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Abstract

the enriched inoculum.

Azo dyes pollution has attracted a major environmental concern due to their color and toxicity. In this study, we
investigated a biocatalyzed electrolysis system (BES) with a bio-cathode seeding with enriched inoculum for the
decolorization of a model azo dye, alizarin yellow R (AYR). The bio-cathode was inoculated with AYR autotrophic
biodegrading consortium. Batch test results showed that the decolorization efficiency (DE) of AYR (100mg/L) reached
to 93.2% within 58 hours with 0.5V power supplied and NaHCO, (840 mg/L) as sole carbon source. Lower DEs of
83.5% and 70.7% were respectively observed in abiotic cathode BESs and bio-cathode BESs inoculated with mixed
sludge. The result indicated that the enriched inoculum had a significant effect on the cathode performance. The azo
bond cleavage of AYR resulted in the formation of p-phenylenediamine, p-nitraniline and 5-aminosalicylic acid. The
decolorization efficiency was further enhanced under the optimized condition of pH (5.2), power supplied (0.5V) and
initial AYR concentration (100mg/L), reaching up to 99.2 % within 48 hours with the bio-cathode BESs seeding with

Keywords: Biocatalyzed Electrolysis Systems (BESs); Decolorization;
Azo Dyes; Alizarin Yellow R (AYR); Bio-Cathode

Introduction

Azo dyes are widely used in textile, dyestuff, food and paper
industries. The wastewater containing of azo dyes is a serious threat
to environment and health because of its color and toxicity. Azo dyes
are characterized by containing one or more azo groups (-N=N-), with
most of them being xenobiotics and they would result in the decrease
of water transmittance, and lead to the destruction of water ecosystems
[1]. Dye wastewater is usually treated using physical and chemical
processes including of photo degradation [2-5], chemical oxidation [6,
7], membrane processes [8], coagulation and flocculation [9, 10] etc.
They have advantages in decolorization performance and removal rate.
However, they require significant quantities of chemicals and produce
notable amounts of sludge, requiring further handling and disposal.
The adsorbent used in these processes is difficult to be regenerated and
needs further treatment. These drawbacks have greatly limited their
scaling-up application. Electrochemical technique is also considered to
be a robust method for azo dyes wastewater treatment. But catalysts
are reported to be used in both anodes and cathodes, which resulted
in high over potentials at both electrodes and accordingly energy
consumption [11, 12]. Azo dyes are resistant to biodegradation under
aerobic conditions whereas anaerobic treatment is applied successfully.
Anaerobic biological process presents potential advantages in terms of
cheap and environmental compatibility but usually is very slow and
requires an electron donor to create the necessary reductive conditions
[13, 14].

Recently, based on the integration of a biological process and
electrochemical reduction/oxidation, a novel developed and promising
technology named biocatalyzed electrolysis systems (BESs) have
been studied extensively to reduce different pollutants [15] such as
nitrobenzene [16-18], reductive dehalogenation chloroethenes [19,
20], 2-chlorophenol [21] and iodinated X-ray contrast media [22],
decolorization of azo dyes [1, 23] with abiotic cathode, pure culture
or mixed microbial biocathode. In addition, BESs could also remove
pyridine [24], quinoline [25], indole [26], azo dyes [27], antibiotics
ceftriaxone sodium and penicillin [28, 29] and 1, 2-dichloroethane [30]

from wastewater in the anode chamber or air cathode single chamber
MEFC with simultaneous generation of electricity.

As reported, BESs have presented a great potential for azo
dyes decolorization. Some studies demonstrated the feasibility of
using various co-substrates (glucose, acetate sodium or ethanol) for
simultaneous decolorization of azo dyes congo red or active brilliant red
X-3B and bioelectricity generation in the proton exchange membrane
or microfiltration membrane air-cathode single-chamber MFC [23, 27]
and showed that the azo bonds and the naphthyl rings were destroyed
to form phenyl derivatives during the congo red biotransformation
in the MFC [27]. Abiotically cathodic decolorization of acid orange
7 was studied in dual-chamber BESs, where the process was driven
by microbial oxidation of acetate at the anode [1]. An efficient
decolorization of the real dye wastewater and bioelectricity generation
can be successfully achieved using a MFC with granular carbon
bioanode and biocathode [31]. Most studies utilized abiotic cathodes
or bio-cathodes inoculated with mixed activated sludge for azo dyes
decolorization. Few researches focused on the performance of bio-
cathode BESs seeding with enriched inoculums and the optimization
of BESs operation conditions.

This study aims to evaluate the applicability of a bio-cathode
biocatalyzed electrolysis system (BES)for the treatment of synthetic
azo dyes wastewater in the cathode chamber. This study focused on
the improvement of decolorization efficiency through a bio-cathode
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BES seeding with enriched inoculums and optimization of operation
conditions, as well as identification of the breakdown products.

Methods and Materials
Chemicals

AYR, p-nitraniline and p-phenylenediamine with purity of 98%
were obtained from Aladdin Chemistry Co. Ltd (Shanghai, China).
5-aminosalicylic acid with purity of 98.5% and the HPLC grade
methanol were obtained from J&K Scientific Co. Ltd (Shanghai, China)
and Sigma-Aldrich Co. Ltd (St. Louis, MO, U.S.A.), respectively.

Bio-electrochemical systems

The BESs reactor configuration was according to that elsewhere
[17]. The reactor was separated by a cation exchange membrane (CEM,
Ultrex CMI-700, Membrane International, U.S.) with the working
volume of each chamber of 78mL. Carbon brush with diameter 4.5 cm
and 4 cm long (TOHOTENAX Co. Ltd.) was used as anode, which had
been cultured in the electrode incubator (MFC mode). Carbon cloth
(5cm in diameter, E-TEK, U.S.) was used as the cathode. Titanium wire
(Imm in diameter, Baoji LiXing Titanium Group Co., Ltd., China) was
pressed onto the carbon cloth to provide good electrical contact and
highly conductance. The anode and cathode potentials were measured
using an Ag/AgCl reference electrode (+197mV vs SHE, Shanghai
Precision Scientific Instruments Co. Led.). Insulated copper wires were
used to connect the circuit with the external resistance of 10 Q and
power was supplied with a DC Power supply. The anode and cathode
as well as the reference electrode were connected to a data acquisition
unit (Keithley 2700, Keithley Co., Ltd., USA) to record the half-cell
voltages and current every ten minutes. The system was sealed carefully
to maintain anaerobic condition. All tests were performed at 25°C

Inoculation and operation

The anode was inoculated with the anaerobic sludge (wastewater
treatment plant in Harbin, China) mixed (v:v=50:50) with the nutrient
medium (acetate 0.5 g/L, KCI 0.13 g/L, NH4C1 0.31 g/L, 50 mM
PBS, trace element 0.5 ml/L and Wolf’s vitamin 0.5 ml/L, with pH
of 7.0.). The cathode was inoculated with enriched inoculums mixed
(v:v=50:50) with the same nutrient medium as that in the anode but not
containing acetate. AYR was continuously added as electron acceptor
and NaHCO, as electron donor. The enriched AYR autotrophic
biodegrading consortium used for cathode inoculation was cultured
using serum bottles. 10mL activated sludge obtained from wastewater
treatment plant and 100mL nutrient medium containing 50 mg/L
AYR, 840 mg/L NaHCO, and 20mL H, were filled into 3 serum bottles
and incubated for 7 days at 30°C. H, was spared into the three bottles
every 12 hours to prevent oxygen entering the anaerobic bottles. The
culture with the highest decolorization efficiency (DE) was transferred
to the same medium five times before inoculation.

During the startup period, the enriched bio-cathode BESs operated
with 0.5V voltage supplied and a high-precision resistor (10 Q) in
series with it for current measurement. 20 mL of AYR biodegrading
enrichment was centrifuged, and the pellet was mixed with the catholyte
and added to the cathode chamber in the initial five cycles. Then the
cathodic solution was only replaced by filter-sterilized catholyte (0.22
um). All of the solution replacements were performed in an anaerobic
glovebox. To avoid acetate depletion in the anode chamber, anolyte was
refreshed every time when the catholyte was renewed. After operating
four weeks, the closed circuit anode and cathode potentials respectively
reached to -450 mV and -930 mV vs Ag/AgCl, indicating the successful

startup of BESs. Several parallel control batch experiments were
performed under identical conditions: (I) open circuit abiotic cathode
BESs (abio-cathode BESs-open); (II) open circuit bio-cathode BESs
inoculated with enriched consortium (bio-cathode BESs-open);
(ITI) closed circuit abiotic cathode BESs (abio-cathode BESs-closed);
(IV) closed circuit bio-cathode BESs inoculated directly with mixed
activated sludge (bio-cathode BESs-mixed sludge).

To investigate the optimum operation conditions, experiments
with variable applied voltages (0.7, 0.5, and 0.3 V), initial AYR
concentrations (50, 100, 200, and 300 mg/L) and initial pH values (5.2,
7.0, and 9.0) were conducted. The pH was adjusted with 0.1 mM HCI
and 0.1 mM NaOH. Only those results obtained under steady state
conditions are reported in this paper.

Analytics and calculations

Chemical analyses and calculations: Samples taken from the
cathode chambers of the BESs were immediately filtered through a
0.22 um filter. The concentration of AYR was measured using a UV/
visible spectrophotometer (Shimadzu UV2550, Japan) at 372 nm. The
concentrations of products (p-phenylenediamine, p-nitranilineand
5-aminosalicylic acid) were measured by a high performance liquid
chromatography (HPLC, model e2695, Waters Co., U.S.) equipped with
a Water Symmetry C18 column (5 pum; 5x150 mm, Waters Co.) at 35°C
and a UV/visible detector (model-2489 Waters, US) for measurement
at 288nm and 368nm with mobile phase methanol/H,0 (containing
0.03% acetic acid) (8:2) at a flow rate of 1.0 mL/min. The retention time
of p-phenylenediamine, 5-aminosalicylic acid and p-nitraniline were
2.101min, 3.021min and 6.436 min, respectively.

The AYR DE was calculated as follow:

C, -C

DE = in—AYR of —AYR %x100% (1)
in—AYR

Where C,_ ,,, is the influent AYR concentration, mg/L, C, . is the

effluent AYR concentration, mg/L.
The products formation efficiency (E,) was calculated as follow:
£ - C,/'M,
P
(Corave = Coparg) 1 287.23

1

«100% )

Where C_is the concentration of product, mg/L; Mp is the molar mass
of product, mg/mmol; 287.23 is the molar mass of AYR, mg/mmol.

Electrochemical Impedance Spectroscopy (EIS):  EIS
measurements were carried for the cathodes in a frequency range of
10° Hz to 0.01 Hz with an AC signal of 10 mV amplitude using an
electrochemical workstation (model-660D, CH Instruments Inc. U.S.)
equipped with three-electrode system. Cathode impedance spectra
were recorded using the cathode as the working electrode, the anode
as the counter electrode and the Ag/AgCl reference electrode in the
cathode chamber as the reference electrode. The Nyquist plots obtained
from the EIS experiments were fitted with ZSIMPWIN software to
obtain the polarization resistances.

Scanning Electron Microscopy (SEM): SEM was used to capture
images of the carbon cloth surface at different BESs reactors (bio-
cathode BESs-enriched inoculum, bio-cathode BESs-mixed sludge,
abiotic cathode BESs) to compare the microorganisms’ growth on
different cathodes. The electrodes were imaged by SEM (e-LiNE, Raith
GmbH, Dortmund, Germany) at 5.0 kV.
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Results and Discussion

AYR Decolorization in the Bio-Cathode BESs Seeding with
Enriched Inoculum

During startup period, the order of AYR DEs within 58 hours was
as follow: bio-cathode BESs-enriched inoculum (79.07 %) > abiotic-
cathode BESs (68.68 %) > bio-cathode BESs-mixed sludge (45.12 %)
> bio-cathode BESs-open (20.12 %) > abiotic-cathode BESs-open (3.6
%) (FigurelA). In the bio-cathode BESs-enriched inoculum, the AYR
DE was significantly enhanced and the startup time was shortened,
demonstrating that the enriched autotrophic bacteria could adapt
to the BESs circumstance more quickly than that in mixed activated
sludge. About 20% and 3.6% AYR could be removed in the open circuit
bio-cathode BESs and open circuit abiotic-cathode BESs, respectively.
The AYR removal may be attributed to the adsorption in the cathode
as few products were detected out in the samples taken from the open
circuit reactors by HPLC. During the stable period, the AYR DE of bio-
cathode BESs-enriched inoculum reached to 93.2% within 58 hours,
which was higher than that of bio-cathode BESs-mixed sludge (83.07
%) and abiotic-cathode BESs (70.68 %) (FigurelB), indicating the
performance of bio-cathode BESs was improved compared with that of
abiotic-cathode BESs because of the existence of bacteria. The microbial
consortium might involve in bio-electrochemical reduction of AYR
and take a role on the electron transfer from the cathode to AYR. The
enriched autotrophic bio-cathode BESs achieved an even higher AYR
DE as the bacteria at the cathodes were directionally cultured and in
favor of AYR reduction and accelerated the electron transfer.

Determination of Microbial Function of the Bio-Cathode

SEM was used to view the microorganisms on the carbon cloth
cathodes of bio-cathode BESs-enriched inoculum, bio-cathode BESs-
mixed sludge and abiotic-cathode BESs. At the same magnification,
there covered with many bacilliform bacteria on the carbon cloth of
bio-cathode BESs-enriched inoculum (Figure 2A) and bio-cathode
BESs-mixed sludge (Figure 2B), while the carbon cloth of abiotic-
cathode (Figure 2C) was smooth and with no microorganisms
attachment. The two kinds of bio-cathodes showed various biofilm
morphologies. The bacteria on the bio-cathode-enriched inoculum
formed tight microcolony structure, while that on the bio-cathode-
mixed sludge had a looser biofilm structure. The tight micricolony on
the bio-cathode-enriched inoculum might take an important role in

the electron transfer from the electrode to AYR to decrease the internal
resistance and increase the reaction rate.

Further evidence to support that the enriched inoculums had an
effect on internal resistance was gained from the cathode EIS analysis.
According to the impedances spectra of two kinds of bio-cathodes,
the cathode polarization resistance of bio-cathode BESs-enriched
inoculum was 72.7 ) and that of bio-cathode BESs-mixed sludge was
76.5 Q (Figure 3). They were both much lower than that of abiotic
cathode (744 Q). The polarization resistance of bio-cathode seeding
with enriched inoculum, that is inversely proportional to the ease of
electron transfer, was about ten-order of magnitude lower than that of
abiotic cathode and a little smaller than that of bio-cathode inoculated
with mixed activated sludge. This clearly proved that the enriched
AYR decolorization microorganisms significantly reduced the internal
resistance and enhanced the kinetics of the electron transfer reactions.
It suggested that the enriched microorganisms attached onto the
cathode were able to engage in extracellular electron transfer processes
with the polarized electrode serving as the electron donor and AYR as
electron acceptor.

AYR reduction in the cathode chamber

The samples taken from the cathode at different hours were detected
by UV/visible spectrophotometer. There were two characteristic
absorbance peaks at 372 and 265 nm. The latter one that was gradually
decreased with the time was the characteristic absorption peak of
AYR. Simultaneously, the former peak at 265 nm gradually increased,
indicating the products formation with the azo bond cleavage of AYR.
The samples taken from the biocathode-BES-enriched inoculum
after 58 hours were detected by HPLC and the products of AYR
decolorization were further identified (Figure 4). The main peaks in the
effluent with retention time of 2.101, 3.021 and 6.436 min match exactly
the retention time of p-phenylenediamine, 5-aminosalicylic acid and
p-nitraniline, respectively, indicating that these three compounds
were the dominant products of AYR decolorization. At the anode,
acetate was oxidized by electrochemically active microorganisms to
produce protons and electrons, which were transferred to the cathode.
At the cathode, the azo bond of AYR was broken combined with
proton and electron, resulting in the formation of colorless product
of 5-aminosalicylic acid and p-nitraniline. P-nitraniline was further
reduced into p-phenylenediamine. However, according to the results

—m— Biocathode-BESs-enriched inoculum —O— Biocathode-BESs-mixed sludge

DE /%

—— Abiocathode-BESs —A— Biocathode-BESs-open
—— Abiocathode-BESs -open
100 100
A B

0 10 20 30 40 50 60
Time/h

Figure 1: The DE of AYR in different BESs at startup period and stable period.
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Figure 2: SEM images of (A) bio-cathode-enriched and (B) bio-cathode-mixed
sludge and (C) abiotic cathode (with the same cathode electrode of carbon
cloth).

shown, p-nitroaniline and 5-aminosalicylic acid were not suitable for
evaluating the reduction of AYR due to their unstable behavior in the
environment. Therefore, the relatively stable p-phenylenediamine
could be used as the quantitative evaluation.

Optimization of operation conditions

Applied voltage: This study examined the effect of different
applied voltages (0.3, 0.5 and 0.7 V) on AYR DE in the enriched bio-
cathode BESs with initial AYR concentration of 100 mg/L and pH of
7.0. As shown in Figure 5A, AYR DE was significantly enhanced with
the applied voltage increased from 0.3 to 0.7 V. The AYR DE increased
from 78.2 % to 98.1 % within 48 hours. Correspondingly, the current
densities increased from 2.14 to 3.16 A/m? (data not shown). These
results clearly indicated that the applied voltage at the BESs had an
important effect on the azo dye DE and current density. With a relatively
stable anode potential, a larger applied voltage led to a more negative
cathode potential, indicating a more reduced environment for electron
transfer from cathode electrode to azo bond for AYR decolorization.
This also led to the increase of reaction speed, which contributed to the
increase of current as well as current density. However, higher applied
voltage will result in more energy consumption and higher cost. In this
system, 0.5 V was enough to ensure the efficient AYR decolorization
and stable anode and cathode potentials.

5000
O Biocathode BESs-enriched inoculum A
O Biocathode BESs-mixed sludge
4000 A\ Abiotic cathode BESs N
A
3000
g
L
2 2000 a
- B AN
N . A
1000+ &
(1] 8

400 0 100 200 300 400 500 600 700 800
Z | ohm

Figure 3: Nyquist plots corresponding to the impedance spectra of cathodes
of bio-cathode BESs-enriched, bio-cathode BESs-mixed sludge and abiotic
cathode BESs.
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Figure 4: HPLC chromatogram of AYR decolorization products.
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Figure 5: Effect of applied voltage (A), initial AYR concentration (B), and pH
(C) on the DE of AYR in BESs

Initial AYR concentration: Figure 5B showed the AYR DE in
BESs with different initial AYR concentrations of 50, 100, 200, and 300
mg/L at the applied voltage of 0.7 V and pH of 7.0. The DE at the initial
AYR concentrations of 50 and 100 mg/L reached up to 98 % within
48 hours, while it was decreased to 71 % and 69 % when the influent
AYR concentration increased to 200 and 300 mg/L, respectively.
Correspondingly, the AYR removal rate was 25.5, 37.0 and 53.9 g/m*.d
with the initial AYR concentration of 100, 200 and 300 mg/L. It can be
noted that the AYR removal rate increased slowly and did not change
proportionally to the increase of influent AYR concentration when
the initial AYR concentration was higher than 100 mg/L. The reason
for this may be due to the anode and cathode reactions. Firstly, higher
initial AYR concentration might make some inhibition to the activity
of cathodic microorganisms because of its toxicity, which resulted
in the slower reaction speed on the cathode. In addition, the AYR
reduction in the cathode was driven by the anode oxidation reaction.
The capability of electrons supply in the anode was constant, which
made a limitation of cathode reaction speed. Thus, the AYR removal
rate can not proportionally increase with the increase of initial AYR
concentration. The proper initial AYR concentration should be lower
than 100 mg/L to ensure a high DE achieved in this system.

pH: The synthetic AYR wastewater in the cathode was respectively
adjusted to 5.2, 7.0 and 9.0 to investigate the effect of pH on
the performance of the enriched bio-cathode BESs. At the AYR
concentration of 100 mg/L and the applied voltage of 0.7 V, with the
increase of pH from 5.2 to 9.0, the AYR DE was decreased from 99.32
% to 56.3 % within 54 hours (Figure 5C). The result indicated that it
was very important to avoid pH increased in the cathode chamber
in order to maintain the high microbial activity and AYR DE. As
is known, the presence of membrane between anode and cathode
chamber would limit the proton transmission rate. Protons and
electrons were consumed in an equal ratio in the cathode reaction,
thus proton was the limited factor for decolorization if electron was
adequate at the applied voltage. Hence, the AYR DE increased with pH
decreased at the cathode. The pH would increase due to the production
of p-phenylenediamine in BESs, which would restrain the microbial
survival and enzymatic activity and then affect the azo dyes wastewater
treatment. In our system, 50 mM PBS was contained for pH control
as well as HCl and NaOH were used for pH adjustment. The pH did
not change a lot during different operation periods. The AYR DE was
improved at the pH of 5.2 indicating that the protons was enough for
AYR decolorizaion with the initial AYR concentration of 100 mg/L and
the microorganism growth did not be inhibited.

Optimum of the operation conditions: Collectively, the optimum
operation conditions were investigated in the enriched bio-cathode
BESs with the initial AYR concentration of 100 mg/L at the pH 5.2 and
applied voltage of 0.5 V. As shown in Figure5, the whole performance
of enriched bio-cathode BESs was greatly improved with AYR DE
reached up to 99.23 % at 48 hours, which was higher than the results
in the above sections. The formation efficiency of p-phenylenediamine
reached to 97.82 %, indicating that AYR was efficiently reduced without
byproducts accumulation. In addition, the anode and cathode potentials
were stable at -378 and -857 mV vs Ag/AgCl, which were suitable for
anodic microbial growth and cathodic reduction, respectively.

Conclusion

In this study, the bio-cathode BESs seeding with enriched inoculum
were constructed and used for AYR decolorization. The performance of
the bio-cathode BESs-enriched inoculum was further improved under
the optimum operation conditions (with the initial AYR concentration
of 100 mg/L at the pH 5.2 and applied voltage of 0.5 V). The AYR

100} 4100
80 R
80} 180 -
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° 60} 160 3
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w (9]
o 40t 4140 5
—&— Bio-cathode BESs-optimized DE -]
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ok 40
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Figure 6: The AYR (DE) and p-phenylenediamine formation efficiency (FE)
in the bio-cathode BESs-enriched at the optimum operation conditions.
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DE was as high as 99.23% companied with the products formation
efficiency of 97.82%. Compared with bio-cathode inoculated directly
with mixed sludge and abiotic cathode BESs, the enriched autotrophic
bio-cathode took a significant role in AYR decolorization in BESs.
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