage, aging, and fatigue. Therefore,
future demonstrations of practical performance are required for engi-
neering applications.
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The reaction equations of active isocyanate group (-NCO) in PMDI react with substances containing active hydrogen atoms:

i
RNCO + R-OH R C R’
SN o
H
(Carbamate)
o]
RNCO + H;0 R |(| B RNH, + CO
! 2 ~ -NH, 2
N \OH
H
(Carbamic acid)
I
R-NH, + RNCO
2 + R ~ N /C\ N _ R

H H

(Carbamide)

(1)

(2)

(3)

The calculation formula for the residual Marshall stability (RMS) of asphalt mixture:

RMS = (MS,; /MS) x 100%

4

where, MS and MS; refer to the Marshall load for the specimens immersed after 30 min and 48 h, respectively, kN.
The calculation formula for the indirect Tensile Strength Ratio (TSR) of asphalt mixture:

TSR = (ITS; /ITS,) x 100%

)

where, ITS, refers to the tensile strength of the mixture before one freeze-thaw cycle, MPa; and ITS; refers to the tensile strength of the mixture after

one freeze-thaw cycle, MPa.

The calculation formulas of the indirect tensile strength (R), Poisson’s ratio (), failure tensile strain (er), and failure stiffness modulus (St):

Ry = 0.006287P; /h
4 = (0.1350A — 1.7940)/( — 0.5A — 0.0314)
er = Xy x (0.0307 + 0.0936)/(1.35 + 5p)

Sy =Pr x (0.27 +1.0u)/(h x Xr)

(6)
)
®
©)
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where, Py refers to the maximum value of test load, N; h refers to the height of the specimen, mm; A refers to the vertical-to-horizontal ratio in
deformation of the specimen after failure, namely A = Y1/X1; and Yt and Xt refer to the total vertical and horizontal deformations of the specimen,
respectively, as reached at the maximum destructive load, mm.

The calculation formula of the fracture energy (FE) of specimen:

FE = f " S(e)de

where, & is the strain at the maximum fracture stress, %.
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