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ABSTRACT
Lindane is a chlorinated pesticide known for its toxicity and persistence in the environment. Recently, it has been

proposed that soil microbial fuel cell technology (SMFC) could be applied to enhance the removal of organic matter,
phenol, and petroleum hydrocarbon in contaminated soil with simultaneous electricity output. Yet, there is no
information on the application to remediation of soils polluted with pesticides. The purpose of this research was to
evaluate the biodegradation of lindane with simultaneous electricity generation in an electrobiochemical slurry
reactor (EBCR). The EBCR was inoculated with a sulfate reducing inoculum acclimated to lindane, characterized,
and further batch operated for 30 day at room temperature. No external carbon source was supplemented in the
experiment 1; the substrate was the soluble natural organic matter (NOM) of the soil. In the experiment 2 the EBCR
was supplemented with a stock solution of sucrose: sodium acetate: lactate to give a final concentration of 2g COD/L
in the reactor. Results from electrochemical impedance spectroscopy characterization in the EBCR (Experiment 1)
showed that the equivalent circuit had an anodic resistance R;=2064€), cathodic resistance R; = 192 Q; and
electrolyte/membrane resistance R, = 7Q, totalling a relatively high overall internal resistance R;, of 2263Q. During
the batch operation, the EBCR showed a 30% lindane removal efficiency along with a maximum volumetric power
volumetric of 165 mWm™. This value compared favorably with results corresponding to sediments microbial fuel
cells that are used to power weather monitoring systems. The organic matter removal was very high (72% as soluble
COD, NOM) whereas the coulombic efficiency was low (5.4%). The latter, although, was higher than values
reported for microbial fuel cells that degraded leachate-like effluents. In Experiment 2 of the EBCR both cell
characteristics and performance significantly improved. The internal resistance as determined by polarization curve
was 102Q when the connection was in parallel. During the batch operation, the EBCR showed a 78% lindane
removal and a maximum power volumetric of 634 mWm™, the organic matter removal was 76% and coulombic

efficiency was 15%. Finally, it can be concluded that our EBCR showed a high lindane removal capability.
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1. Introduction
The widespread use of pesticides has lead to pollution of soil, water bodies and aquifers, and atmosphere [1, 2]. The

y-hexachlorocyclohexane (y-HCH; also called lindane) is a highly halogenated organic pesticide that has been used
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worldwide, particularly in Mexico, in spite of its banning in first world countries [3]. Lindane has been used for crop
protection and prevention of vector-borne diseases for many decades [4-7]. Negative impacts of lindane on the
environment and human health have been reported worldwide [8]. Due to their hydrophobicity, lindane is tightly
bound to the organic matter and clay of soils. This, in turn, decreases their bioavailability. It is commonly recognized
that mass transfer of HCH from soil to liquid phase is the limiting process in biodegradation processes used for soil
bioremediation [9, 10]. Bioavailability of HCH in polluted soils could be increased by using slurry bioreactors (SB).
SB is an ad situ soil bioremediation technology that allows the adjustment and optimization of several process
variables such as mixing and water addition, nutrient supplementation, addition of surfactants and solvents to
increase pollutant desorption from soil, temperature and pH control, bioaugmentation (seeding the bioreactor with
microbial strains or consortia acclimated or specialized in pollutant degradation), etc., with the purpose to increase
mass transfer, foster biodegradation and decrease treatment time [11-13]. On the other hand Microbial Fuel Cell
(MFC) is a promising technology for the biodegradation of several organic substrates and wastes such as glucose,
acetate, xylose, cysteine, cellulose and organic pollutants with simultaneous power generation [14-19]. In this device
the microorganisms oxidize different substrates at the anode producing protons and electrons, which flow through an
external circuit to the cathode that is in contact with oxygen, in this part the protons are used in the reduction of
oxygen producing water [20-22]. Recently, it has been proposed that soil microbial fuel cell (SMFC) technology
could be applied to enhance the removal of organic matter, phenol, and petroleum hydrocarbon in contaminated soil
and simultaneous electricity output [17-18]. The purpose of this research was to study the biodegradation of lindane
and simultaneously electricity generation using an electrobiochemical slurry reactor (EBCR) for the remediation of a

polluted, heavy soil.

2. Experimental

2.1 Chemicals

y- HCH isomer (97 % purity) was purchased from Sigma-Aldrich. Lindane is a moderately lipophilic, organo-
chlorinated substance characterized by a high partition coefficient octanol-water Kow ~ 4*103, with low solubility in
water, approx. 7 mg/L at 20°C, and slightly polar due to the strong electronegative effects of chlorine atoms bound to
the aliphatic ring. Chlorobenzene (CB), dichlorobenzene isomers (1,2-DCB, 1,3-DCB) and 1,2,4 trichlorobenzene

(99-99.9% purity) , hexane and acetone were of analytical grade.
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2.2 Lindane and metabolite analysis

Lindane was analyzed by Headspace-Solid Phase Microextraction-Gas Chromatography- Electron Capture Detector
(HS-SPME-GC-ECD). The procedure for the extraction of HCH residues in the soil slurry reactor was performed
according by Quintero et al. [23]. The intermediate metabolites in the experiment 1 were analysed in an Agilent
Technologies GC/MS with an autosampler Gerstel (MPS-2 Twister), the oven temperature were programed as
follows: hold time 40°C, 2 min; ramp rate at 3°C/min to 180°C; ramp rate at 8°C/min to 270°C. The injection
volume was 1ul via a split-less injection at 280°C. Helium was used as a carrier at a flow rate of 1.0ml/min. The
intermediate metabolites in the experiment 2 were analyzed in a Perkin Elmer gas chromatograph equipped with an
electron capture detector. Selected samples of EBCR (experiment 2) were analyzed in a Perkin Elmer GC-MS, the
oven temperature were programed as follows: hold time 40°C, 6 min; ramp rate at 3°C/min to 180°C; ramp rate at
10°C/min to 300°C. The injection volume was 1l via a split-less injection at 250°C. Helium was used as a carrier at
a flow rate of 1.0ml/min.

The soil pH was determined in a slurry soil/deionized water 1:2 (w/w) [10], soil texture was measured by the
hydrometer method, biochemical oxygen demand (BOD) was estimated according to the Standard Methods (Method
507) and organic matter content was estimated by the method of oxidation with K,Cr,O5[24]. In sulphate reducing
seed reactor (Table 1) were determined: pH, sulphate, organic matter content such as COD and biomass according to
the Standard Methods (methods 423, 426C, 508, and 209E respectively; 25). The alkalinity was analysed
according to Poggi-Varaldo and Oleszkiewicz [26].

Table 1. Performance of sulphate reducing seed reactor used for inoculation of electrobiochemical slurry reactor

Parameter

‘Lindane (%) 76.36+15.2

pH (-) 7.55+£0.25

‘COD (%) 52.87 £18.24

Biomass (mg VSS/L) 1469.11 £ 674.269

Factor a (-) 0.17+0.10
Sulpate(%) 76.81+20.48
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2.3 Soil
An agricultural soil with high contents of organic matter and clay (Table 2), contaminated with a dose of 100 mg

lindane/kg dry soil.

Table 2. Main physico-chemical characteristics of mineral agricultural soil used in this work

Parameter

Source Huajuapan de Leo6n, Oaxaca
Type Cambisol
pH 7.31 +£0.06
Organic matter (%) 8+0.09
COD (mg COD/kg dry soil) 5100 + 436
BOD (mg BODs/kg dry soil) 3725 +£353
Clay (%) 43 +£0.79
Sand (%) 37+£2.70
Silt (%) 21+£3.33
Texture Clayish
Hydraulic conductivity Low to moderate

2.4 Electrobiochemical slurry reactor

The EBCR consisted of a Plexiglass cylinder approximately 6 cm in diameter and 8 cm in height (308 mL capacity),
the anodes used in this experiment were graphite discs (S5cm D x 0.5 cm) and the cathodes were of Toray carbon
cloth, the cathodes were in contact with atmospheric air (Figure 1). The electrodes were separated by a cation
exchange membrane (Nafion 117, coated with 0.5 mg/cm2 platinum catalyst, Pt 10wt%/C-ETEK) and was

inoculated with a sulfate reducing inoculum acclimated to lindane [27].

2.5 Experimental design

2.5.1  Experiment 1

The EBCR was batch operated for 30 day at room temperature. The concentration of soil was 66%. No external
carbon source was supplemented; the substrate was the soluble natural organic matter of the soil (NOM).

Measurements of the power output were performed using a Multimeter ESCORT 3146A.
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2.5.2  Experiment 2
The EBCR was batch-operated for 30 day at room temperature. The concentration of soil was 33% w/v. The EBCR

was fed a solution stock of sucrose: sodium acetate: lactate to give a final concentration of 2g COD/L in the EBCR at
15 y 25d. The mix was with nitrogen the first 15 days, afterwards mixing was performed in a shaker at 100 rpm.
Measurements of the power output were done using a Multimeter ESCORT 3146A. The process controls were

EBCR under open-circuit and non-EBCR conditions as the biotic control and abiotic control respectively.

2.6 Determination of internal resistence of the electrobiochemical slurry reactor

2.6.1  Electrochemical impedance spectroscopy in the experiment 1

The internal resistance (R;,;) of EBCR was calculated as a function of cell voltage using electrochemical impedance
spectroscopy (EIS). The electrochemical impedance spectra were recorded over a frequency range of 1 mHz to 100

kHz [28-30], equivalent circuit models were fitted to the data using the program of ZView?2.

2.6.2  Polarization curve method in the experiment 2

The internal resistance of was determined using the polarization curve method, by varying the external resistance
(100-10°Q) according to procedures suggested by Logan et al. [20], Poggi-Varaldo ef al. [21], Véazquez-Larios et
al. [22], Sathish-Kumar et al. [31], this was carried out 0d y 7d of operation.
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Figure 1. Schematic diagrams of electrobiochemical slurry reactor
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3. Results and discussion

3.1 Experiment 1

3.1.1 Determination of internal resistance

Internal resistance is an important factor in the characterization of MFCs, because when an MFC is operated with an
external resistance under an external resistance equal to its internal resistance will result a maximum value of power.

Results from experiment showed that the equivalent circuit obtained from the Nyquist plot (Fig. 2) had anodic
resistance R;=2064 ), cathodic resistance R; = 192 Q; and electrolyte/membrane resistance R, = 7 Q; so the total
internal resistance was 2263 Q. Compared with microbial cell with matrix of soil, this value is lower than 10 kQ
reported by Ringelberg et al. [32]. They [32] worked with a cylinder (2.2cm X 10cm, D X h) as the reactor, a non-
contaminated soil with texture silt loam with organic content of 11.1%, whereas the anode was carbon cloth with 16
cm’ of surface area and the cathode was carbon cloth coated on one side with 0.5 mg Pt/cm”. On the other hand, our
internal resistance was higher than that reported by Wang et al. [18] and Huang et al. [17]. The former worked with a
U-tube air-cathode soil MFC and a soil with texture was silt loam, the anode and cathode (connected in parallel)
where carbon mesh, the cathode was coated with 0.1 mg/cm’Pt. They reported an internal resistance of 1 000 Q.
Their soil had 28.3 3 g total petroleum hydrocarbon/kg of soil. They also observed a pollutant removal of 15% in 25
days of batch operation. On the other hand Huang et al. [17] found an internal resistance of 100 Q in a system used
to phenol from waterlogged soil. The paddy soil (phenol, 80mg/L) was covered with 3.0 cm of water, the anode was
a layer of carbon felt (15.0cm x12.5cm x 0.5¢cm) and cathode was GORE-TEX cloth (15.0cm x 12.5cm), coated
with Ni-based paint (7.0g) and Pt/C solution mixed with Nafion (0.094g). Phenol removal was 90.1% in 10 days.
This relatively high result could be ascribed to the fact that phenol is not strongly sorbed on to soils and can be
degraded by a great variety of microorganisms and its toxicity is quite relative. In contrast, lindane is known to be

very recalcitrant, toxic, and hydrophobic [7, 10].

3.1.2 Perfomance of the electrobiochemical slurry reactor

The electricity generation reached a voltage output of approximately 330 mV at 7 days (Fig. 3, table 3), power
density normalized with the anode 6.6 mW/m” and volumetric power 165 mW/m’. The voltage remained constant
until day 20, it is low at 240mV. The organic matter removal was very high (72% as soluble COD, NOM) whereas

the coulombic efficiency was low (5.4%).

3.1.3 Lindane removal and intermediate metabolites
The EBCR showed lindane removal efficiency 30%; after 30 d operation metabolites from lindane

degradation/transformation were not detected (Figure 4)
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Figure 2. Nyquist plot and equivalent circuit in the Experiment 1
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Figure 3. Electricity generation by an electrobiochemical slurry reactor during batch operation for 30 d in the
Experiment 1.
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Table 3. Average performance of the electrobiochemical slurry reactor in Experiment 1.

Parameter Value
[Llindane (%) 27.60 + 6.33
P Anmax (MWM™?) 6.62

Pymax (MWm™) 165.31
Eescr-max (V) 0.33
IEBCR-max (MA) 0.15
PEBcR-max (MW) 0.05

Pnave (MWmM™) 412+135
Py (MWm™) 103+ 34
Eepcr-ave (V) 0.26+ 0.07
IEpcR-ave (MA) 0.12+£0.03
PEBcr-ave (MW) 0.03 £0.01
[COD (%) 7236+ 15
(S04 (%) 22.07+0.01

Notes: [pinaane, lindane removal efficiency; Pa,, surface area power density; Py, volumetric power; Egpscr, voltage; Iisgr, current intensity;
Pricr, power delivered; [1cop, organic matter removal efficiency as COD. [so4, sulphate removal efficiency. Subindices: max, maximum; ave,

average.
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Figure 4. GC-MS detection of intermediate metabolites in electrobiochemical slurry reactor at time 30 days in the
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3.2 Experiment 2

3.2.1 Characterization of the electrobiochemical slurry reactor

The polarization curves and the power variation with current intensity of the EBCR at time 0 days are shown in
Figure 5a and 5b respectively. The values obtained from the polarization curves method were 2046, 1288, 897 y
2550 for face A, face B, connection in series and parallel, respectively (Table 4). The maximum volumetric power
was obtained when the connections were in parallel (739 mW/m?®) followed for the face B, connection in series and
face A with 421, 340 and 86 mW/m’ respectively.

After 7 days of operation another reactor characterization was carried out. The internal resistances decreased very
much compared to those of the first characterization. Their values were approximately o 140, 339, 442, 102 Q for
face A, face B, connection in series and connection in parallel, respectively. The maximum volumetric power was
obtained for parallel connection (1531 mW/m’, Table 4, Fig. 6); it was twice the volumetric power obtained with
characterization at 0 days. The improved characteristics might be a consequence of the increased microbial activity
resulting from enrichment of the biofilm on the anode [33]. The internal resistance was smaller than that obtained by
Ringelberg et al. [32] and Wang et al. [18] who reported values of 10kQ and 1kQ, respectively. On the other hand
the internal resistance obtained when the connection were in parallel was similar to low internal resistances of 100 Q

reported by Huang et al. [17] and Yan et al. [34].

3.2.2  Performance of the electrobiochemical slurry reactor

Figure 7 shows voltage generation of the device when the anodes and cathodes of the EBCR were connected in
parallel. The voltage with the EBCR in open circuit conditions (at the early 20 h) was approximately 530 mV (phase
I). The voltage remained stable when the cell was operated with an external resistance of 120 Q (first hours of phase
II); however the voltage decreased to less than 200 mV afterwards. So, open circuit conditions were re-established in
phase III) where an expected increase of voltage occurred. Subsequently, in phase IV, the cell was operated with an
external resistance of 220 Q and a drastic voltage decrease was observed. Again, open circuit conditions were re-
established in phase V. Phase VI was run with an external resistance of 560 Q. Approximately at day 8 the cell
contents was mixed with nitrogen gas. It was found that cell voltage significantly increase after each mixing episode;
however, after mixing the voltage decrease was very important (down to between 100 to 200 mV, Fig. 7, days 8 to
15). Due to pneumatic and hydraulic difficulties of mixing by bubbling N, gas, starting at day 15 the cell content was
continuously mixed in a shaker at 100rpm. Voltage output recovered and was stabilized around 300 mV. This was
accompanied by supplementation with 2g/L. substrate (sucrose: sodium acetate: lactate) that was used as the fuel in
the EBCR at 15d. Electricity generation began to increase and reached a voltage output of approximately 303 mV
(Fig. 7). The power density normalized to anode area was 21.3 mW/m” and the average volumetric power was 531
mW/m’. At approximately 20 days of operation, the cell reached a maximum voltage output of 329mV and

volumetric power of 629 mW/m’ (Table 5); the voltage remained constant until day 24. Afterwards, it decreased
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again to a value of 260 mV. On day 25 the EBCR was fed with 2 gCOD/L of substrate and reached a voltage of
321mV, the EBCR voltages decreased below 280 mV at 28 day.

The maximum voltage output of the EBCR (330mV) and maximum power (25mW/m?”) were higher than those

reported by Wang ef al. [18] (155 mV and maximum power 0.85 mW/m?) for a cell loaded with soil polluted with

total petroleum hydrocarbon. Our results also compared very favorably to those observed by Yan et al. [34], a

voltage as low as 17 mV in the treatment of sediment contaminated with phenanthrene and pyrene.
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Figure 5. Characterization of the electrobiochemical slurry reactor at t0d (a) Polarization curves, (b) power densities
in the Experiment 2

Table 4. Average values of several variables in electrobiochemical slurry reactor characterization after at Odays in the

Experiment 2

Parameter Face A Face B Series Parallel
R, (Q) 2046 1288 897 255
Py pomayx (mWm2) 6.88 33.72 13.60 29.57
Pymay (mWm?) 86 421 340 739
Lscr.max (@A) 0.49 1.14 1.02 1.50
Besinmex. V) 0.39 0.38 0.45 0.46
Prpcromas W) 0.03 0.13 0.10 0.23
Py pave (mWm2) 2.72 6.13 5.08 0.87
Py pve (mWm?) 34 76 127 22
IepcReave (MA) 0.09 0.15 0.20 0.02
Eici-ave ™) 0.22 0.26 0.33 0.37
Prpcroave (MW) 0.01 0.02 0.04 0.07

Notes: Pa,, surface area power density; Py, volumetric power; Egpcr, voltage; Iipgr, current intensity; Prscr, power delivered. Subindices:
max, maximum; ave, average.
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Figure 6. Characterization of the Electrobiochemical slurry reactor at t7d (a) Polarization curves, (b) power densities

in the Experiment 2

Table 5. Average values of several variables in electrobiochemical slurry reactor characterization after at 7days in the

Experiment 2

Parameter Face A  FaceB Series Parallel
R, () 140 339 442 102
Puyomax (mMWm2) 96.60 16.32 13.93 61.27
Py (mWim) 1207 204 348 1531
IepoRomax (MA) 1.93 0.79 1.03 2.17
Erpcromax V) 0.41 0.35 0.49 0.44
Prpcromax @MW) 0.37 0.06 0.11 0.47
Puyoave (mWm2) 19.91 5.88 4.95 12.12
Py pve(mWm?) 249 73 124 303
Iepg-ave (MA) 0.30 0.15 0.19 0.33
Etgg-ave (V) 0.34 0.25 0.34 0.38
Prpo.ave (MW) 0.08 0.02 0.03 0.09

Notes: Pa,, surface area power density; Py, volumetric power; Egpcr, voltage; Iipgr, current intensity; Prscr, power delivered. Subindices:
max, maximum; ave, average.
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Table 6. Average performance of electrobiochemical slurry reactor in the Experiment 2

Parameter Value
[LLindane (%) 78
Rint (Q) 560
Pan-max (mWm-2) 25
Pynas (MWm™) 634
EgBcromax (V) 0.33
IEBCR-max (MA) 0.59
Ppcr-max (MW) 0.20
Coul (%) 15
LCOD (%) 76

Notes: Pa,, surface area power density; Py, volumetric power; Egpcr, voltage; Irpgr, current intensity; Prscr, power delivered, [lcop, organic
matter removal efficiency as COD. Subindices: max, maximum.

On the other hand, Huang e al. [17] registered a power density slightly superior (ca. 30 mW/m?) and a lower voltage
(150 mV) in the treatment of a waterlogged soil polluted with phenol.

3.2.3  Lindane removal and intermediate metabolites

Lindane removal achieved in the EBCR was 78%, whereas the removals of the biotic (live) control and abiotic
control slurry reactors were 80 and 3%, respectively. Main metabolites due to lindane degradation were detected by
analysis by GC/MS in the EBCR: 1,2,3-trichlorobenzene (1,2,3 TCB), 1,3-dichlorobenzene (1,3-DCB), 1,2-
dichlorobenzene (1,2-DCB), and chlorobenzene (CB) (Figure 8).

Lindane removals observed in our EBCR compared very favorable with lindane removals reported for standard
slurry bioreactors in the literature. Okeke et al. [35] carried out experiments with SB inoculated with Pandorea sp.,
with a presumably anaerobic operation of 9 weeks duration. Initial lindane concentration was 100 mg/kg; they found
removals of 59.6% y-HCH, Quintero et al. [5] treated a sandy soil polluted with a mixture of isomers a, 3, y and 3-
HCH (100 mg/kg each) in anaerobic SB. Starch was supplemented at 2 g/L. every 3 days. High removals of nearly
100% for a and y isomers of HCH and 65 to 70% for § and 6 HCH were found.

On other hand, Robles-Gonzalez et al. [10] assessed the bioremediation of a heavy soil polluted with 100 mg
lindane/kg in full sulfate reducing slurry bioreactors. Removal was 88% whereas the detected metabolites after 30 d

operation were PCCH; 1,2,4-TCB; 1,2,3-TCB; CB, and benzene.
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Figure 7. Electricity generation in electrobiochemical slurry reactor during batch operation for 30 d in the
Experiment 2. The addition of substrate is indicated by the red circles. Phase I, open circuit; phase II, closed circuit
with external resistance 120Q; phase III, open circuit; phase 1V, external resistance 220Q; phase V, open circuit;
phase VI, external resistance 560Q.
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Figure 8. GC-MS detection of intermediate metabolites in electrobiochemical slurry reactor at time 30 days in the

Experiment 2.
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Quintero et al. [23] reported the degradation of HCH isomers in slurry reactors in anaerobic conditions. They found
traces of diverse intermediate metabolite, such as pentachlorocyclohexane isomers, tetrachloro-cyclohexene, 1,2,3-
trichlorobenzene, 1,3-dichlorobenzene and clorobenzene. The low concentrations of the metabolites indicated that
intermediate compounds were not accumulated and they proceed to their further degradation to CB, the end product
in the degradation mechanism. In a work by Boyle [36] it was found that lindane could be dechlorinated by
anaerobic bacteria (sulfate-reducing bacteria among others) with generation of monochlorobenzene and benzene as
main intermediates. Quintero et al. [23] observed total depletion of a and y-HCH in a polluted soil after 3 days
anaerobic incubation; they used an initial lindane concentration of 100 mg kg-1 soil, bioaugmentation with a high
concentration of methanogenic anaerobic sludge (8 g¢ VSS L™ in the bioreactor), and starch (2 g COD/L) as electron
donor. During the degradation, traces of diverse intermediate and end-products compounds were detected, such as
pentachlorocyclohexane isomers (PCCH), tetrachlocyclohexane (TCCH), 1,2,3-trichlorobenzene (1,2, 3-TCB), 1,3-
dichlorobenzene (1,3-DCB), chlorobenzene CB.

The relatively high lindane removals obtained in our work in only 30 d of EBCR operation are very promising:
EBCR emerges as a fast and attractive technology for pesticide degradation and soil remediation. Indeed, it has been
reported the recalcitrance (persistence) of organo-chlorinated pesticides in soils, with half lives of the order of 2 to 5
years. In particular, lindane has an average half-life of 2.6 years in soils, depending on the physico-chemical

characteristics of soils (texture, organic matter, depth, etc.) as well as environmental conditions [37].

4. Conclusion

-The bioremediation of lindane in soil can be significantly enhanced generation in an ECBR, with the additional
bonus of simultaneous electricity generation, compared to conventional slurry bioreactor and other bioremediation
technologies.

-Mixing and the supplementation with organic substrate seemed to significantly improve the EBCR performance,
both the efficiency of the removal of lindane and the production of electricity significantly increased.

-We detected intermediate metabolites typical of anaerobic degradation pathways of lindane that were similar to

those reported in previous research in conventional anaerobic slurry bioreactors.

5. Akenowledgements

The authors wish to thank CINVESTAV del IPN and ICYTDF for partial support to their research, as well as
CONACYT for a graduate scholarship to BC-P. The excellent technical help of Ms Ana L. Vazquez-Larios, M. Sc.
(advice on polarization curve in Experiment 2), Mr. Rafael Hernandez-Vera, M. Sc. (training on determination of
several environmental parameters), Mr. Cirino Rojas Chavez (chromatographic analyisis), Mr. Andrés Rodriguez
(membrane preparation and cell assemblage), and Mr. Armando Barbosa-Fernandez (Mechanic Workshop, cell

construction) is sincerely appreciated.

(A2 "Q
{ %) o>
>

Yucatan Center for

Mexican Hydrogen Society e
9 Scientific Research 54



9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

6. References

[17J. Vijgen, International HCH & Pesticides Association (2006).

[2] S. Sang, S. Petrovic, V. Cuddeford, Lindane: a review of toxicity and environmental fate (1999).

[3] El lindano en México. Instituto Nacional de Ecologia (2004).

[4] Y. Nagata, T. Hatta, R. Imai, K.Kimbara, M. Fukuda, K. Yano, M. Takagi, Biosci Biotechnol Biochem, 57:
1582-1583 (1993a).

[5] Y. Nagata, T. Nariya, R. Ohtomo, M. Fukuda, K. Yano, M. Takagi, J Bacteriol, 175: 6403-6410 (1993b).

[6] J.C. Quintero, M.T. Moreira, G. Feijoo, J.M: Lema, Chemosphere, 61: 528-536 (2005).

[7] B. Camacho-Pérez, E. Rios-Leal, N. Rinderknecht-Seija, H.M. Poggi-Varaldo, J Environ Manage, 95: S306
S318 (2012).

[8] J.E. Haugen, F. Wania, N. Ritter, M. Schlabach. Environ Sci Technol, 32:217-224 (1998).

[9]J.C. Quintero, T.A. Lu-Chau, M.T. Moreira, G. Feijoo, J. M. Lema, Int Biodeter Biodegr, 60: 319-326 (2007).
[10] L.V. Robles-Gonzalez, E. Rios-Leal, 1. Sastre-Conde, F. Fava, N. Rinderknecht-Seijas, H.M. Poggi-Varaldo,
Process Biochemistry, (2011).

[11] R. Boopathy, Bioresource Technol., 74(1): 63-67 (2000).

[12] S. Venkata-Mohan, K. Sirisha, N. Chandrasekhara-Ra, P.N. Sarma, S. Jayarama-Reddy, J Hazard Mater,
B116: 39-48 (2004).

[13] LV. Robles-Gonzalez, F. Fava, H.M. Poggi-Varaldo, Microb Cell Fac,7:5 (2008).

[14] H. Liu, R. Ramnarayanan, B.E. Logan. Environ Sci Technol, 38(7):2281-2285 (2004).

[15] J.M. Morris, S. Jin, J Environ Sci Health, B43(1):18-23 (2008).

[16] F. Rezaei, T. L. Richard, B. E. Logan, J Power Sources, 192:304—309 (2009).

[17] D. Huang, S. Zhou, Q. Chen, B. Zhao, Y. Yuan, L. Zhouang, Chem EngJ, 172: 647— 653 (2011).

[18] X. Wang, Z. Cai, Q. Zhou, Z. Zhang, C. Chen, Biotechnol Bioeng, 109(2):426-433(2011).

[19] A. Ortega-Martinez, K. Juarez-Lopez, O. Solorza-Feria, M.T. Ponce-Noyola, E. Rios-Leal, N.F. Rinderknecht-
Seijas, H. M. Poggi-Varaldo, J] New Mat Electrochem Systems, 15 (3):187-194 (2012).

[20] B.E. Logan, B. Hamelers, R. Rozendal, U. Schroder, J. Keller, S. Freguia, P. Aelterman, W. Verstraete, K.
Rabaey. Environ Sci Technol, 40(17): (2006).

[21] H. M. Poggi-Varaldo, A. Carmona Martinez, A. L. Vazquez-Larios and O. Solorza-Feria, J. New Mat
Electrochem Systems, 12:49-54 (2009).

[22] A .L. Vazquez-Larios, O. Solorza-Feria, G. Vazquez-Huerta, F. Esparza-Garcia, E. Rios-Leal, N. Rinderknecht-
Seijas, H.M. Poggi-Varaldo, J. New Mat. Electrochem. Systems, 13: 219-226 (2010).

[23] J.C. Quintero, M.T. Moreira, J.M. Lema, G. Feijoo, Chemosphere 63:1005-1013 (2006).

[24]1.V. Robles-Gonzalez, E. Rios-Leal, R. Ferrera-Cerrato, F. Esparza-Garcia, N. Rinderkenecht-Seijas, H.M.
Poggi-Varaldo, Process Biochem 41(9):1951-60 (2006).

(A
)
3 \”V/

l CICY
‘ Mexican Hydrogen Society YU_CO'(_W Center for
Scientific Research 55

444
0‘0,000


http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235692%232000%23999259998%23188771%23FLA%23&_cdi=5692&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=6515ae687bc00888b95ce26324603ae9

9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

[25] American Public Health Association. Standard methods for examination of water and wastewater,
APHA-AWWA-WEF. 15th ed. Washington, DC: Ameri-can Public Health Association; 1981.

[26] Poggi-Varaldo HM, Oleszkiewicz JA. Environ Technol, 13:409-21(1992).

[27] Camacho-Pérez, B. Biorrestauracion de suelos agricolas contaminados con agroquimicos utilizando reactores de
suelos activados convencionales y electrobioquimico de nuevo tipo. Bioremediation of agricultural soils polluted
with lindane using slurry bioreactors and a novel bioelectrochemical reactor. Sc D Thesis, Interim Report.
CINVESTAY del IPN, México D.F., México (2012).

[28] A.L. Véazquez-Larios, O. Solorza-Feria, G. Vazquez-Huerta, E. Rios-Leal, N. Rinderknecht-Seijas, H.M. Poggi-
Varaldo, J] New Mat Electrochem Systems, 14, 099-105 (2011a).

[29] K. Sathish-Kumar, O. Solorza-Feria, R. Hernandez-Vera, G. Vazquez-Huerta, H.M. Poggi-Varaldo, ] New Mat
Electrochem Systems, 15 (3):195-201 (2012a).

[30] A. L.Vazquez —Larios, O. Solorza-Feria, G. Vazquez-Huerta, F. Esparza-Garcia, N. Rinderknecht-Seijas, H.M.
Poggi-Varaldo, Int ] Hydrogen Energ, 36:6199-6209 (201 1b).

[31] K. Sathish-Kumar, O. Solorza-Feria, G. Vazquez-Huerta, J.P. Luna-Arias, H.M. Poggi-Varaldo, J] New Mat
Electrochem Systems, 15 (3):181-186 (2012b).

[32]D. B. Ringelberg, K. L. Foley, C. M. Reynolds. Appl Microbiol Biotechnol, 90:1805-1815 (2011).

[33] N. Lu, S.G. Zhou, L. Zhuang, J.T. Zhang, J.R. Ni, Biochem Eng J 43:246 —251 (2009).

[34] Z. Yan, N. Song, H. Cai, J. H. Tay, H. Jiang, J Hazard Mater 199-200: 217— 225 (2012).

[35] B.C. Okeke, T. Siddique, M.C. Arbestain, W.T. Frankenberger, J. Agric. Food Chem, 50: 2548-2555 (2002).

[36] A.W. Boyle, M.M. Haggblom, L.Y. Young, FEMS Microbiology Ecol. 29:379-387 (1999).
[37] Commission for Environmental Cooperation.The North American Regional Action Plan (NARAP) on Lindane

and Other Hexachlorocyclohexane (HCH) Isomers. Draft for public comment dated 5 October 2005.

http://www.cec.org/pubs_docs/documents/index.cfm?varlan=english&ID=1821.

\\\\\\

l CICY
' Mexican Hydrogen Society YU_CO'(_W Center for
Scientific Research 5 6

4
O

4
Y

—


http://www.cec.org/pubs_docs/documents/index.cfm?varlan=english&ID=1821

9th International Symposium on New Materials and Nano-Materials for
Electrochemical Systems
XII International Congress of the Mexican Hydrogen Society
Merida, Mexico, 2012

Abbreviations and Acronyms

1,2,3-TCB  1,2,3-trichlorobenzene
1,3-DCB 1,3-dichlorobenzene
1,4-DCB 1,4-dichlorobenzene

Ave Average

BOD Biochemical oxygen demand

CB Chlorobenzene

COD Chemical oxygen demand

EBCR Electrobiochemical slurry reactor

Eescr Voltage

EIS Electrochemical impedance spectroscopy
GC-MS Gas chromatography coupled to mass spectrometry
HCH Hexachlorocyclohexane

Iepor Current intensity

Max Maximum

MEFC Microbial Fuel Cell

NOM Native organic matter

Paa Surface area power density

PEegcr Power delivered

Py Volumetric power

Rint Internal resistance

SB Slurry bioreactors

SMFC Soil microbial fuel cell technology

SR Sulphate reducing

Greek characters

O Removal efficiency
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