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Abstract: Porous asphalt pavement (PAP) with a high drainage capacity was modified with pow-
dered activated carbon (PAC) addition to produce permeable reactive pavement (PRP), which may
exhibit the potential to reduce environmental non-point source (NPS) pollution. The experimental
design mixtures used to produce and test the PRP incorporated with PAC (named PRP-PACs) were
conducted as follows: first, the PACs were initially tested to determine their feasibility as an additive
in PAP; second, different amounts of PAC were added during the preparation of PAP to produce
PRP-PAC, and the unregulated and regulated physical characteristics for the mechanical perfor-
mance of PRP-PACs were examined to ensure that they meet the regulatory specifications. Third,
the aqueous contaminants, namely benzene, toluene, ethyl-benzene, and xylene (BTEX), column
adsorption tests were preliminarily conducted to demonstrate their adsorption capacities compared
to traditional PAP. The compositions of 0.8% and 1.5% PAC (by wt.) (PRP-PACO08 and PRP-PAC15)
met all the regulated specifications. As compared to PAP, PRP-PACO08 exhibited higher BTEX ad-
sorption capacities than PAP, which were 47, 49, 29, and 2%. PRP-PACO08 showed both superior
physical properties and adsorption performance than PAP and may be recommended as an engi-
neering application that reduces the potential for NPS contamination of air, soil, groundwater, and
surface water.

Keywords: porous asphalt pavement (PAP); volatile organic compounds (VOCs); asphalt concrete;
remediation; surface runoff

1. Introduction

Non-point source (NPS) pollution from traffic or industry, such as volatile organic
compounds (e.g., benzene, toluene, ethyl-benzene, and xylenes (BTEX)), are frequently
detected in ambient air and rain (the tabulated literature-reported data pertaining to BTEX
concentrations in ambient air and rain are shown in Tables S1 and S2, Supplementary
Materials (SM)). For example, total BTEX concentrations were reported to be 106 pg/m3 in
ambient air (Ren-Wu, Taiwan) and 0.573 pg/L in rain (Yokohama, Japan). A fugacity-
based model developed by lordache et al. [1] also indicated the potential of BTEX transfer
from point sources such as wastewater discharges into the environment. Their model
highlighted the trend of volatile organic compound transfer in the air, which may require
a control of these emissions. Planting (park development, planting trees, etc.) is now the
main method used to reduce NPS pollutants, but the effect is limited [2]. Since pollution
originating from vehicle exhaust is one of the major NPS sources, if pollutant emissions
produced while cars moving on the road could be retained by the asphalt pavement, mi-
gration of these hazardous materials could thereby be controlled. The sorbed pollutants
on the pavement could be destroyed by natural photo-degradation [3] or when a severe
pavement deterioration is reached, the asphalt could be excavated and sent back to the
asphalt plant for recycling. The Taiwan Ministry of Transportation and Communications
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(MOTC) reported that the percentage of increase in the numbers of motor vehicles, the
total length of asphalt roads, and the total area of asphalt pavement were 38, 21, and 293%,
respectively, between the years 2000 and 2017 [4]. Given the growing numbers of vehicles,
and increasing area of pavement, it may be beneficial to capture the pollution from vehicle
exhaust on pavement, and thereby reduce the potential for these contaminants to be trans-
ported to air, soil, surface water, and groundwater. Successful control of vehicle exhaust
chemicals on pavement will reduce human exposure to these compounds.

Porous asphalt pavement (PAP) has several important technical features, including
good anti-slipping performance [5], low noise [6], reduced water splash and spray on
rainy days [7], and mitigation of glaring lights when driving at night. These benefits are
partly due to large air voids (~20%) [8] and the permeable structure of the interior of the
PAP [9]. PAP with higher voids would allow faster drainage and reduce dangerous driv-
ing hazards, such as hydroplaning caused by puddles. This study is a continuation of our
research on developing permeable reactive pavement (PRP), which was initially prepared
using granular activated carbons (GACs) as an additive and incorporated into the design
of PAP by Huang and Liang [10]. In this study, powdered activated carbons (PACs) were
applied, instead of GACs, to prepare PRP (named PRP-PAC) and the objectives of this
study included (1) evaluation and characterization of PRP-PAC; and (2) comparison of the
BTEX adsorption capacities of PAP and PRP-PAC.

2. Material and Methods
2.1. Materials

Powdered activated carbons (<200 mesh) were purchased from China Activated Car-
bon Industries, Ltd., Taiwan. Benzene (99.7% min.) and ethyl-benzene (99.0% min.) were
purchased from Sigma-Aldrich. Toluene (99.0% min.) was purchased from Union Chem-
ical Works, Ltd. and m-xylene (99%) was purchased from Alfa Aesar. Hydrochloric acid
(37% min.) was obtained from Sigma-Aldrich. Pyrolith, granite, and metamorphic rocks
were obtained from Hsin Hsu Tai Engineering Co., Ltd., Taiwan. The cellulose fiber and
modified asphalt were obtained from Chien Chung Engineering Co., Ltd., Taiwan.

2.2. Methodology
2.2.1. Design and Preparation of PAP and PRP-PAC

The PAP and PRP-PAC preparation procedures were on the basis of the road con-
struction design criteria of porous asphalt pavement and the detailed design activities
were described in Huang and Liang [10]. A 21% voids design criterion was used for the
porous pavement in this study. PAC was washed with hydrochloric acid and then rinsed
with reverse osmosis (RO) water [11]. Thereafter, PAC was oven-dried at 105 °C (6 h) and
then stored in a desiccator. Different amounts of PAC (0.4, 0.8, and 1.5% by wt.) were
supplemented during the course of the porous asphalt pavement (PAP) preparation.
These three PRP-PAC compositions met the upper and lower specified gradation limits.
The mixed aggregates were blended at a temperature of 180 °C for 6 s, and then blended
with hot bitumen at 160-170 °C for 34 s, and thereafter, the designated quantities of the
PAC were gradually sprayed onto the aggregates by hands and blended for 6 s prior to
compaction into cylindrical PRP-PAC samples.

2.2.2. Aqueous BTEX Adsorption Capacity Experiments

Column adsorption tests were conducted to measure the adsorption capacity of PRP-
PAC and to compare it with PAP. The PAP and PRP-PAC cylindrical samples (radius =
10 cm, height = 6 cm) were placed in a stainless-steel holder (see Figure 1 for experimental
setup). It should be noted that, in these adsorption experiments, elevated BTEX concen-
trations, which are higher than those usually detected in rain or runoff water (the litera-
ture survey pertaining to BTEX concentrations in ambient air and rain is presented in Ta-
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bles S1 and S2), were used in this study to ensure that each individual adsorption experi-
ment could be completed within an acceptable time frame (~60 h). The BTEX solution (60
mg L in RO water (pH~6)) was prepared by adding pure BTEX, stirred for48 hina 2 L
glass bottle without head space, and transferred into a Tedlar® bag (10 L). The prepared
BTEX solution was pumped (10 mL min™) upwards into the column using a peristaltic
pump equipped with a PTFE head and tubing (Cole Parmer MASTERFLEX® model 77390-
00). The BTEX concentrations in the influent and effluent were monitored at different time
intervals until breakthrough of the BTEX was reached.
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Figure 1. Experimental setup for porous asphalt pavement (PAP) and permeable reactive pave-
ment—powdered activated carbon (PRP-PAC) adsorption.

2.3. Analysis

The mass loss of PACs was measured using a thermogravimetric analyzer (TGA)
(LINSEIS, STA PT1600 model) over the temperature range of 25-1000 °C at a heating rate
of 5 °C min'. The BET specific surface, pore volumes, and pore sizes of the PACs were
determined by N2 adsorption isotherms (77 K) using a BET sorptometer (Porous Materials,
Inc., CBET-201A). Aqueous BTEX concentrations were analyzed using a high-perfor-
mance liquid chromatograph/UV detector at a wavelength of 254 nm (HPLC, Agilent
1100) on a ZORBAX Eclipse XDB-C18 column. The mobile phase consisted of acetoni-
trile/water (70:30, v/v) and the flow rate was 1 mL min™'. Characterization of aggregates
and evaluation of the mechanical properties of PAP and PRP-PAC were in accordance
with the relevant specified analytical methods, which are provided in Table S3 (SM).
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3. Results and Discussion
3.1. Characterization of PACs

The results of the TGA analysis are presented in Figure 2, which show that little mass
loss was detected during heating at 30-100 °C, presumably due to loss of water, and nearly
no change of mass was observed for the PAC in the range of 100-185 °C. However, when
the temperature increased above 185 °C, significant mass losses were observed. PAC with
sufficient thermogravimetric stability can be mixed with aggregates and asphalt in the
mixer at a high temperature condition (170-185 °C) [12]. Additionally, PACs with a large
surface area (865 m? g™') and pore volume (0.51 cm?® g™') (see the inserted Table in Figure
2) appear to be good candidates for adsorbing contaminants.
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Figure 2. TGA and BET analysis of PAC.

3.2. Permeable Reactive Pavement
3.2.1. PAP and PRP-PAC Preparation

The properties of the aggregates (fine and coarse) and asphalt are presented in Tables
54-6 (SM) and the physical property measurements were shown to meet the required
specifications. The PAP void space design was 21% (note that 20% is usually set for porous
pavement [13]) and the additional 1% void space was designed higher than traditional
PAP in order to allow space for PAC addition without significant reduction of voids,
which provide permeability. The 21% void design of PAP-PAC must be made up of 11%
of the aggregates passing through a No. 8 sieve, which was determined by the linear rela-
tionship of percent void versus various compositions of the aggregate passing through a
No. 8 sieve (see Figure S1 (SM)). The designed upper and lower gradation limitations for
the 21% void in PAP are presented in Table S7 (SM). Abrasion and drain-down tests were
conducted for samples with various blends of asphalt, which indicated an optimum as-
phalt content of 5.95% (by wt.) (shown in Figure S2 (SM)). The gradation curves for per-
cent passing versus sieve size for different mixtures of PAC (i.e., 0.4, 0.8, and 1.5% by wt.,
noted as PRP-PACO04, PRP-PACO08, and PRP-PACI15, respectively) are presented in Table
S7 (SM), which demonstrated that these PRP-PACs mixtures are within the upper and
lower specification limits.

3.2.2. PAP and PRP-PAC Performance

The results of the physical performance testing for PAP and PRP-PAC are presented
in Figures 3 and 4 for the regulated and non-regulated physical properties, respectively.
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Void, abrasion, and drain-down tests are three major parameters for constructing porous
pavement. Void space criteria are applied to ensure that the PRP-PAC has enough space
between the aggregate components for water drainage. Both abrasion and drain-down
tests are there to confirm that the PRP-PAC has an appropriate amount of asphalt for ad-
hesion and binding of aggregates. PAP and PRP-PACs met the specifications of MOTC
with the exception of PRP-PAC04, which showed 0.32% drain-down, which exceeded the
maximum limit of 0.3%. Hence, 0.4% (by wt.) PAC would not be a suitable PRP composi-
tion.

Marshall stability (MS) and Marshall flow (MF), respectively, are the indications of
pavement resistance to deformation, and are measures of the extent of deformation that
can occur under traffic loadings. The added PAC could adsorb asphalt and reduce the
tendency of asphalt to flow during warm temperature conditions [14]. It can be seen that
the higher percentage of PAC added during our test resulted in higher MS and lower MF
values. Both PRP-PAC08 and PRP-PAC15 reveal both higher strength and flexibility with
superior MS (705-1031 kgf) and MF (2.91-3.09) performance as compared to those of PAP.

Retained Strength (RS) analysis is utilized to evaluate the durability of PAP and PRP-
PACs due to aging of the asphalt, disintegration of the aggregate, and stripping of the
asphalt film from the aggregate due to weather or traffic. The RS test results of both PRP-
PACOS (87.8%) and PRP-PAC15 (91.7%) show better anti-aging performances under long-
term weathering than PAP (81.9%). Moreover, as compared to PAP, both PRP-PACO08 and
PRP-PAC15 reveal a higher dynamic stability (DS) (4474-5581 passes/mm) and lower de-
formation rate (DR) (0.0075-0.0088 mm/min), which indicate PRP-PACs could better sus-
tain the rolling loading of vehicles on the road and exhibit superior cumulative resistance
to rutting deformation during heavy traffic loading periods. The addition of PAC to as-
phalt (e.g., asphalt sorption onto PAC) may result in a decreased thickness of the asphalt
coating on the aggregates of PRP-PACs, and the increase of void space (e.g., 22.59% for
PRP-PAC15 compared to 19.75% for PAP) could lead to an increase in permeability (e.g.,
0.28 cm/sec for PRP-PAC15 compared to 0.14 cm/sec for PAP) of the PRP-PACs (see Figure
3).
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Figure 3. Comparison of the regulated properties (voids; abrasion; drain-down; Marshall stability; Marshall flow; retained
strength; dynamic stability; deformation rate; and permeability) of the PAP and PRP-PACs (data expressed as the mean +
one standard deviation, n = 3).

The indirect tensile strength (ITS) analysis is used to determine the tensile properties
of the PAP and PRP-PACs, which can further be related to the cracking properties of the
pavement. A higher tensile strength corresponds to a stronger cracking resistance. As-
phalt binder sorbed by PAC results in a higher void and seems to cause a slightly lower
ITS value. The results obtained (6.4-8.3 kgf cm2 for PRP-PACs) are comparable to those
reported for porous asphalt prepared using recycled crumb rubber (5.8-6.8 kgf cm™2) [15].
PRP-PACs, as compared to PAP, are capable of tolerating a higher strain prior to failure.
In order to imitate the weather situation (a subtropical climate) in Taiwan, the unregulated
properties of the wet dynamic stability (DSw) and wet deformation rate (DRw) were also
examined under water-rinsing conditions. Both PRP-PACO08 (Dsw 2355 passes/mm) and
PRP-PAC15 (Dsw 2869 passes/mm) revealed better wet dynamic loading resistance (see
Figure 4) than PAP (Dsw 1181 passes/mm), based on the higher DSw and lower DRw values.
Therefore, PRP-PACs potentially exhibit good mechanical performance under the
weather conditions in Taiwan. Regarding the connected and closed porosities of PRP-
PACs, the addition of PAC reduces the asphalt film covering on aggregates and induces
slight increases in connected channels within the PRP-PAC. However, there are insignifi-
cant variations in closed porosity.
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Figure 4. Comparison of the unregulated properties (indirect tensile strength; wet dynamic stability; wet deformation rate;
closed porosity; connected porosity; voids in the mineral aggregates and voids filled with asphalt) of PAP and PRP-PACs
(data expressed as the mean + one standard deviation, n = 3).

Voids in the mineral aggregates (VMA) include the air voids and asphalt film, which
are the intergranular void spaces that exist between the aggregate particles in a compacted
paving mixture. The more VMA in the PRP-PAC sample, the greater the space available
for the asphalt film and the durability of the PRP-PAC mixture increases with the film
thickness on the aggregate particles. This can be seen in the VMA of PRP-PACO08 and PRP-
PAC15 (33.0 and 33.8%), which are higher than those obtained in PAP (31.01%). These
results are similar to the values of 25-29% reported for porous asphalt mixtures incorpo-
rating crumb rubber [15], 31% for PAP with fiber addition, and 31.2-32.4% for PAP with
granular activated carbon addition [10], and support the engineering quality of PRP-
PACs.

Voids filled with asphalt (VFA) is the percentage of the inter-granular void spaces of
VMA that are filled with asphalt. VFA is a measure of the effective asphalt binding among
aggregates. It can be seen that the addition of PAC resulted in the VFA measurements for
a PRP-PACO8 and PRP-PACI15 of 33.2 and 36.9%, respectively, which are similar to that
of PAP (36.3%), implying that PAP with PAC addition did not cause significant variations
in VFA, and therefore did not significantly alter the durability of the PRP-PACs.

3.2.3. Comparison of Adsorption Capacity of PRP-PAC vs. PAP

Based on the results of physical performance evaluation, PRP-PAC04 did not meet
the drain-down loss regulation limit, and hence was not further examined. BTEX column
adsorption onto PAP, PRP-PACO0S8, and PRP-PAC15 were conducted to evaluate their ad-
sorption capacities. The adsorption amounts of each sample were obtained from the
breakthrough curves (see Figures S3-S5 (SM)) and comparison of adsorption variations
using PAP as a basis are shown in Figure 5. It can be seen that the adsorption amounts are
highly related to the solubility of BTEX in water (i.e., compounds with higher water solu-
bilities (e.g., benzene) exhibited the greater adsorption capacity). Both PRP-PACO08 and



Processes 2021, 9, 582

8 of 9

PRP-PAC15 can effectively adsorb benzene, toluene, ethylbenzene, and xylene. The void
and connected porosities of PRP-PACO08 are higher than those of PAP and PRP-PAC15,
and it is possible that the pore space may be blocked by thick asphalt film and excess PAC,
which could reduce the available adsorption sites. The increases in adsorption capacities
of BTEX onto PRP-PACO08 were greater than those of PAP and PRP-PACI15, by 47, 49, 29,
and 2%, respectively. In conclusion, as compared to PAP and PRP-PAC15, PRP-PAC08
showed both superior physical performance and adsorption capacities and revealed the
potential for a successful engineering application for reducing aqueous organic contami-
nants from NPS pollution. These preliminary adsorption results may serve as references
for a potential application of PRP-PAC. However, further evaluation with respect to the
contaminant adsorption kinetics within the PRP-PAC, attenuation of contaminants under
natural environmental conditions, long-term impact and performance, and eventually
field demonstration should be considered.
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Figure 5. The mass of BTEX sorbed onto PAP and PRP-PACs and comparison of sorption varia-
tions using PAP as a basis.

4. Conclusions

Asphalt pavements were modified with additions of PAC to evaluate the ability to
sorb BTEX from vehicle exhaust, and thereby reduce aqueous NPS pollution of air, soil,
groundwater, and surface water. According to the BET and TGA analytical results, PAC
with a high surface area and thermal stability can be applied to adsorb organic com-
pounds by mixing with porous asphalt concrete in a high temperature mixer. Based on
the measurements of voids, abrasion, and drain-down test, the voids of the PRP-PAC sam-
ples (0.8 and 1.5% (by wt.) of PAC additions) were approximately 20%, which met the
void requirement for PAP, while PRP-PACO04 (i.e., with 0.4% PAC addition) exceeded the
specification limit for abrasion loss, and therefore is not recommended. Based on physical
performance evaluations, PRP-PAC08 and PRP-PAC15 met the regulated physical perfor-
mance specifications and exhibited a higher loading strength, lower strain, and higher
permeability, as compared to traditional PAP. Moreover, the adsorption capacities of
PRP-PACOS increased by 47, 49, 29, and 2% for BTEX, respectively, as compared to PAP.
These observations of both the physical and adsorption performance of PRP-PAC08
demonstrated a superior potential for engineering application as a replacement of PAP
for reducing NPS contamination of air, soil, groundwater, and surface water.
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Supplementary Materials: The following are available online at www.mdpi.com/2227-
9717/9/4/582/s1, Table S1: Summary of the BTEX concentrations in ambient air, Table S2: Summary of
the BTEX concentrations in rainwater, Table S3: The test methods and equations for PAP physical
performance, Table S4: The properties of coarse aggregates, Table S5: The properties of fine aggre-
gates, Table S6: The properties of modified asphalt, Table S7: Grading specification and the grada-
tion for PAP and PRP-PACs, Figure S1: Various compositions of aggregates passing through sieve
No. 8 used for determining voids of PAP and PRP-PACs, Figure S2: Determination of optimum
asphalt content dependent upon abrasion and drain-down tests, Figure S3: The breakthrough curves
of BTEX sorption onto PAP, Figure S4: The breakthrough curves of BTEX sorption onto PRP-PACOS,
Figure S5: The breakthrough curves of BTEX sorption onto PRP-PAC15.

Author Contributions: Conceptualization, H.S. and L.C.; methodology, H.S. and L.C.; software,
H.S. and L.C,; validation, H.S. and L.C.; formal analysis, H.S.; investigation, H.S. and L.C.; resources,
H.S. and L.C.; data curation, H.S. and L.C.; writing —original draft preparation, Huang, S.; writing —
review and editing, L.C.; visualization, H.S. and L.C.; supervision, L.C.; project administration, L.C.;
funding acquisition, L.C. All authors have read and agreed to the published version of the manu-
script.

Funding: This research was funded by the Ministry of Science and Technology of Taiwan under
Project No. 103-2221-E-005-005-MY?3.

Acknowledgments: The authors acknowledge John F. Miano, Chief, Site Management Section, Bu-
reau of Waste Site Clean-up, Department of Environmental Protection, Massachusetts, USA, for val-
uable discussion and proofreading of this manuscript.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

12.
13.

14.

15.

Iordache, A.; Iordache, M.; Sandru, C.; Voica, C.; Stegarus, D.; Zgavarogea, R.; Ionete, R.E.; Ticu, S.C.; Miricioiu, M.G. A Fugacity
Based Model for the Assessment of Pollutant Dynamic Evolution of VOCS and BTEX in the Olt River Basin (Romania). Rev.
Chim. 2019, 70, 3456-3463, d0i:10.37358/rc.19.10.7575.

Moradpour, M.; Afshin, H.; Farhanieh, B. A numerical investigation of reactive air pollutant dispersion in urban street canyons
with tree planting. Atmos. Pollut. Res. 2016, 8, 253-266.

Mbanaso, F.U.; Coupe, S.J.; Charlesworth, S.M.; Nnadi, E.O. Laboratory-based experiments to investigate the impact of glypho-
sate-containing herbicide on pollution attenuation and biodegradation in a model pervious paving system. Chemosphere 2013,
90, 737-746.

MOTC. 2015 Statistical Yearbook; Directorate General of Highways of Ministry of Transportation and Communications (MOTC):
Taiwan, 2016.

Zhang, H.; Li, H.; Zhang, Y.; Wang, D.; Harvey, ]J.; Wang, H. Performance enhancement of porous asphalt pavement using red
mud as alternative filler. Constr. Build. Mater. 2018, 160, 707-713, d0i:10.1016/j.conbuildmat.2017.11.105.

Liu, M.; Huang, X.; Xue, G. Effects of double layer porous asphalt pavement of urban streets on noise reduction. Int. |. Sustain.
Built. Environ. 2016, 5, 183-196, doi:10.1016/j.ijsbe.2016.02.001.

Smit, A.D.F.; Prozzi, J.A. Quantification of the Reduction of Wet Weather Accidents Using Porous Friction Courses (PFC). Pro-
cedia Soc. Behav. Sci. 2013, 96, 2745-2755.

Qiu, J.; Huurman, M.; De Bruin, B.; Demmink, E.; Frunt, M. Towards 90% warm re-use of porous asphalt using foaming tech-
nology. J. Clean. Prod. 2018, 190, 251-260, d0i:10.1016/j.jclepro.2018.04.086.

Chen, J.; Yin, X.; Wang, H.; Ding, Y. Evaluation of durability and functional performance of porous polyurethane mixture in
porous pavement. J. Clean. Prod. 2018, 188, 12-19, doi:10.1016/j.jclepro.2018.03.297.

Huang, S.; Liang, C. A conceptual study on the formulation of a permeable reactive pavement with activated carbon additives
for controlling the fate of non-point source environmental organic contaminants. Chemosphere 2018, 193, 438-446.

Huang, S.; Liang, C.; Chen, Y.-J. Persulfate chemical functionalization of carbon nano-tubes and associated adsorption behavior
in aqueous phase. Ind. Eng. Chem. Res. 2016, 55, 6060—-6068.

MOTC. Highway Construction Norms; Ministry of Transportation and Communications (MOTC): Taiwan, 2015.

Hammes, G.; Thives, L.P.; Ghisi, E. Application of stormwater collected from porous asphalt pavements for non-potable uses
in buildings. J. Environ. Manag. 2018, 222, 338-347, d0i:10.1016/j.jenvman.2018.05.094.

Zhu, C,; Xu, G.; Zhang, H.; Xiao, F.; Amirkhanian, S.; Wu, C. Influence of different an-ti-stripping agents on the rheological
properties of asphalt binder at high temperature. Constr. Build. Mater. 2018, 164, 317-325.

Sangiorgi, C.; Eskandarsefat, S.; Tataranni, P.; Simone, A.; Vignali, V.; Lantieri, C.; Dondi, G. A complete laboratory assessment
of crumb rubber porous asphalt. Constr. Build. Mater. 2017, 132, 500-507, doi:10.1016/j.conbuildmat.2016.12.016.



