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Abstract
The present study evaluated effect of conductive microbial cellulose (MC) biocathode as a carbohyrate
biopolymer in hexavalent chromium bio-electroreduction using immobilized sulfate reducing bacteria
(SRB). The morphology studies using SEM shows that the bio�lm of SRB was formed a good density on
the conductive microbial cellulose biocathode. The Brunauer, Emmett and Teller (BET) analysis revealed
that the particle-size distribution in the conductive biocathode was 0.9 nm. The kinetic studies shows that
the Cr (VI) removal process fallow of pseudo-�rst-order kinetics with a constant rate was 0.6 h− 1. The
energy consumption of the bio-electroreduction system was 2.7×10− 2 kWh/m3. The EDXA spectrum of
sediments showed the presence of chromium peak, indicating that Cr (VI) was reduced on the bio-
resuction system. The obtained results indicate that proposed bio-electroreduction system using
immobilized sulfate reducing bacteria on the conductive microbial cellulose biocathode could be an
e�cient method for chromium bio-reduction from wastewaters.

Introduction
The microbial cellulose (MC) as a carbohyrate biopolymer composite presentes various prporties such as,
high tensile strength, low weight, superabsorption, water holding capacity and high ratio of the surface to
the volume [1, 2]. The MC is not conductive and it could not utilized in the bioelectrochemical process as
the electrodes. Various methods have been presented for incerasing of the electrical conductivity of
polymers and the MC [3]. Polyaniline is a polymer with high environmental stability, high electrical
conductivity, easy process, and very cost-effective. But its application is limited due to its relatively low
mechanical strength [4]. On the other hand, industrialization and human activities produce large
quantities of industrial wastewater containing heavy metals such as Cr (VI). The Cr (VI) is highly mobile
in the environment and has carcinogenic and harmful properties for living tissues. Cleaning up the
contaminated areas with chromium is one of the priorities of the authorities in the all worlds [5, 6].
Various technologies have been proposed for chromium removal from wastewater sources. Energy
consumption, using chemicals and hazard waste are the major problems in different physical and
chemical utilized technologies [7]. Despite abundant advantages, the biological treatment methods
including aerobic and anaerobic approaches have shortcomings in the removal of different
contaminants. These processes are very slow, especially in high concentrations of heavy metals, and
require a very long time. Adaptation and start-up period of these systems are usually long and thus
expensive [8]. The degree of bioreduction is strongly dependent on the type of the wastewater and their
environmental conditions. The chromium bioreduction e�ciency is often incomplete in the environmental
conditions and some amounts of chromium always remain in the wastewater [8, 9]. Microbial
electrochemical system (MES) is an attractive technology in wastewater treatment that uses pure or
mixed microorganisms as attached bio�lm on the electrodes [10]. In the systems, oxidation and reduction
reactions are catalyzed by bio�lms-electrodes interaction. MES is a �exible technology used in
wastewater treatment, trace element removal, energy producing. The microbial bio�lm electric stimulation
can improve the pollutant removal because of microbial metabolism enhancing [11]. In this way, the bio-
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electrochemical processes have received a lot of attention from researchers in reduction and removal of
heavy metals and energy of the system [12, 13]. In the MES, the micro-organisms are used to catalyze the
oxidation-reduction reaction on the surface of an electrodes. Using bio-cathodes in heavy metals removal
is a fascinating subject for research. The growth of microorganisms on the cathode for accepting
electrons as a biocatalyst have received much attention [14]. This reduces the need to use reduction
catalysts and shortens the start-up period of bio electrochemical systems. Also, Bioelectrical reactors
(BER) are an effective way to stimulate microbial metabolism [10]. The positive impact of electric current
to remove contaminants such as nitrates have been studied at 0-100 mA currents [15]. The sulfate-
reducing bacteria (SRB) are anaerobic bacteria with a low growth rate (1.9*10− 9 d− 1) which have many
applications in bioelectrochemistry and environmental biotechnology [16]. Some of the important
applications of these bacteria are in the biological reduction process of heavy metals. This process
consists of two stages. In the �rst stage, SRB oxidize simple organic compounds under anaerobic
conditions and produce sul�de and bicarbonate ions (Eq. 1). In the second stage, the hydrogen sul�de
reacts with dissolved metals to form insoluble deposits of sul�de (Eq. 2).

1

2

SRB can indirectly reduce Cr (VI) ions through the production of H2S (Eq. 3).

This method not only can remove heavy metals from wastewater, but also can recover precious metals
from sul�de deposits. Reported studies indicate the positive impact of an electric current on the quicker
removal of sulfate from crude oil by SRB [17]. The present study investigated the effect of the electric
current on the removal of Cr (VI) in high concentrations using SRB in a bioelectrochemical process by
immobilization of bacteria on polyaniconductive MC carbohyrate biopolymer. To the best of our
knowledge and based on the literature, there is no previous report on the bioelectro-stimulation
immobilized sulfate reducing bacteria on MC/polyaniline biocathode for chromium removal. Hence, the
objective of present study was to investigate a bio-reduction system for chromium removal using the
bioelectrochemical system. It is expected that experimental results could be used as a reference for the
heavy metal removal in bioelectrochemical systems for wastewater treatment..

Materials And Methods
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All materials used in this study were of the pure grade. The stock solution of Cr (VI) was prepared from a
solution of potassium dichromate in distilled water. The preparation and properties of the polyaniline-
cellulose biopolymer are expressed in another study [18]. SEM studies were taken by an SEM-EDX device
with VEGA software. Surface area and particle-size distribution were measured using Micrometrics
Instrument Corporation and BET adsorption models and the results were analyzed with TriStar II 3020
Version 3.02. The Cr (VI) reduction experiment was carried out in a glass bioreactor with an effective
volume of 2 liters. In this study, cellulose polyaniline was used as a biocathode. It was placed in a frame
of stainless steel mesh to have the intended shape and to distribute the current uniformly across the
biocathode. DC power supply (Sanjesh, Iran) was used to supply the electrical energy. The reactor was
�lled with Postgate's B medium, micronutrients and enriched SRB microorganisms. During the start-up
period, the bioreactor was operated in batch mode with a 1 mA current. The pH of the culture medium
was 5 and the experiments were performed at lab temperature of 27±2 °C. The adaptation of the
bioreactor with the pollutant was performed at the concentrations of 10-50 mg/L. Samples was passed
through 0.45 �lter paper to remove turbidity. The effect of the currents densities of 3, 5, 7 and 10
mA/m2 and Cr (VI) concentration (120-200 mg/L) on removal e�ciency were investigated. The
concentration of dissolved Cr (VI) was measured using spectrophotometer UV-VIS9200 based on the
standard method at a wavelength of 540 nm. The ICP was analyzed using ICPS-7000 ver.2 instrument to
determine the total concentration of chromium in bioreactor’s wastewater and sludge. In this way, 0.5 g of
the bioreactor’s sediment was weighed and digested in a mixture of hydrochloric acid and nitric acid. Cr
(VI) removal e�ciency was calculated through the formula . 

 Kinetics of Cr (VI) removal was calculated using the following formula ln C0 /Ce = Kobs× t, where, Kobs is

rate constant of the pseudo-�rst order (h-1), t is time (h), and C0 and Ce are concentrations in mg/L.

Results & Discussion

Chromium removal in the bioelectrochemical system
Complete removal of Cr (VI) with 10–50 mg/L concentrations occurred within an hour in the pH 5 and
induced current 1mA. Previous adaptation of the bacteria with the pollutant and electric current
application might have led to the high e�ciency. Increasing the concentration of chromium to 200 mg/L
resulted in increased time required to reach the previous e�ciency. The time required to achieve removal
of the 120, 150, 180, and 200 mg/L concentrations of Cr (VI) were obtained 9, 12, 18 and 24 hours,
respectively. The continued operation of the system at a concentration of 200 mg/L led to the reduction
of e�ciency to 83% (Fig. 1). Chromium is a highly toxic pollutant that reduces microbial activity at
concentrations above 50 mg/L [19–21]. The obtained results showed that the biological control system
could not reduce the chromium concentration of 200 mg/L. The electrochemical control system had little
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effect on the removal of Cr (VI). Studies have indicated that the removal of Cr (VI) in biological systems
requires a very long time. Marques et al. investigated the removal of chromium and lead (80 and 200
ppm) with SRB and reached an e�ciency of 90% in chromium removal and 65% in lead removal after 180
hours. Verma et al. investigated the removal of 50 mg/ L Cr (VI), sulfate, and COD in SRB environment
with a retention time of 7 days, pH of 7, at 37°C and achieved 76%, 77% and 87% removal of chromium,
sulfate, and COD, respectively [22]. The obtained results shows that the biological adaptation time was
lower than the other simmilar biological process. That might be due to the effects of appropriate
electrical stimulation in the bioelectrochemical system containing SRB. Chun et al. studied the
decomposition of PCBs in sediments and reported the best PCB removal e�ciency by SRB at a voltage of
1.5 v [23]. The mass transfer, one of the main factors that affect the performance of biological processes,
is affected by electrical stimulations. Electrical �eld increases permeability and bacterial membrane
conductivity. The reduction of chromate can be monitored by the disappearance of its distinctive yellow
color. Under optimal conditions (pH 7, induced current 6 mA, and Cr (VI) concentration of 200 mg/L) the
yellow color of chromium disappeared within 6 hours. No chromium was detected in the e�uent, sludge,
and bio�lm. These deposits can be Cr (OH) 3 formed because of the reduction of chromate with sul�de
ions from the reduction of sulfate ions under anaerobic conditions. The simmilar results was reported by
other resechers [24]. Chromium mass balance in the bioreduction system showed that most of the Cr (VI)
was deposited at the bottom of the bioreactor. Based of the mass balance calculations, total Cr (VI) in
bio�lms was 8.5% (Table 1).

Table 1
Mass balance of Cr (VI) in the bioreduction

system during 24 hour
Type of

Chromium

Source

Cr (VI) (mg/L) % Cr(VI)

Supernatant 3 ± 0.5 1.5 ± 0.5

Sediment 180 ± 5 90 ± 5

Bio�lm 17 ± 1 8.5 ± 1

Oxidation-reduction potential, pH and bio�lm formation
studies
The pH and oxidation-reduction potential obtained results of the bioreactor adaptation with the pollutant
using 1 mA electric current during 10 days showed that pH increased from 4.9 to 7.5–7.6. At the same
time, the oxidation-reduction potential (ORP) reduced to -340 mV. Incrasing of iron sul�de in the system
increased pH, reduced ORP and dispread of hydrogen sul�de odor in the bioelectrochemical system [25].
The biocathode morphology was studied before and after the formation of the bio�lm using SEM.
Figure 2a shows that the biocathode has a porous structure that can provide the necessary sites for
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bacterial attachment. The Fig. 2b shows the good density of SRB on the biocathode. It shows the
presence of bacterial cells and sediments formed on the MC/polyaniline �lm. The bacteria formed a
considerable amount of bio�lm and were in a position attached to the �lm. Uniform distribution and no
changes in the basic shape of SRB are also clearly visible. EDX spectrum con�rmed the presence of peak
chromium sediments, indicating that the sediment contains an insoluble form of chromium (Fig. 3). The
BJH analysis revealed that the particle-size distribution in the biocathode was 0.9 nm. Generally, typical
size of the bacteria is less than 5 µm, therefore the bacteria were attached on the biocathode surface and
reduce the Cr (VI). The electric �eld can strengthen the Cr (VI) removal conditions and thus provide the
conditions for bioreduction of SRB. The electric current intensi�ed the formation of extracellular polymers
and accelerated the bacterial cell growth on the surface of the cathode. Metal deposits were clearly
visible in some parts of the bio�lm. Using appropriate surfaces as biocathodes is essential for the
removal of pollutants. Appropriate surfaces, such as MC/polyaniline with such characteristics as good
electrical resistance and mechanical strength, non-toxicity for microorganisms, are essential for the
enhancement of electrocatalytic activities of SRB in the removal of heavy metals. Liu et al. reported that
electric current in the bio�lms has a positive impact on the growth and survival of microorganisms and
the applied voltage must be appropriate for the growth of microorganisms [26].

The effect of induced current on the removal of Cr (VI)
The effect of induced current studies of the Cr (VI) removal shows that the highest removal e�ciency was
obtained in the induced current of 6 mA. The bioreactor reached to complete Cr (VI) bioreduction during 9
hours. The voltage was always about 1-1.2 V. These results suggest that appropriate electro-stimulation
has positive effects on the bacteria activity. Various studies have shown that the induced current increase
in certain limits can contribute to increasing the activity of bacteria and contaminant removal e�ciency.
She et al. showed that the direct currents up to 10 mA had a signi�cant increase in bacterial density but
higher currents result in the formation of O3 and  OH radicals which disrupt the bacteria [27]. It was
reported that, applying an electric current to a system containing Thiobacillus ferroxidase bacteria
increased the growth 10 times more than the conditions without an electric current [28]. The present study
also revealed that the proper amount of 6 mA electric current can reduce the time required for removal of
Cr (VI). Kinetics of chromium removal were calculated in different current densities (R2 = 0.9). The results
showed the conformity of chromium removal rate with pseudo-�rst order kinetics. At the current of 6 mA,
rate constant was 0.62 h− 1,which was more than 0.22h− 1 and 0.08h− 1 at the densities of 30mA/m2 and
10 mA/m2 (Fig. 4). Liu et al. investigated the effects of electrostimulation on nitrate removal and reported
a rate constant of 0.31 d− 1 at a density of 200 mA/m2 [26]. Moreover, Aksu et al., 2010 was reported a
rate constant of 0.08 h− 1 for decolorization in BER system at 2.5 V [19].

Energy calculations
BER is economic and energy saving because it can enable the degradation of pollutants in low current
with low energy consumption. The amount of energy used to remove Cr (VI) in the bioelectrochemical
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system was calculated using Eq. 4.

4

E is cell voltage in volts, I is current in amperes, t is time in seconds, and Vs is the volume of the solution
in cubic meters. Energy consumption was calculated as 2.7×10− 2 kWhm− 3. The amount is equal to 0.008
kWhmole− 1 Cr (VI) (voltage 1 V).

The Cr (VI)-reducing bacteria receive electrons from the poised cathode and catalyze the reduction of Cr
(VI) to Cr (III). Mu was reported in a Acid Orange 7 decolorization using a MEC two-chamber reactor, the
amount of energy consumption was 0.05 − 0.008 pollutant at a voltage of 4.0 V (Mu et al., 2009).

Conclusions
The present study examined the effect of electric current on the removal of high concentrations of
chromium in an electric bioreactor containing SRB. The maximum removal e�ciency was obtained at a
current of 6 mA (current density of 60 mA/m2). At this current density, the bioreactor was able to reach
100% removal of chromium (200ppm) in 9 hours. The results showed the conformity of chromium
removal rate with pseudo-�rst order kinetics. At a current of 6 mA, a constant rate was 0.6 h− 1 which was
more than 0.2h− 1 and 0.08h− 1 at the currents of 3mA and 1 mA, respectively. Energy consumption was
calculated as 2.7×10− 2 kWhm− 3 that is equal to 0.008kWhmole− 1 Cr (VI). The SEM images showed that
the bio�lm has formed a good density of SRB on the polyaniline-cellulose cathode. The BJH analysis
revealed that the particle-size distribution in the biocathode was 0.9 nm and since the typical size of the
bacteria was less than 5 µm, the bacteria were seated on the biocathode surface and absorbed organic
and inorganic materials to form the necessary colonies. The EDX spectrum of system sediments showed
the presence of chromium peak indicating that the sediment contained insoluble chromium.
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Figure 1

Cr (VI) removal e�ciency in bioelectrical system (pH 5, 6 mA Induced current, Continous operation)
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Figure 2

(a) MC/ polyaniline ;( b) MC/ polyaniline with immobilized SRB

Figure 3

EDXA spectra obtained from the insoluble precipitate formed in bioreduction system.
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Figure 4

The effect of induced current density on Cr (VI) removal (Cr (VI) concentration 200 mg/l, pH 5, Time 12h)
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