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Functional pavement material with an exhaust-purifying performance has gradually

become of greater interest to researchers in recent years. For improving the purifying

effect of functional micro surfacing, two types of raw ore powders with exhaust-purifying

potentials were selected as novel functional modifiers. Firstly, the road performance of

purifying micro surfacing was evaluated according to the ASTM and ISSA standards.

Then, the dispersion state of modifying agents in emulsified asphalt evaporation residue

was analyzed and discussed using SEM and FTIR. Finally, the purifying effect of micro

surfacing on exhausts was examined in a laboratory to investigate the impact of

various experimental conditions on the purifying performance. Meanwhile, the purifying

performance was also monitored in a field test. The results showed that the road

performance of purifyingmicro surfacing could fulfill the requirements of relevant technical

standards. Pyrite had better dispersion property than specularite and titanium dioxide

inside asphalt. The purifying micro surfacing could achieve a better purifying effect on

NOx and COx than traditional micro surfacing with TiO2. These environmentally friendly

pavement materials could provide new solutions for the reduction of polluting emissions

in automobile exhausts.

Keywords: pavement, micro surfacing, exhaust purification, road performance, characterization

INTRODUCTION

Road traffic an integral part of the existing transportation system. In 2019, the number of
automobiles around the world had almost exceeded 1.39 billion. Even though various innovative
solutions have been found and applied in the automobile industry, the share of internal combustion
engine vehicles (including hybrid vehicles) will remain prevalent for the next several decades (Wei
et al., 2009; Miyamoto et al., 2012; Hirata, 2014), and thus the exhaust emissions will be one of
the main atmospheric pollution sources (Rêgo et al., 2014). Due to incomplete combustion of
hydrocarbon fuel in internal combustion engines, automobile exhausts including carbonmonoxide
(CO), hydrocarbons (HC), nitrogen oxides (NOx), sulfur dioxides (SO2), particulate matter (such
as lead compounds, carbon black particles, or oil mist, etc.), and other atmospheric pollutants not
only damage the natural environment, but also result in the haze pollution and urban heat island
(UHI) effect (Çay et al., 2013; Fattah et al., 2013; Pinzi et al., 2013; Labarraque et al., 2015; Peng
et al., 2015). Meanwhile, the emission increases of NOx, SO2, and particulate matter also increase
the risk of cancer in humans (Tong et al., 2014). Therefore, the control of automobile exhausts is
vital to protecting the environment and human health from air pollution.
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TABLE 6 | Road performances of purifying micro surfacing and normal micro surfacing.

Test PTD/STD micro

surfacing

Normal micro

surfacing

Standard

requirements

British pendulum slip test (BPN) 74/77 75 ≥45

Wet-track abrasion loss test 1 h Abrasion loss (g/m2) 440.5/443.2 445.6 ≤538

6 d Abrasion loss (g/m2) 605/606 609 ≤807

Lateral displacement test Lateral displacement (%) 3.0/3.1 3.1 ≤5

Relative density 1.61/1.60 1.63 ≤2.10

Permeability test (ml/min) 7/7 7 10

FIGURE 4 | SEM characterization results. (A) Emulsified asphalt evaporation residue. (B) PTD emulsified asphalt evaporation residue. (C) STD emulsified asphalt

evaporation residue.
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FIGURE 5 | EDS analysis results. (A) Emulsified asphalt evaporation residue. (B) PTD emulsified asphalt evaporation residue.
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FIGURE 6 | FTIR analysis results. (A) FTIR-PTD. (B) FTIR-STD.

FIGURE 7 | Purification effect of exhaust under different influencing conditions. (A) Atmospheric pressure. (B) UV light intensity. (C) Speciman temperature. (D)

Pollutant concentration.

atmospheric pressure increased gradually, the purifying effect
of micro surfacing on pollutants also showed an obviously
increasing trend. Moreover, when the atmospheric pressure
exceeded 1.0 atm, the increasing speed of the purifying effect
began to slow down and tended to be stable. While the
atmospheric pressure increased from 0.6 to 1.6 atm, the purifying
effect of PTD and STD onNOx rose to∼34 and 42%, respectively.
Interestingly, PTD and STD could achieve the purifying effect on
COx, but TD could not.

Purifying Effect at Different UV Intensities
To examine the impact of UV radiation on purifying
performance, the relationship between purifying rate and

UV intensity was investigated over time on the PTD, STD, and
TD micro surfacing. The test results are plotted in Figure 7B.

It was shown that the pollutant purifying performance
of purifying micro surfacing could be greatly promoted by
UV light intensity, especially for the effect on NOx. The
enhancing effect of UV intensity was noticeable on purifying
performances on NOx of all types of micro surfacing. When
the UV intensity was 10 W/m2, a turning point emerged in
the curves showing the purifying effect on NOx. When the UV
intensity exceeded 10 W/m2, the raising speed of the curve
began to slow down, which meant that the dependence of
purification on UV radiation started to weaken. For COx, the
purifying rates of PTD and STD micro surfacing subjected
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FIGURE 8 | Variation of pollutant concentration over the 10-day testing period. (A) NOx-PTD. (B) NOx-STD. (C) COx-PTD. (D) COx-STD.

to the increase of UV intensity showed a similar trend that
followed the degradation curve of NOx. However, the TD
micro surfacing had no significant degradation effect on COx

and the purifying effect was around 3%, even if the UV light
intensity increased.

With the addition of modified pyrite and specularite, the
NOx and COx degradation rates of PTD and STD micro
surfacing had been significantly improved compared to TD, while
the UV intensity increased. The purifying effects of PTD and
STD on NOx and COx reached ∼40 and 30%, respectively.
The improvement of the purifying effect might be led by the
thermoelectric properties of modified pyrite and specularite.
In addition, the increasing temperature of the specimen
led by UV radiation might also activate the thermoelectric
properties, which enhanced the purifying effect of pyrite
and specularite.

Purifying Effect at Different Specimen Temperatures
The purification testing results of micro surfacing subjected to
different specimen temperatures are presented in Figure 7C.
As shown in Figure 7C, the increasing specimen temperature

would enhance the NOx and COx degradation rates of PTD,
STD, and TD micro surfacing. For NOx, the degradation rate
curves of three micro surfacing showed a similarly increasing
trend, while the gap between the hybrid micro surfacing and
TD micro surfacing became larger with the increase of specimen
temperature. This experimental conclusion was in line with that
of the purifying effect at different UV intensities. For COx,
PTD, and STD micro surfacing presented superior purifying
performances, which could reach almost 40%. However, the TD
micro surfacing had a limited removal effect on COx when
temperature rose.

Purifying Effect at Different Pollutant Concentrations
Considering the variation of pollutant concentrations in an
application environment (a highway, tunnel, bridge, etc.),
the pollutant concentration would be an important factor
among different influencing elements of purifying performance.
The testing results at different pollutant concentrations are
presented in the Figure 7D. The pollutant concentration had a
noticeable negative linear effect on the degradation performance
of purifying micro surfacing. This might be because that a
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FIGURE 9 | Influence of environment factors on purifying performance. (A) NOx (PTD). (B) COx(PTD). (C) Purifying rate (PTD). (D) NOx (STD). (E) COx(STD). (F)

Purifying rate (STD).

higher pollutant concentration would promote the conversion
rate reaching its limit, and the overall purification effect
then began to decrease. The NOx and COx degradation
rates of PTD and STD micro surfacing could still be
over 40 and 30%, respectively, higher than that of TD
micro surfacing.

Field Testing Results at Complex
Environmental Conditions
The varying curves of pollutant gas concentration
over the whole 10-day field testing period are plotted
in Figure 8.

During the 8 h test period (9:00–17:00) of the 10 selected
days, the NOx and COx concentration decreased gradually.
The initial value of the pollutant was within the specific range
of the experiment condition described before. No obvious
outliers were found among the experimental data. It could
be calculated that the purifying effect of PTD on NOx

and COx were ∼40 and 35 ppm, respectively. Concerning
STD, the purifying effects on NOx and COx were about 34
and 32 ppm. Analyzing the median variation of pollutant
concentration, there was a turning point that appeared at 13:00.
For more accurate analysis, the experimental data obtained from
three consecutive days, whose environmental parameters (solar
radiation, temperature, etc.) were approximately identical, were
chosen for the following analysis.

The variations of pollutant concentration, solar radiation
intensity, and specimen temperature are presented in
Figures 9A,B,D,E. The same trend of variation curves
was observed for all the experimental results. Both NOx

and COx concentration showed an obvious decreasing
trend along with the variation of environmental factors.
This indicated that PTD and STD micro surfacing had

noticeable purifying effects on NOx and COx in the field
test. The curve of pollutant concentration changed in an
approximate linear trend, as solar radiation intensity and
specimen increased. When the solar radiation intensity reached
its peak value, a turning point appeared in the pollutant
concentration curve. The curve slope began decreasing
and the degradation speed started to slow down. This
observation testified that the UV radiation was the main
parameter influencing the purifying effect of purifying
micro surfacing, which was consistent with the results of
laboratory experiments.

The purification rates of PTD and STD micro surfacing are
plotted in Figures 9C,F. For PTD micro surfacing, the data of
the NOx purifying rate mainly ranged between 35 and 45%.
The median of these data was 41% and the upper quartile and
lower quartile were 42 and 38%, respectively. The range of COx

purifying data was from 25 to 30% and the COx purifying rate of
PTD micro surfacing was around 27%. For STD micro surfacing,
the NOx and COx purification rates of STDmicro surfacing were
∼38 and 28%, respectively.

CONCLUSIONS

This paper discussed the preparation and measurement
of the purifying properties of two new hybrid pavement
micro surfaces containing titanium dioxide, pyrite, and
specularite. The pyrite and specularite were selected as the
auxiliary functional materials and modified by using two
modifying agents to inspire their purifying potentials. The
purifying effects of micro surfacing on NOx and COx were
investigated in laboratory and field tests. The purifying
effects at different atmospheric pressure, UV intensity,
temperature, and pollutant concentration were monitored
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and investigated. The major conclusions from this study are
shown as following:

• With the addition of pyrite and specularite, the PTD and STD
micro surfacing had noticeable purification effects onNOx and
COx, while the TD micro surfacing was only effective for the
degradation of NOx.

• The increase of UV intensity and ambient temperature would
improve the purifying effect of PTD and STD micro surfacing
on NOx and COx.

• High pollutant concentration could lead to the conversion
rate reaching its saturation limit and thus decrease the overall
purification rates.

• The PTD and STD micro surfacing demonstrated a noticeable
purifying performance on NOx and COx in the field test when
subjected to complex environmental factors, whose results
were consistent with that of the laboratory test.

This paper provides new solutions to develop environmentally
friendly pavement materials with superior exhaust purifying
performances. Future work will focus on further studying
the purifying performance of purifying micro surfacing
within enclosed environments and the durability of the
purifying function.
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