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Abstract With the aim of in situ bioremediation of soil con-
taminated by hydrocarbons, anodes arranged with two differ-
ent ways (horizontal or vertical) were compared in microbial
fuel cells (MFCs). Charge outputs as high as 833 and 762C
were achieved in reactors with anodes horizontally arranged
(HA) and vertically arranged (VA). Up to 12.5 % of the total
petroleum hydrocarbon (TPH) was removed in HA after
135 days, which was 50.6 % higher than that in VA (8.3 %)
and 95.3 % higher than that in the disconnected control
(6.4 %). Hydrocarbon fingerprint analysis showed that the
degradation rates of both alkanes and polycyclic aromatic
hydrocarbons (PAHs) in HA were higher than those in VA.
Lower mass transport resistance in the HA than that of the VA
seems to result in more power and more TPH degradation.
Soil pH was increased from 8.26 t0 9.12 in HA and from 8.26
to 8.64 in VA, whereas the conductivity was decreased from
1.99 to 1.54 mS/cm in HA and from 1.99 to 1.46 mS/cm in VA
accompanied with the removal of TPH. Considering both
enhanced biodegradation of hydrocarbon and generation of
charge in HA, the MFC with anodes horizontally arranged is a
promising configuration for future applications.
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Introduction

As one of the essential energy sources, petroleum is an im-
portant material basis for the development of national econo-
my. However, petroleum hydrocarbons have become one of
the most important types of organic pollutants during the
processes of exploration, extraction, refining, transporting,
and marketing petroleum products (Margesin et al. 2003).
Since petroleum commonly contains hazardous chemicals
such as benzene, ethylbenzene, toluene, and xylenes
(BETX), it threatens human health and ecosystem safety,
inhibiting plant growth, destroying soil structures, and dam-
aging groundwater quality (Guo and Zhou 2003; Meagher
2000; Sarkar et al. 2005; Ting et al. 1999; Zhou et al. 2005).
Therefore, more and more attention has been paid to the
remediation of petroleum hydrocarbons in soils.

Traditional strategies to treat petroleum contaminated soils
include various physical and chemical technologies such as
thermal treatment, soil washing, gaseous or liquid extraction,
solidification, and stabilization or by using combination of the
above (Kaimi et al. 2007). However, physical and chemical
remediation is usually expensive and has high risk to incur
additional air or aqueous pollution (Riser-Roberts 1998).
Bioremediation is defined as a promising green technology
to remove pollutants from contaminated soils. Bioremediation
of hydrocarbon contaminants, such as biosparging, biostimu-
lation, and bioaugmentation, has advantages of low cost, less
interference with the soil structure and higher public accep-
tance than other approaches, which has been well utilized for
the past decades (Das and Chandran 2010; Leahy and Colwell
1990; Prince and Bragg 1997; Tang et al. 2010a). However,
the performance of bioremediation is affected by many factors
such as the abundance of electron acceptor, bacterial compe-
tition, etc. (Morris et al. 2009; Tyagi et al. 2011).

Recently, a new device, soil microbial fuel cells (MFCs)
that consist of an anode embedded in the anaerobic soil and a
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cathode directly faced to the air has attracted intensive atten-
tions, because it can be used for organic pollutant degradation
with simultaneous electricity generation and it does not need
in situ addition of electron donor or electron acceptor into the
subsurface. The exoelectrogens such as Geobacter spp. and
Shewanella spp. in subsurface can utilize organic matter in
soils, and these organics cannot be utilized for electricity
generation without exoelectrogens (Anderson et al. 2003;
Jung 2012). In the soil MFCs, electrons released from the
substrate oxidation in the anodes are transferred via the exter-
nal circuit to the cathode where the electrons are eventually
consumed by the terminal electron acceptors (Lu et al. 2014).
Electrodes offer an alternative electron acceptor for stimulat-
ing the anaerobic degradation of organic contaminants
(Lovley 2006; Morris and Jin 2008; Zhang et al. 2010). The
use of soil MFCs to enhance hydrocarbon remediation has a
number of advantages. In particular, it stimulates and en-
hances hydrocarbon degradation accompanied with energy
production without requiring any chemical addition or energy
inputting. Wang et al. (Wang et al. 2012) demonstrated that a
U-tube MFC increased total petroleum hydrocarbon (TPH)
removal by 120 %, from 6.9 to 15.2 %, for water saturated
saline soil close to the anode (<1 c¢cm). Morris and Jin (Morris
and Jin 2012) observed that the biodegradation rate of TPH in
sediment increased by 12 times than that of background.
While these studies demonstrated the possibility to use anodes
as the electron acceptor for petroleum hydrocarbon removal,
to our best knowledge, there has been no report to explore the
impact of configuration of anodes on petroleum hydrocarbon
degradation.

In this study, we constructed a new design of air-cathode
MFCs with four layers of carbon mesh anodes to enhance
biodegradation of petroleum hydrocarbons in soil. Two sets of
reactors were designed through changing the configuration of
the anodes, duplicate reactors with anodes horizontally ar-
ranged (HA) and duplicate reactors with anodes vertically
arranged (VA) (Fig. 1). The main purpose of the study is to
compare the biodegradation of petroleum hydrocarbons in the
two configurations of the reactors, by measuring hydrocarbon
concentration. We also monitored the production of electricity,
as well as the change of pH and electrical conductivity of the
soils in order to explore their impact on the biodegradation of
petroleum hydrocarbons.

Materials and methods

Soil sample collection and characterization
Petroleum-contaminated soil was obtained from the Dagang
Oil Field in Tianjin, China. The soil sample was taken from 5

to 10 cm below ground surface. The soil was sealed and
transported to our laboratory. After being partially air-dried,
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soil samples were passed through a 2-mm sieve to remove
plant roots and rocks. After the sieved soil was artificially
homogenized, distilled water is added to a soil sample at a
ratio of 1:5 (w/v). The mixture is shaken and centrifuged. pH
and electrical conductivity of the supernatant are measured by
using a pH meter (STARTER 3100, Ohaus Instruments Co.,
Ltd., Shanghai, China) and conductivity meter (DDS-11A,
Shengci Instruments Co., Ltd., Shanghai, China) individually
(Jung et al. 2014); the physical and chemical properties of the
soil sample were measured as follows: pH 8.3, electrical
conductivity 1.99 mS/cm, available nitrogen amount
46 mg/kg dry soil, available phosphate amount 198 mg/kg
dry soil. Original concentration of TPH in soil sample was
25.7 g/kg.

MFC configuration and operation

The air-cathode soil MFC consisted of a rectangular organ-
ic glass storage container with the dimensions 6x6x9 cm
(length x width x height) and was filled with the petroleum-
contaminated soil. The cathode was placed in the bottom of
the reactor and exposed to air; four layers of the anodes
were embedded in the soil with 2 cm of distance between
two adjacent anode layers as shown in Fig. 1a, b. The air
cathode consisted of stainless steel mesh (8x8 cm, type
304 SS) with a catalyst layer (activated carbon, projected
area of 36 cm?) on the soil side and a gas diffusion layer on
the air side (Li et al. 2014). The anode was made of
acetone-cleaned carbon meshes (3 k; Jilin Carbon
Factory, Jilin, China) (Wang et al. 2009). Anodes were
connected to the external circuit by a titanium plate.
Anodes and cathodes were connected to 1,000 € external
resistors (Dominguez-Garay et al. 2013; Morris and Jin
2012; Wang et al. 2012) according to the resistance used
for exoelectrogenic bacteria acclimation in air-cathode
MFCs with aqueous medium (Liu and Logan 2004).
MFCs were constructed in duplicate and filled with con-
taminated soils, the soil was immersed with a 2 cm of deion-
ized water layer during regular experiments without adding
buffer solution or additional hydrocarbons. The water lost via
evaporation was routinely compensated with sterile deionized
water to maintain a constant water level. All reactors were
operated for 135 days under room temperature (23+
3 °C), and cell voltages were recorded every 30 min
using a data acquisition system (PISO-813, ICP DAS
Co., Ltd, Shanghai, China). Waterlogged soils under
open circuit were used as the positive controls. At the
end of the tests, soil samples in each reactor were col-
lected between every two adjacent anodes and mixed
before analyses and the soil samples of different layers
were marked as S-1, S-2, S-3, and S-4 sequentially
(Fig. la). The soil samples were analyzed for TPH,
polycyclic aromatic hydrocarbons (PAHs), and n-alkanes.
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Analytical methods

Determination of TPH content was conducted by Soxhlet
apparatus for extraction according to the method reported
earlier by Cai et al. (Cai et al. 2010). The freeze-dried soils
were sieved through a 100 mesh, weighed, and extracted with
dichloromethane (DCM) for 24 h using a Soxhlet apparatus.
Then, the solution was transferred to an Erlenmeyer flask to
evaporate volatile DCM. After evaporation of the solvent at
40 °C water bath in the hood, the amount of residual TPH was
determined by weighing the flask before and after evapora-
tion. After the gravimetric quantification, fractional analysis
of petroleum hydrocarbons was carried out based on column
chromatography introduced by Tang et al. (Tang et al. 2010b)
with some modifications. About 12 cm of activated silica gel,
6 cm of anhydrous Al,O; powder, and 1 cm of anhydrous
Na,SO, from the bottom to the top were filled into a glass
column (®10x250 mm). The column was first washed with
n-hexane and then was loaded and washed with 20 mL of #-
hexane for saturated hydrocarbon extraction, and then, 75 mL
n-hexane/DCM (1:1, v/v) was used to extract the PAHs. The
measurements of n-alkanes and the 16 priority PAHs were
performed on the same gas chromatograph (GC, Agilent 7890
GC, US) equipped with a model 5975 mass selective detector
(MSD; SIM mode). Soil analytical results were reported on a
dry weight basis. The pH and conductivity of soil were mea-

sured in a 1:5 (w/v) soil/deionized water mixture. Total charge
T

output (Q, C) was obtained by Q = [ (E/R)dt, where T (s) is
0

the cycle time, £ (V) is the cell voltage, and R (£2) is the
external resistance.

Results
The performance of MFCs

The voltages increased gradually after the connection of an
external loading (1,000 €2), as observed in all the reactors

(Fig. 2a). Approximately, 50 h after filling soils into MFCs,
the voltages reached their first peaks. The maximum voltages
for HA and VA were 0.282+0.015 and 0.285+0.025 V, re-
spectively. Over the tested period (135 days), the total charge
accumulated slowly with time in all reactors (Fig. 2b). The
total charge generated by HA was 833+58C, which was 9.3 %
higher than that of the VA (762434C).

Changes in characteristics of soils

After 135 days of operation, the pH in all the soil samples
increased slightly, which could be due to the accumulation of
oxygen reduction product of OH  at the cathode (Wang et al.
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Table 1 Changes of pH and electrical conductivity in soil MFCs under
different conditions

Soil type Final pH Final electrical conductivity
(mS/cm)

Original soil 8.26+0.12 1.99+0.09

Open circuit 8.61+0.05 1.45+0.06

Horizontal arrangement 9.12+0.08 1.54+0.09

Vertical arrangement 8.64+0.02 1.46+0.02

2014). In the soil remediation MFC system, the degradation of
organic acids and the formation of bicarbonate salts might also
increase the pH of the soil. In particular, the pH in the HA
operated increased from 8.26+0.12 at the beginning of the
experiment to 9.12+0.08 at the end of the study, which was
consistent with the fact that the reactions took place more
effectively and rapidly in the HA than those in VA (see below)
(Jung et al. 2011). Opposite trend was observed for the elec-
trical conductivity of soil samples, as shown in Table 1. The
electrical conductivities of soil samples in HA, VA, and the
controls were decreased compared with the consistent con-
ductivity in the original soils (1.99+0.09 mS/cm). The con-
ductivity of the HA was 1.54+0.09 mS/cm, which was slight-
ly higher than that of VA (1.46+0.02 mS/cm) and the controls
(1.45£0.06 mS/cm).

Degradation of petroleum hydrocarbons

The degradation of TPHs in soil under various different
reactors was observed after 135 days of operation. The
TPH degradation rates of the S-4 (Fig. la) were higher
than other layers in all reactors, with the highest value
of 15.3+0.2 % observed in HA. As shown in Fig. 3, in
the HA, approximately, 12.5+0.6 % of the TPH was
removed, which was 1.5 and 2.0 times higher than
those obtained in VA (8.3+0.1 %) and control (6.4+
0.2 %), showing that the horizontal arrangement of
anodes substantially enhanced the biological degradation
of TPH. Similar trend on TPH degradation were also
observed in each layer in these reactors (HA>VA>con-
trol) (Fig. 3). In charge output, there were not much
different among four reactors (Fig. 2). However, there is
much greater difference in TPH degradation (Fig. 3). It
indicates that petroleum hydrocarbons were degraded
not only by exoelectrogenic bacteria but also by other
microorganisms.

The concentrations of phenanthrene (PHE; C14), fluoran-
thene (FLU; C16), pyrene (PYR; C16), chrysene (CHR; C18),
and benzo(b)fluoranthene (BbF; C20) were higher than
300 ng/g, accounting for 78 % of total PAHs (TPAHSs) in the
original soil. As shown in Fig. 4, after the experiment period,
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the concentrations of these five PAHs have the lowest values
in the HA, corresponding to the highest degradation rates of
24.6 % (PHE), 4.6 % (FLU), 8.5 % (PYR), 10.4 % (CHR),
and 9.4 % (BbF). For two-ring and three-ring PAHs, the
reduction rate was 40 % for all the reactors. Groups of higher
molecular weight compounds such as five-ring and six-ring
PAHs showed a relatively low degradation rate
(7.8 %).TPAHs calculated by adding the concentrations of
16 PAHs up also showed that the HA had the highest
TPAHs degradation rate of 14 % than that of the control
(7 %) and the VA (10 %).

n-Alkanes were detected from C8 to C40 with main con-
tents of C17—C40 (>20 ug/g for each content) in original soil
(Table 2). The degradation of n-alkanes consistently showed a
better performance in HA compared to that in VA. The max-
imum degradation rate up to 22 % from 1,120 to 877 ug/g soil
on total n-alkanes (TNAs) was achieved in HA, whereas that
in VA and control were only 9 and 7.8 %.

Discussion

All the voltages of connected soil MFCs exhibited a trend in
which voltage rises, peaks, and decays after the waterlogged
soils had been incubated, indicating that the soil MFCs with
anodes arranged both in horizontal and in vertical can be
started successfully. During 135 days of operation, the soil
MFCs exhibited several peaks of voltages, which was pre-
sumably due to the step degradation of easily and slowly
biodegradable organic matters in the soil (Hong et al. 2009).
Besides, the HA generated relatively more Coulombs, show-
ing that the arrangement of anodes had a solid effect on the
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electricity production in soil MFCs. The evaporation of water
through the cathode brought more substrates for anodic bac-
teria by facilitating hydrocarbon diffusion from surrounding
areas toward the anodes in the HA. However, the diffusion
direction of water (from top to the bottom) and the direction of
the anodes were placed in parallel in the VA, which would
reduce the substrate availability of the anodes and had a
negative effect on the electricity production. Besides, the
vertical arrangement of anodes has a limited projected area
on the cathode. The flux of electromotive intensity is propor-
tional to the projected area, so the flux of electromotive
intensity was reduced. This may also incur an additional
resistance for ion transfer. It indicates that lower mass trans-
port resistance in the HA than that of the VA resulted in more
power and more TPH degradation.

The soil pH increased from 8.26 at the beginning of
the experiment to 8.61-9.12 at the end of the study. Since
no ion exchange membrane was employed in our study,
the possible reason might be due to the poor permeability
of proton/hydroxyl in the waterlogged soil, resulting in an
accumulation of hydroxyl close to the cathode. The in-
crease in soil pH close to the anode might be due to the
depletion of existing organic acids and the formation of
bicarbonate salts. After 135 days, the electrical conductiv-
ity of soils in all reactors obviously decreased compared
to that of the original soil (1.99+£0.09 mS/cm). A possible
reason for this may be the formation of metal (such as
Ca”" and Mg”") bicarbonate precipitation at a high pH,
leading to the reduction of ion concentration and thus
reduce the conductivity of the soil. This could be further
investigated in terms of carbon capture and saline soil
reclaiming in the future.

The removal of TPH was stimulated by the application of
MFCs in waterlogged soil. The carbon mesh anodes provided
a low-cost, low-maintenance pathway for anaerobic oxidation
of TPHs by co-localizing of the contaminants, electron accep-
tor (the anode) and degradative microorganisms on the same
surface. Therefore, the presence of the carbon mesh anodes
increased the microbial activity in the soil and accelerated the
degradation of contaminations. This has important implica-
tions for potential uses for in situ bioremediation of soils or
sediments contaminated with organic pollutants in conjunc-
tion with electricity generation.

The highest TPH degradation rate of 15.3 % was achieved
in S-4, which was higher than those of other three layers,
probably due to the smallest distance between the anode and
the cathode. The hydroxyl transfer rate might be limited by the
poor permeability of soil, which resulted in a resistance in the
hydroxyl transfer to the anode (ohmic loss) and the accumu-
lation of hydroxyl in the cathode chamber (concentration
overpotential). However, since the cathode was shared by four
anodes, hydroxyl produced by the distant anodes will accu-
mulate in this layer and result in an increase in pH.

The removal of both n-alkanes and PAHs in soil MFCs
were accelerated compared with open circuit and non-MFC
conditions, which was consistent with our previous results
(Wang et al. 2012). However, the removal rate of PAHs
(14 %) was lower than that of n-alkanes (22 %), especially
in the HA, implying that PAHs was not as readily used by the
microorganisms in waterlogged soils as n-alkanes (Table 2). It
is probably because the lighter saturated hydrocarbons were
less toxic to microbes in the soil and can serve as a carbon
source involved in the microbial metabolisms. Thus, they
were more likely to be decomposed by microbes. On the other
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Table 2 Contents of n-alkanes

Open circuit Horizontal arrangement Vertical arrangement

(ng/g soil) in soil MFCs under cv-Alkanes Original soil

different conditions
C8 2342
Cc9 25+8
C10 3247
Cl11 53+8
C12 102+6
Cl13 514+81
Cl4 4,679+£253
C15 10,899+461
Cl6 18,350+933
C17 26,965+3,130
C18 27,892+5,536
C19 30,209+7,640
C20 35,793+10,968
C21 38,750+13,063
C22 38,534+14,000
C23 43,090+16,278
C24 39,691+11,499
C25 38,864+13,875
C26 37,580+12,721
Cc27 39,460+12,180
C28 35,766+10,056
C29 36,119+10,149
C30 32,942+6,127
C31 35,107+7,878
C32 29,736+4,182
C33 35,717+8,285
C34 35,325+9,335
C35 36,277+10,022
C36 30,666+9,035
C37 48,207+12,268
C38 31,283+9,990
C39 26,431+6,594
C40 22,499+3.411

22+4 1341 1843
2043 542 8+2
2040 7+0 441
3544 540 9+1
53+0 14+1 14+2

26149 9+1 1344
1 4444374 260+58 443+73
5,629+407 4,086£122 4,828+282
13.410+1,200 12,575+287 12,551£200

24,0544 174 21,283+814 23,684+4,060

26,630+ 146 22,972+628 26,351+5292

29,465+563 25,061+662 29,408+6,687

35717660 31,428+569 35,769+9,433

38,844+684 34,760+653 38,862+10,577

38,543+574 33,850+702 38,469+ 11,348

42,531£726 36,921+745 42,519+12,768

38,828+691 32,7414+870 38,724412,000

38,800+740 32,293+1,083 38,601+12,635

35,688+422 30,484+1,063 35318+11,947
37,129+693 31,532+1,023 36,938+10,724
33,090+574 28,284+1279 32,683+10,508
32,866+209 27,628+825 32,511+9,821
29,177+112 24,874+502 28,823+6,237
31,711£307 27,479+553 31,214+7,391
26,974+531 22,760+675 26,278+3,769
33,273+926 27,198+90 32,790+3,492
31,185+1,499 24,576£222 30,448+7,365
32,573+1,954 2544541013 32,030+7,728
25,610+2,581 20,469+1,678 25,089+5,407
41,166+5,168 30,389+4,134 40,569+5,264
26,378+4,551 20,574+3,763 25,924+1,736

22,457+5,347
20,973+5,082

18,064+4,575
17,107+4,946

22,012+3,090
20,894+3,560

hand, heavier molecular weight compounds such as PAHs
were more resistant to biodegradation as they were hydropho-
bic, with poor water solubility and bioavailability.

Conclusions

The air-cathode MFCs with anodes horizontally arranged
(HA) and vertically arranged (VA) were developed for in situ
soil bioremediation coupled to electrical energy production.
The HA demonstrated a superior performance compared with
VA for removal of the TPH. In particular, the highest TPH
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degradation rate was observed in S-4 of the HA (15.3+0.2 %).
Moreover, the n-alkanes were more easily used as substrate
for the soil MFCs than the PAHs, although both of them can
be degraded in MFCs. MFCs with anodes horizontally ar-
ranged were demonstrated as an effective design over verti-
cally arranged systems to improve remediation efficiency of
TPHs.
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