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Abstract

Electrokinetic (EK) remediation combined with in situ chemical oxidation (ISCO) can be applied to low permeability organic
contaminated soil. However, the effects of electrode configuration on EK-oxidation remediation remain unclear. In this study,
EK-ISCO remediation of real polycyclic aromatic hydrocarbon (PAH)-contaminated soil under different electrode configurations
was conducted. The results showed that increasing the number of anodes and electrode pairs in one-dimensional (1D) and two-
dimensional (2D) electrode configuration was conducive to migration of oxidants into the system. The change in soil pH after
remediation in 2D electrode configuration was not obvious, but the increase of soil electrical conductivity (EC) was higher than
that of the 1D electrode configuration. The removal rates of PAHs in 2D electrode configurations (35.9-40.9%) were relatively
higher than those of the 1D electrode configurations (0.54—31.6%), and the hexagonal electrode configuration yielded the highest
pollutant removal efficiency, reaching 40.9%. The energy consumption under 2D electrode configuration was smaller than that
under 1D electrode configuration, and the energy consumption of per gram removed PAHs in the hexagon configuration
(66.74 kWh (g PAHs) ') was lowest in all electrode configurations. Overall, the results of this study suggest that 2D electrode

configuration is better than 1D and hexagonal electrode configuration is an optimal electrode configuration.
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Introduction

With the rapid development of industry, soil contamination by
organic pollutants has become a serious environmental prob-
lem. A great variety of technologies have been developed for
the remediation of the contaminated soils, including physical
(e.g., thermal desorption (Zhao et al. 2019) and soil washing
(Yang et al. 2006; Dermont et al. 2008)), chemical (e.g.,
chemical oxidation (Ferrarese et al. 2008; Gryzenia et al.
2009; Rastogi et al. 2009a; Liang et al. 2008a), and biological
processes (e.g., microbial remediation (Juhasz and Naidu
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2000; Bento et al. 2005)). Among these technologies, in situ
chemical oxidation (ISCO) is a widely used technology for
soil and groundwater remediation because of its wide applica-
bility, relatively fast treatment, simplicity of operation, and
cost-effectiveness (Wang and Wang 2018; Rastogi et al.
2009b; Tsitonaki et al. 2010). The main principle of ISCO
involves the introduction of a chemical oxidant into the sub-
surface to transform organic contaminants into less harmful
chemical species. Many oxidants, such as persulfate, perman-
ganate, and hydrogen peroxide, have been widely used in
ISCO for remediation of organic contaminated soil and
groundwater. However, the application of ISCO in low per-
meability soils is limited because of the difficult delivery of
oxidants in such soils (Yukselen-Aksoy and Reddy 2012; Fan
et al. 2014a).

In recent years, researchers have combined electrokinetic
(EK) remediation with ISCO to remediate organic contami-
nated soil. In this method, the oxidant can be transported into
soil by electromigration and electroosmotic flow. Yang and
Yeh (2011) found that the EK process greatly enhanced the
transport of injected persulfate from the anode reservoir to the
cathode reservoir by means of electroosmotic flow, aiding in
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situ chemical oxidation of trichloroethylene (TCE). Yukselen-
Aksoy and Reddy (2012) investigated electrokinetically en-
hanced persulfate delivery and oxidation of
tetrachlorobiphenyl (PCB 44) in two diverse low permeability
soils: artificially contaminated kaolin and glacial till soil. They
found that the activation of persulfate improved the oxidation
of PCB in kaolin, but the effects in glacial till were
insignificant. Fan et al. (2014b) selected persulfate as an oxi-
dant for enhanced EK to remediate PCBs polluted soil and
found that persulfate was successfully delivered from the cath-
ode toward the anode by EK and that the highest degradation
rate of PCBs was 38.0%. These studies confirmed the feasi-
bility of treating soil using EK combined with ISCO.
However, most EK-enhanced ISCO remediation experiments
have been conducted using a one-dimensional (1D) electrode
setting (equal number of anodes and cathodes), while few
studies have focused on the influence of different electrode
configurations on the transport of oxidation and removal of
organic pollutants. In fact, the electrode configuration is very
important to the application of EK-ISCO remediation because
it affects the electrode installation cost, remediation efficiency,
and operation time (Alshawabkeh et al. 1999; Kim et al.
2014).

The electric field could be 1D or two-dimensional (2D)
(unequal number of anodes and cathodes) depending on the
electrode array. Generally, electrode pairs are adopted to gen-
erate a 1D electrical field, while configurations of regular
polygons (e.g., triangular, square, hexagonal) are used to pro-
duce 2D electric fields (Alshawabkeh et al. 1999). There have
been few studies of 2D electrokinetic remediation, especially
in field applications. Maini et al. (2000) first studied the EK
remediation of a historically contaminated soil under a hexag-
onal 2D electrode configuration. Turer and Genc (2005) then
studied the effects of electrode geometry on the removal effi-
ciency by constructing an octagonal electrode configuration
for use in EK remediation experiments and found correspond-
ing overall efficiencies of lead, zinc, and copper removal from
soil of 29%, 18%, and 18%, respectively. These values were
lower than those obtained when a plate electrodes arrange-
ment was used (32%, 37%, and 31%, respectively). Kim
et al. (2012b) studied the effects of 1D electrode configura-
tions on the in situ electrokinetic remediation of As, Cu, and
Pb contaminated soils in pilot sites. The heavy metals removal
effect was not ideal, which may have been because of the soil
heterogeneity and groundwater level. At present, most of the
studies focused on the effects of electrode configurations on
the removal of heavy metals and base cation (Kim et al.
2012a; Krcmar et al. 2018), but the effects of electrode con-
figurations on the migration and removal of organic pollutants
were not yet clear.

Recently, the group of Rodrigo MA have done a lot of
research about the effect of electrode configuration on EK
remediation of organic contaminated soil. These studies
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mainly focused on the polarity reversal of the anodes and
cathodes (Lopez-Vizcaino et al. 2017; Barba et al. 2017;
Mena et al. 2016), linear rows of electrodes (Risco et al.
2016a, 2016b), and surrounding electrode arrangements
(Risco et al. 2016¢, 2016d). These results indicated that the
above electrode configurations improved the removal effi-
ciency of organic pollutants during electrokinetic soil flushing
(EKSF) remediation. However, the comparison of different
electrode configurations on the removal efficiency of organic
pollutants by EK-oxidation remediation was not studied in
these papers and the impact mechanism of different electrode
configurations was not clear. Therefore, further study is need-
ed to determine how to further improve EK efficiency under
different electrode configurations, especially during EK-
oxidation remediation for treatment of organic polluted soil.

In this study, PAH-contaminated soil was used as the re-
search object, persulfate was used as an oxidant, and different
electrode configurations were set up in the EK-oxidation re-
mediation. Oxidant transport, PAH removal rates, and chang-
es in soil pH and EC after restoration, as well as energy con-
sumption, were then compared to determine the impact of
electrode configuration.

Materials and methods
Tested soil

The tested soil (Alfisol) was collected from a gas plant polluted
with PAHs in Nanjing, China, air-dried, mixed, and sieved
through a 20-mesh sieve. The soil pH (soil to water ratio =
1:5) was 8.42 and the electrical conductivity (EC) was
299 uS cm ', The contents of clay, silt, and sand in the soil
were 30.9%, 34.1%, and 35.0%, respectively. The mineralogy
of the soil was 28% quartz, 27% feldspar, 22% water mica,
6% kaolinite, 6% roseite, 5% gibbsite, 4% chlorite, and 2%
calcite. The soil organic matter (OM) and cation exchange
capacity (CEC) was 9.35 g kg ' and 18.97 cmol kg, respec-
tively. The total PAH concentration in contaminated soil was
6.69 mg kg, and the initial concentrations of the 16 PAHs
are shown in Table 1. The analysis methods of soil properties
were showed in the “Analytical methods™ section.

EK experiments

The schematic diagram of electrode configurations is shown
in Fig. 1. The electrical treatment tank was a PVC cylinder
(R=25 cm, H=10 cm) containing about 4 kg of dry soil.
Different electrode configurations could be arranged within
the treatment tank according to experimental requirements.
The electrolytic cell was a hollow PVC cylinder (=2 cm,
h=11.5 cm) with water-permeable holes on the surface, and
the outer layer was covered with a nylon net of 200 mesh to
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Table 1 Initial PAH concentration and removal rates of PAHs after different treatments
PAHs Initial concentration Removal rates

(ngkg)

T1 (%) T2 (%) T3 (%) T4 (%) T5 (%)

Naphthalene 183 —23.6 40.3 66.7 45.7 343
Acenaphthylene 167 -5.11 39.5 43.0 47.1 433
Acenaphthene 27 -2.09 423 51.5 43.5 43.6
Fluorene 62 -355 -74 =71 -34 -6.0
Phenanthrene 709 12.6 372 40.9 47.0 44.4
Anthracene 122 -9.22 15.2 23.9 36.6 40.3
Fluoranthene 1150 134 30.9 35.7 422 40.7
Pyrene 882 11.7 39.8 41.1 47.6 48.6
Benz[a]anthracene 445 434 38.2 34.5 40.5 46.0
Chrysene 512 1.84 31.0 40.6 40.9 41.8
Benzo[b]fluoranthene 559 -17.01 23.7 324 27.6 40.6
Benzo[k]fluoranthene 460 —14.8 31.2 27.9 31.3 36.3
Benzo[a]pyrene 426 -321 33.8 345 39.8 43.6
Indeno(1,2,3-c,d)pyrene 444 —-12.6 26.9 33.6 314 38.1
Dibenz(a,h)anthracene 107 —59.2 -37.1 -29.8 —25.7 -21.3
Benzo[g,h,i]perylene 440 -297 339 39.0 37.8 42.6
Total 6694 0.54 31.6 35.9 38.7 40.9

prevent soil from entering the electrolyte. Ruthenium oxide
coated titanium (Ti/RuO,) alloy sheets (1 cm x 15 ¢cm) con-
nected to the DC power source were used as electrodes and
were placed in the electrolytic cells. The voltage gradient was
setto 1 Vem™'. Deionized water was used to saturate the soil
matrix before the experiment. The total porosity, hydraulic
conductivity, and density of the soil column were 55.4%,
46x10° cms ', and 2.61 g cm >, respectively.

Five experiments (T1-T5) were conducted. T1 and T2
were 1D electrode configurations and the anode and the

Fig. 1 Schematic diagram of
electrode configurations (T1, two
pairs of electrodes; T2, three pairs
of electrodes; T3, triangle
electrode configuration; T4,
square electrode configuration;
TS5, hexagon electrode
configuration)

cathode had one-to-one correspondence. T3, T4, and T5 were
2D electrode configurations, with the cathode located at the
center and the anodes arranged around the cathode in triangle
(T3), square (T4), and hexagon (T5) configurations.
According to the previous study (Fan et al. 2014a, 2014b),
persulfate solution can migrate to cathode by electroosmotic
flow and reducibility in the cathode would cause loss of the
persulfate, so the 20 ml 20% Na,S,0Og solution (Fan et al.
2014b; Xu et al. 2020) was added in the anode cells by gravity
per treatment group on days 1, 4, 6, and 8. Due to the different
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number of anodes in T1~T5, the amount of Na,S,Og solution
added in every anode cells of different treatments was
different.

The sampling plot is shown in Fig. 2. The sampling areas
setin T1 and T2 were divided into 12 equal parts according to
the distance from the electrodes and the strength of the electric
field and denoted A1, A2, A3, B1, B2, B3, A1’, A2', A3', B1’,
B2', and B3’, respectively. Soil solution samplers were buried
in each sampling area before the trials (Zhou et al. 2007) and
were in soil all the time of experiments. The sampling areas set
in T3, T4, and T5 were divided into concentric circles outward
from the cathode with soil solution samplers isometrically
buried on each concentric circle. The EK treatment lasted for
10 days and the electrical currents were recorded during the
test. Soil solutions were collected on days 1, 3, 5, 8, and 10,
and the pH and S,05%  concentrations were measured
accordingly.

After the EK experiment, the soil was cut into 12 equal
sections in T1 and T2, and the symmetric soils were prepared
as a mixture. In T3, T4, and T3, the soil on the same concentric
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Fig. 2 Soil/solution sampling plot
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circle was prepared as a mixed sample. The pH, EC, and PAH
concentrations of each part were then determined.

Analytical methods

Electrical current was directly recorded using an automatic
acquisition system (ITECH Electronic Co., Ltd., IT6322A,
Beijing, China). Soil pH, EC, OM, and CEC were analyzed
using usual analytical methods (Lu 2000). The pH and EC of
soil and soil solutions were measured using a pH meter
(Shanghai REX Instrument Factory, pHS-3B, China) and an
EC meter (Shanghai REX Instrument Factory, DDS-11A,
China), respectively (soil to water ratio = 1:5). Soil CEC and
OM were analyzed by NH4AcO exchange method and dichro-
mate oxidation method, respectively. For the determination of
soil particle composition, 20 ml 15% H,0, and 10 ml
0.2 mol L' HCI were successively added to 5.0-g soil to
remove soil organic matter and carbonate. Then, deionized
water (DIW) was used to rinse the suspension and to remove
redundant Ca®* and CI. At last, the suspension was deter-
mined using a laser particle size analyzer (Beckman Coulter,
Inc., LS13320, USA).

The concentrations of S,0g” in solution were determined
by UV spectrophotometry (Liang et al. 2008b). Briefly, 100-
fold diluted soil solution (0.1 mL) was added to a colorimetric
tube (25 mL), after which 166.7 ¢ L' KI (15 mL) and
12.5 g L ! NaHCO5 (10 mL) were added. The contents were
then mixed and allowed to react (15 min). Finally, the absor-
bance was measured with a spectrophotometer (Shimadzu,
UV-2700, Japan) at a wavelength of 352 nm.

To analyze the PAHs in soil, 5.0 g of air-dried soil was
extracted twice with n-hexane/acetone (1:1) by pressurized
liquid extraction using an ASE (100 °C) (ThermoFisher
Technology Corporation, ASE350, USA) (Pies et al.
2008). All extracts were concentrated to approximately
1 mL under a gentle stream of N,, after which the samples
were analyzed for PAHs by gas chromatography-mass
spectrometry (ThermoFisher Technology Corporation,
Trace 1300&ISQ, USA) (Pies et al. 2008; Tang et al.
2005) coupled with a TG-5 MS 30 m x 0.25 mm X
0.25 pm column (ThermoFisher Technology Corporation,
USA). The temperature of the injector was set at 280 °C.
The carrier gas was helium at a flow rate of 1.0 mL min ?,
while the oven was programmed to increase from 40 (held
for 4 min) to 310 °C (held for 10 min) at a rate of
8 °C min '. The mass spectrometer was operated under a
selected ion scan mode. The rates of recovery were from
86.1-107%.

Data analysis and charting

The current was recorded directly by the power supply at a
time interval of 1 h, and one data point was taken every 5 h
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while drawing. The energy consumption was calculated ac-
cording to the following formula (Sawada et al. 2004):

Vidt
7

E

where E is the power consumption (kWh t'); W is the soil
weight (t); V is the voltage between electrodes (V); 7 is the
current (A) and ¢ is the time (h). Data analysis was conducted
using Microsoft Excel 2010. The charts involved in this article
were made using Origin 8.6.

Results and discussion
Change of electrical current

The current change in each treatment is shown in Fig. 3. The
electrical current across the soil matrix was highly relative to
the concentration of mobile ions in the system (Acar and
Alshawabkeh 1993; Yu and Neretnieks 1997; Fu et al.
2017). When no external ions were added into the electrolyte,
the electrical current was expected to be at a low level
(Saichek and Reddy 2003; Zhou et al. 2005). As shown in
Fig. 3, the initial currents of the five treatments were at the
same level, after which the current increased continuously
with the experiment until reaching a maximum of 1.00 A
(T4). The increase in current was due to the continuous accu-
mulation of total ions in the system caused by the regular
addition of persulfate. Higher ion concentrations
corresponded to higher electrical conductivity, so that the cur-
rent increased (Zhang et al. 2018). At the same time, the ex-
perimental currents of the five treatments exhibited periodic
fluctuations because of the regular supplementation of the
persulfate. The electrical current in T5 increased rapidly from
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Fig. 3 Changes in electrical current in different treatments

160 to 200 h, which was attributed to the more anode cells
(injection locations) in T5. After electrolyte was added, the
current would increase sharply in a short time, then decrease
as the ions migrate to anode and cathode. Theoretically, a
larger current corresponds to a stronger electric field strength,
which is beneficial to the migration of oxidants into the system
through electroosmotic flow, thereby promoting the degrada-
tion of organic contaminants.

Change in soil solution pH

Figure 4 shows the change in pH of soil solution in different
treatments. The overall trend in soil solution change was acid-
ification near the anode and alkalization near the cathode, and
the area of the alkalized region was larger than that of the
acidified region, which was related to the higher initial soil
pH (8.42). The change in pH in the soil solution of T1 and T2
was basically the same. As the experiment progressed, the H*
produced by the anode and the OH  generated by the cathode
continued to diffuse into the system until the two ions met.
However, the pH of the soil solution in T1 changed slightly
faster than that in T2. After 5 days, the pH of the soil solution
near the anode dropped to below 1 and the pH of the soil
solution near the cathode increased to above 12 (Fig. 4). The
difference in soil solution pH between T1 and T2 may be
related to the heterogeneity of soil (Risco et al. 2016e).

In T3, T4, and TS5, the anodes were at the top corner and the
cathode was at the center, so the acidic region spread from the
top corner to the center and the alkaline region spread from the
center to the surroundings. Theoretically, the migration rate of
H* is 1.8 times that of OH (Acar and Alshawabkeh 1993).
However, in T3, T4, and T5, the pH of soil solution near the
cathode was significantly alkalized on day 3 (not shown in
Fig. 3), while the pH of the soil solution near the anode was
obviously decreased on days 5 and 10. These results were
attributed to the higher soil pH (8.42). However, the current
at the cathode was several times that at the anode (three times
in T3, four times in T4, and six times in T5) (Fan et al. 2007),
which was also an important reason for the large proportion of
the alkaline soil solution. Comparison of T3, T4, and T5 re-
vealed that, as the number of anodes increased, the acidified
area of the soil solution increased.

Change in S,05>~ concentration of soil solution

The changes in S,05° concentrations in each treatment are
shown in Fig. 5. In T1, as the experiment progressed, the
concentration of S,04”~ diffused into the soil increased
continuously, and the diffusion area also increased. A study
conducted by Fan et al. (2014a) showed that for persulfate
anion, electroosmotic flow was more effective than
electromigration. The concentration of S,05>  was highest
in the system at the end of the experiment, and the highest

@ Springer



44360 Environ Sci Pollut Res (2020) 27:44355-44367

Fig. 4 Change in pH of soil d1 ds d10
solution in different treatments
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Fig. 5 Change in S,05>
concentration (mg L") of soil
solution in different treatments

concentration of S,05>” found in the solution was added compared to T1, so the oxidant diffused faster than T1.
178.9 ¢ L', In T2, one more anode oxidant dosing site was ~ However, the maximum diffusion area of the oxidant entering
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the system was observed on day 5, while the maximum con-
centration reached 191.0 g¢ L' and the area decreased at the
end of the experiment (day 10). This may be attributed to the
acid solution pH (Fig. 4) leading to weakened or even re-
versed electroosmotic flow (Zhou et al. 2004).

In the 2D electrode configurations, although there were
more dosing sites than in the 1D systems, the transmission
of oxidants into the system was still not improved. The com-
parison of T3, T4, and T5 showed that with the increase of the
number of anodes, the oxidant dose transporting into the sys-
tem also increased. When compared with T3 and T4, the ox-
idant diffusion area of TS increased, and the highest concen-
tration of oxidant was 162.5 g L™". This can be attributed to an
increase in the oxidant dosing site and an increase in the
acidified area. The studies of Fan et al. (2014a) and Xu et al.
(2020) had proved that the pH values of soil solution in EK+
persulfate treatment were lower than those in only EK
treatment.

Generally, the hydrolysis of persulfate generated sulfate
ion (SO4%7), hydrogen ion (H"), perhydroxyl radical
(HO, ), sulfate radicals (SO, ), and superoxide radicals
(0,7) in the following equations (Wang and Wang 20138):

$,05% + H,0—280,% + HO,” + H"
820827 + H027—>SO427 + S04 +0, + H*

At alkaline condition, perhydroxyl radicals tend to decom-
pose into hydroxyl radicals, and sulfate radicals further trans-
formed into hydroxyl radicals, while at acid condition, super-
oxide radicals tend to react with hydrogen ion to form
perhydroxyl radicals (Yang et al. 2014). So the change of
S,05°” concentration was related to the change of pH of the
soil solution. The higher the pH of the soil solution, the lower
the concentration of S,0¢> . This was because S,Og° was
easily activated and decomposed under alkaline conditions.
S,0¢”" can be activated by alkaline conditions to produce
OH:- (Liang and Lee 2012). Although OH- has strong oxidiz-
ing properties, it is unstable and easy to quench. In addition,
the hydrolysis of persulfate generated hydrogen ion and tend
to the pH decrease of soil solution.

Soil pH and EC after restoration

Based on the pH distribution in Fig. 6, the overall trend of soil
pH was that the pH decreased near the anode and increased
near the cathode. The average soil pH values in T1-T5 were
7.94, 7.00, 8.40, 8.30, and 7.87, respectively, after the EK
tests (Table 2), which were lower than the initial soil pH
(8.42). Comparison of T1 and T2 revealed that the acidifica-
tion of the soil in T2 (pH = 7.00) was more obvious than that
of T1 (pH =7.94), which corresponded to the migration of
persulfate in soil because the decomposition of persulfate
could decrease the soil pH. In addition, the increasing pairs
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of electrodes promoted soil acidification by the hydrolysis in
the anode region and the migration of H" in the 1D electrode
configurations.

In the 2D electrode configurations, increasing the elec-
trodes could also promote an increase in the soil acidification
area, and the acidified area of TS5 was larger than that of T3
and T4. However, the alkaline area accounts for a large
proportion of the 2D electrode configurations and the soil
pH around the central electrode changed more significantly
than that near the peripheral electrodes. Fan et al. (2007) also
found similar phenomena. This may have been because the
current through the central electrode was theoretically several
times (three times in T3, four times in T4 and six times in T5)
as large as that passing through the individual peripheral elec-
trode, which produced more OH  in the central cathode and
resulted in a larger alkaline area in the 2D electrode
configurations.

The average soil ECs in T1-T5 were 6.04, 7.52,9.12, 9.08,
and 11.73 mS cm ', respectively (Table 2), which were higher
than the initial soil EC (0.3 mS cm ). The soil EC reflects the
content of mobile ions in the soil (Kim et al. 2012a), and
increases in EC also demonstrate increases in the salt content,
which is an important indicator that affects the soil reutiliza-
tion. With the addition of oxidant in each treatment, the soil
EC values increased significantly. As shown in Fig. 7, in 1D
electrode configurations, as the electrode pairs increased, the
EC also increased. The overall soil ECs of the 2D electrode
configurations were higher than those of the 1D electrode
configurations, which was related to the presence of more
anode sites and oxidant dosing sites in the 2D electrode
configurations.

The change in soil ECs was consistent with the trend of pH
change, following the rule that a lower pH was associated with
a higher EC. Lower soil pH would promote the dissolution of
soil minerals (carbonate mineral, etc.) and the desorption of
some base ions (Ca2+, Mg2+, etc.), reduce the precipitation of
metal ions, and then increase the EC of the system (Zhou et al.
2004). In the 1D electrode configuration, the acidified area of
T2 was larger than that of T1, so its EC was higher, especially
near the anode, and the maximum EC value could reach
15.8 mS cm . In the 2D electrode configuration, the EC of
the hexagonal configuration increased most significantly.

Removal rate and distribution of PAHs after
remediation

The distribution of PAHs after remediation is shown in Fig. 8
and Table 1. The total removal rate of PAHs in T1 was 0.54%,
but the removal rate near the anode reached 52.5%. This was
because of the higher oxidant concentration near the anode,
which could effectively degrade the PAHs. However, the
strongly acidic environment near the anode also promoted
the degradation of PAHs (Cang et al. 2013). The lowest
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Fig. 6 Soil pH after different
treatments

removal rate near the cathode in T1 was —46.4% (from initial
concentration 6.69 mg kg ' to the final concentration
9.80 mg kg 1), suggesting that PAHs migrated toward the
cathode via electroosmotic flow and then accumulated there.
Maini et al. (2000) also demonstrated that PAHs migrated
from the anode to the cathode under an electric field.
Similarly, in the 1D electric field, the total removal rate of
PAHs in T2 was much higher than that in T1, with 31.6% of
PAHSs removed. In T2, the PAHs accumulated at a certain
position between the anode and the cathode (see Fig. 7) be-
cause the migration of S,05>~ was weakened or even reversed
after day 5 (see Fig. 4).

Compared with the 1D electrode configurations, the re-
moval rates of PAHSs in the 2D electrode configurations were
improved. The total removal rate of T3 was 35.9%. The re-
moval rate at the anode was highest, reaching 73.4%, and the
PAHs accumulated at the cathode. The removal rate of T4
reached 38.7%, and the removal rate of T5 was highest,
reaching 40.9%. Although oxidants were not detected in the
soil solution near the cathodes of T4 and T5 (see Fig. 4), there

Table2  Average soil pH and electroconductivity of different treatment
groups

Initial T1 T2 T3 T4 T5

pH 8.42 7.94 7.00 8.40 8.30 7.87
EC (mS/cm) 0.30 6.04 7.52 8.12 9.08 11.7

T4 T5

were high PAH removal rates of 29.3% and 44.6% near the
cathodes, respectively. This may have been because some
organic substances can react with OH under strong alkaline
conditions, resulting in the decomposition or partial degrada-
tion of organic substances (Jeffers et al. 1989). The results
reported by Maini et al. (2000) differed from ours.
Specifically, they found that the removal of PAHs from the
soil occurred regardless of the position of the soil with respect
to the alignment of the electrodes in their larger scale electro-
kinetic remediation of historically contaminated soil. This can
be attributed to the longer remediation time and the addition of
non-ionic surfactants.

Table 1 shows the removal rate of 16 kinds of PAH in the
soil after remediation. There were differences in the degrad-
ability of PAHs with different numbers of benzene rings, with
PAHs containing more rings generally being more difficult to
degrade. This is not only related to the stability of the PAHs,
but also to the increased hydrophobicity of PAHs with more
benzene rings, which makes them easier to be adsorbed by soil
particles and therefore more difficult to contact with oxidants
and be oxidized (Watts et al. 2002). Therefore, the PAH re-
moval rate was related to the reactivity of different types of
PAHs (Brown et al. 2003), as well as to the soil properties
(Jonsson et al. 2007).

The removal rates of fluorene (FLE) and
dibenz(a,h)anthracene (DahA) in each treatment group were
negative, indicating that the concentration of the FLE and
DahA increased after remediation. FLE has few benzene rings
and a simple structure; therefore, its accumulation may be
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Fig. 7 Soil EC (mS cm ) after
different treatments

caused by the degradation and conversion of other PAHs
(Watts et al. 2002). DahA is a pentacyclic PAH; therefore, it
was more difficult to degrade. The increase in its concentra-
tion after remediation may have been because of the uneven
distribution of pollutants in the soil.

Fig. 8 Distribution of PAH
concentration (mg kg ) in soil
after different treatments

Power consumption of each treatment group

Table 3 reflects the power consumption of each treatment
group. Electrical energy consumption during EK was highly
dependent on the number of electrodes, operating time, and
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Table 3 Power consumption of different treatment groups
Removal rate (%) Removed Total energy Energy consumption per Energy consumption per gram
PAHs (g th consumption (kWh th unit of removal rate (kWh t 1% ) removed PAHs (kWh g PAHs ")

Tl 0.54 0.04 285.5 528 7139
T2 31.6 2.12 241.8 7.66 114.1
T3 359 2.40 188.2 5.24 78.41
T4 38.7 2.59 220.8 5.70 85.24
T5 40.9 2.74 182.9 4.48 66.74

voltage gradient applied (Krcmar et al. 2018). The results
revealed that the 2D electrode configurations reduced power
consumption compared to 1D electrode configurations in both
energy consumption per unit of removal rate and energy
consumption per gram removed PAHs. Kim et al. (2012a)
found that a hexagonal electrode system was more effective
at restoring saline soil, in terms of both salt removal and
energy consumption, than a system with 1D electrodes. Kim
et al. (2014) found that 2D was more efficient than 1D for
remediation of an equal volume of contaminated soil using
low daily energy consumption and fewer electrodes.

In T3, T4, and T3, there were no significant differences in
total energy consumption and energy consumption per unit
removal rate, indicating that increasing the number of anodes
would not cause an increase in energy consumption in 2D
electrode configurations. In all treatment groups, the hexago-
nal electrode configuration had the lowest total energy con-
sumption (182.9 kWh t ') and energy consumption per unit
removal rate (4.48 kWh t '% ") and energy consumption per
gram removed PAHs (66.74 kWh (g PAHs) ). However,
increasing the number of anodes would also increase the costs
for fabrication and installation of electrodes (Alshawabkeh
etal. 1999). Therefore, the appropriate electrode configuration
should be selected in consideration of the cost and removal
rate in practical applications.

Conclusions

During EK-enhanced persulfate oxidation remediation under
different electrode configurations, increasing the number of
anodes and electrode pairs in 1D and 2D electrode configura-
tions facilitated diffusion of oxidants in soil. The soil pH and
EC changed obviously and the soil ECs in the 2D electrode
configuration treatments were higher than in 1D electrode
configuration treatments. From the perspective of PAH re-
moval rates in different treatments, 2D electrode configura-
tions had higher removal rates of PAHs (35.9-40.9%) than 1D
electrode configurations (0.54—31.6%), and the hexagonal
electrode configuration had the highest removal efficiency in
all treatments, with PAH removals of up to 40.9%. From the
perspective of PAH distribution in the soil after remediation,

the acidic environment around the anode and the alkaline en-
vironment around the cathode were both conducive to the
removal of PAHs. In terms of energy consumption, 2D elec-
trode configurations consumed less power than 1D configura-
tions, and the hexagonal electrode configuration had the low-
est energy consumption per unit removal rate
(4.48 kWh t '% ') in all electrode configurations. However,
the transport of oxidants and removal efficiency of organic
pollutants were still not sufficient; therefore, further studies
are needed to determine how to increase efficiency.
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