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Abstract: A novel self-powered system was constructed to in situ remove nitrate and Cr(VI) from
synthetic groundwater and achieve river sediment remediation simultaneously. The sediment organic
matter in an anodic chamber was used as a carbon source to provide self-powered energy to reduce
the cathode’s contaminants. With the acceptance of protons and electrons, nitrate and Cr(VI) were
transformed into nitrite and Cr(Ill), respectively. In a 72 h test with both nitrate and Cr(VI) present,
nitrate was removed at a rate of 70.96 mg/m3-h and Cr(VI) at a rate of 8.95 mg/m3-h. When a
phosphate buffer was used in the test, their removal rates were changed to 140.83 mg/m?-h and
8.33 mg/m?3-h, respectively. The results showed that the self-powered system could achieve the
simultaneous reduction of nitrate and Cr(VI), although the presence of Cr(VI) hindered nitrate
reduction. This system could realize simultaneous in situ groundwater and sediment remediation,
with no need for additional energy or materials.

Keywords: self-powered system; groundwater remediation; denitrification; Cr(VI) removal; cyclic
voltammetry (CV)

1. Introduction

Groundwater is an important water resource, utilized as drinking water and irrigation water in
many countries. Because of the importance of groundwater, its quality has received much research
attention [1,2]. Nitrate and chrome are known as significant contaminants in the environment
because of their tendency to occur in forms (e.g., Cr(VI)) and derivatives which are harmful to
people and animals [3-5]. Large increases in the overuse of nitrogen fertilizers and the discharge
of wastewaters [6,7] have led to nitrate contamination. Research has shown that fly ash disposal,
leather industries, mining industries, and natural contamination have caused chrome accumulation
in the environment [8-10]. In China, many rivers receive water contaminated with heavy metals, as
well as domestic wastewater discharge. Although these contaminants have not been discharged into
groundwater directly, they can permeate into groundwater due to their strong mobility. Many studies
have shown that nitrate and chrome concentrations in groundwater are higher than the ambient
levels [3,11]. Several methods have been used for the simultaneous removal of nitrate and hexavalent
chromium from groundwater and soils, including biofilm reactors [12], membrane reactors [13],
phytoremediation [14], three-dimensional electrocatalytic reactors [15] and bio-electrochemical
systems [16]. These methods require the input of additional energy or substances. The treatment of
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nitrate and Cr(VI) coexisting in groundwater using 3-dimensional bio-electrochemical systems (BES)
has been achieved, but it still needs applied potentials [16].

Aquatic sediment acts as a repository for multiple pollutants in rivers and lakes, and as a
significant source of internal pollutants. Pollutants include organic matter, metal contaminants,
and inorganic salts [17-19]. Organic substances play an important role in the deterioration of water
quality because when it catabolized, the dissolved oxygen in water consumed, thus results in an anoxic
or anaerobic condition of water. Conditions, such as water disturbances and temperature/pH changes
can lead to contaminants being released from the sediments [20].

Many strategies have been proposed for the remediation of sediments. Although ex situ
remediation methods, such as dredging and dry excavation can control the release of pollutants, these
methods are harmful to the water environment and are also a waste of resources [19,21]. Since there are
large quantities of organic matter in the sediments [22,23], with the use of sediment as a carbon source
in sediment microbial fuel cells systems (sMFC) [24,25], the organic matter can be used as a carbon
source, as well as an energy source for microorganisms to reduce other contaminants. To our best
knowledge, the research of simultaneous treatment of contaminated groundwater and the remediation
of sediment achieved without inputting additional energy and materials, has not been reported yet.

In this study, a self-powered system was constructed for the in situ removal of nitrate and
Cr(VI) from synthetic groundwater, and the remediation of sediment simultaneously. Using Ti wire
and proton exchanger, for the connection of river sediment rich in organic matter and the nearby
nitrate and Cr(VI) contaminated groundwater for their simultaneous remediation. The system was
half biotic: the aquatic sediment on the anode side contained electro-active organisms, whilst the
cathode side was abiotic. The aquatic sediment was used as an energy source to remediate nitrate
and Cr(VI) contaminated groundwater. The system was economical because: (1) An easily created
salt bridge was used; and (2) there was no need for additional carbon sources or applied potentials.
Salt-bridge separation microbial fuel cell (MFC) have a low oxygen permeability that can ensure a
longer electricity production duration than proton exchange membrane (PEM) separation MFC [26].
Our investigation, provides new insights regarding the simultaneous in situ treatment of groundwater
and sediment remediation.

2. Materials and Methods

2.1. Groundwater and Sediment

*  Synthetic groundwater

To replicate groundwater, nitrate with a concentration of 50 mg/L and Cr(VI) with a concentration
of 2.5 mg/L (prepared using sodium nitrate (NaNOj3) and potassium dichromate (K,Cr,O7)) were
added to deionized water. To ensure the conductivity of the synthetic groundwater, sodium sulfate
(NapSOy4) was added with a concentration of 0.5 g/L.

e Sediment

The sediment sample (62.33 g organic matter/kg dry sediment) was collected from ChaoBai River
(northeast of Beijing) at the depth of 5-10 cm below the sediment surface, and the overlying water
was odorous and black. It was placed into a self-sealing bag and transported to the laboratory at 4 °C.
After the removal of plant debris, it was stirred with steel shovel for homogeneity, and then added to
reactors respectively.

2.2. Self-Powered System Construction

A salt bridge was prepared by adding 3% agar and 30% KCl to deionized water, heating and
agitating it to completely dissolve the powder, and then pouring the solution into a rubber hose [27].

For the carbon felt pretreatment, new electrodes were soaked in 1 mol/L HCl and 1 mol/L NaOH
to remove possible metal contamination, and then washed with deionized water for later use [28].
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Five similar, H-type dual-chambered self-powered reactors were constructed, as shown in Figure 1.
The preliminary experiment showed that the experiment error was below 5%, so no contrast systems
were constructed. The anode and cathode chamber volumes were both 250 mL; carbon felt (5 cm x 4 cm
x 0.5 cm) was placed in each chamber; all cathode chambers contained 250 mL synthetic groundwater
and all bottles were sealed with plastic films for the maintenance of an anoxic environment; meanwhile,
all anode chambers were added with 200 g aquatic sediment for the coverage of electrodes, then covered
with 2 ecm water from the river for the imitation of real river circumstances; the circuits of all the
reactors were closed with a titanium wire connecting a 1000 () resistor to the electrodes; all reactors
were separated by self-made salt bridges. Different ion containing synthetic groundwater was added
to each of them. Reactor 1 contained synthetic groundwater contaminated by NO3;~ and Cr(VI).
Reactor 2 was constructed with a cathode solution comprising synthetic groundwater and an added
phosphate buffer to maintain the cathode pH at 7.2 & 0.1. To investigate the removal rates of NOz ™
and Cr(VI), reactor 3 was constructed with only NO3; ™ contained synthetic groundwater and reactor 4
was constructed with only Cr(VI) added to the synthetic groundwater. To test whether there was a
competitive reaction between the reduction of NO3 ™ and S042~, reactor 5 with only S04~ added in
the solution of cathodic chamber was constructed.

R
1YY

CO,+H'+e

CeHpOgt Hy0 NO,; +H'+e Cr¥+ H'+e

Figure 1. Self-powered system for nitrate and Cr(VI) removal from groundwater and simultaneous
sediment remediation.

2.3. Analysis and Calculation
e Analysis Methods

The concentrations of nitrate (NO3-N), nitrite (NO,-N), and ammonia (NH4"-N) were
determined by standard colorimetric methods using a spectrophotometer (DR/5000, USA).
The Cr(VI) concentration was determined using the 1,5-diphenylcarbazide spectrophotometry method
HACH/DR2800). The sulfate (SO42~) concentration was determined by ion liquid chromatography
(ICS 2000, USA). The pH in the cathode was measured using a portable pH meter (Japan). The amount
of organic matter in the sediment was measured using a HACH/DR2800. The voltage was recorded
every 1 min, using a digital multi-meter (2700, Keithley Instruments, Inc., Cleveland, OH, USA).

Cyclic voltammetry (CV) experiments were carried out to investigate the behavior of the carbon
felt cathodes during the electrolysis of the nitrate and sulfate, with and without buffer solutions.
The experiments were run using a computer controlled CS300 electrochemical workstation (CHI
660D, Shanghai Chenhua instruments, China) and a three-electrode cell. Pt was chosen as the counter
electrode and Saturated calomel electrode (SCE) as the reference electrode. The working anode was
carbon felt with a size of 1 cm x 1 cm.

e  (Calculation

The removal rate (%RE) of nitrate and Cr(VI) was calculated by the Equation %RE = """ x 100%,

[
where ng is the initial moles of nitrate or Cr(VI), and n is the remaining moles of nitrate or Cr(VI).
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3. Results and Discussions

3.1. Contaminants Remouval

As shown in Figure 2a, with an initial nitrate concentration of 50 £+ 1 mg/L at each cathode, after
72 h the nitrate removal rate for reactors 1, 2, and 3 reached 9.94%, 9.62%, and 19.75%, respectively,
which corresponded to removal amounts of 77.50 mg/ m3-h, 70.96 mg/ m3-h, and 140.83 mg/ m3-h,
respectively. Each reactor cathode contained synthetic groundwater with an initial Cr(VI) concentration
of 2.5 mg/L. As can be seen from Figure 2b, after 72 h of operation, Cr(VI) in the cathodes had decreased.
The removal rates for reactors 1, 2, and 4 were 20.5% and 25.0% and 22.6%, respectively, which
corresponded to removal amounts of 7.50 mg/m?3-h, 8.75 mg/m?-h and 8.33 mg/m?>h, respectively.
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Figure 2. Contaminant removal in the cathode of the synthetic groundwater: (a) nitrate concentration
variation; (b) Cr(VI) concentration variation; (c) nitrite (solid line) and ammonia (hollow line)
concentration variation; and (d) sulfate concentration variation.

Nitrate, Cr(VI), and oxygen were electron acceptors for the semi-biodegradation systems.
As shown in Figure 3, the electrochemically active micro-organisms in the sediment in the anodic
chamber consumed the organic matter and generated protons (H*), which were transferred from
the anode to the cathode through the salt bridge. At the same time, electrons (e™) travelled to the
cathodic chamber by an electric circuit and generated bio-energy. The protons and electrons were
accepted by nitrate and Cr(VI) to form nitrogen (or nitrite) and Cr(Ill) [29]. By accepting protons and
electrons, nitrate can be transformed into nitrite, nitrogen, or ammonia [30]. The reaction equations are
as follows:

NO; +2H*' + 2~ +» NO, +H,0

1
NOj3 +6H" + 5e” ¢ - Ny +3H;0

NO; +9H"' + 8¢~ «+» NH; + 3H,O
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With the acceptance of electrons, Cr(VI) can be reduced to Cr(IlI), which has a significantly
reduced toxicity. The reaction equation for Cr(VI) to Cr(IIl) is:

Cr,02~ + 14HT + 6e~ — 2Cr*" + 7H,0

The composition of the organic matter in the sediment can be complex. We chose glucose to
simulate the degradation of the organic matter, and the main reaction equation was:

(CH,O), +nHyO+ ne” — nCO,+4nH" + 4ne”

Only a few protons and electrons are needed in the reduction of nitrate to nitrogen, and in the
oxidization of Cr(VI) to Cr(Ill). The theoretical glucose (organic matter) requirement for the removal of
Cr(VI) and the conversion of nitrate to nitrogen is 0.433 g-organic matter/g-Cr and 3.217 g-organic
matter/g-N, respectively. Thus, the organic matter needed in our experiment was very low, and
energy generation by the river sediment was sufficient for the in situ remediation of Cr(VI) and nitrate
polluted groundwater.

Anode
Electrode

B)S130Y

!

cr-
Synthetic h
groundwater H,0

ol NO; Mo/ -
- . ~=H,0

Cathode
Flectrode Ti wire

Figure 3. The process of nitrate and Cr(VI) removal from groundwater and sediment remediation in
the self-powered system.

A gradual decline in nitrate concentration from 50 mg/L to around 40 mg/L was achieved
during the 72-h operation. There was a significant difference between the removal rates of reactor
3 (no addition of Cr(VI)) and the removal rates of reactors 1 and 2. This difference indicated that
the simultaneous existence of Cr(VI) with the nitrate could reduce the reduction rates for nitrate in
the self-powered system. The nitrate concentration in the synthetic groundwater decreased quickly
in the first 8 h and then decreased more slowly. The slowing in the rate of decrease was probably
caused by changes in current generation related to the activity of electrochemically active microbes,
and the degradation of organic matter in the anode. Initially, the easily biodegradable organics in the
sediment were degraded and produced an abundance of protons and electrons that were transferred
to the cathode and participated in nitrate removal reactions. With the depletion of easily degradable
organic matters, then the refractory organics were slowly degraded, and the nitrate reduction rate
slowed down. The buffer addition had no significant impact, which could be observed from the nitrate
removal rates of nitrate. This was probably caused by the pH, which remained close to neutral as in
Figure 2a. A comparison between the nitrate decay in the environment [31] and in our system revealed
that the rate of nitrate decay had been increased without any addition of extra energy.
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In addition, as shown in Figure 2¢, neither nitrite nor ammonia accumulation were observed in
the first 8 h. The reduced NO3; ™~ was all converted to N or other gases [32]. Very little ammonia and
nitrite were detected for the operation periods, possibly as a result of the system’s low voltage.

To investigate the effects of the electrolyte SO,?>~ on the NO;~ removal rate, reactor 5 was
constructed. As shown in Figure 2d, there was no degradation of SO4>~ concentration. This showed
there was no competition between the degradation of NO3~ and SO,2~.

Nitrate had a low impact on the removal of Cr(VI). This was shown by a comparison of the
variations in Cr(VI) concentrations for reactors 4, 1, and 2 throughout the experiments. Although
adding a buffer to stabilize pH around neutral had no significant effect on nitrate reduction, the
reduction of Cr(VI) was significantly affected by the addition of the buffer. A comparison of reactors
1 and 2 suggested that a stable, neutral, pH facilitated Cr(VI) removal in the cathode. In addition,
Cr(OH); also formed in the cathode because Cr(VI) reduced to Cr(IIl), which was easily precipitated
as chromic hydroxide. Because there was consumption of OH" in the Cr(VI) cathode, the pH increase
in the Cr(VI) cathode was slower than in the cathodes without Cr(VI), as shown in Figure 4. The
fluctuation in concentrations in the three reactors might have been related to the mass transfer of
electrons and protons, which depended on the salt bridge resistance. The degradation of organic matter
in sediment and sediment disturbance are major factors influencing the generation and transformation
of protons and electrons. There were many worms in the sediment because of the sediment’s high
organic matter content [33]. The actions of the worms could strengthen the transfer rate of organic
matters around the electrode, which would further influence the voltage output of the self-powered
systems [34]. Furthermore, the instability in the self-powered systems could result in fluctuations in
the Cr(VI) and nitrate removal rates.
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Figure 4. The pH variation in synthetic groundwater in the cathode. Reactor 1 (red), reactor 2 (blue),
reactor 3 (black), and reactor 4 (orange).

3.2. Electrochemical Analysis

3.2.1. Energy Generation

The constructed self-powered systems can convert the chemical energy present in the organic
matter in sediments to electricity (Figure 5a—d). Electricity was generated when the system was
constructed. For the first 8 h, every system’s energy generation was almost equal to 6300 A/m?.
This similarity may have arisen because the bacteria and substances in each anodic chamber were
similar. The electricity generation of reactor 3 decreased rapidly from 8300 A/m? to 1750 A/m?, and
then stabilized at around 1060 A /m? for the next 40 h (Figure 5¢). A similar decrease occurred at the
other reactors, but at different times (Figure 5a,b,d). These patterns were probably caused by a shortage
of easily degradable organic matter near the anode [25]. The key factor in the decrease was probably
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the mass transfer limitation of the sediment, which hindered current production near the anode. In
contrast, the next 40 h reactors containing Cr(VI) in the cathode generated more electricity (from 6356
A/m? to 8475 A/m?) (Figure 5a,b,d) than the one that did not. Although there was a fluctuation in
the electricity generation from reactor 1, the average current production trend was similar to that of
reactor 4 and reactor 2. These trends may have been related to the irregular distribution of organic
matter in the sediment. Except for reactor 1, all the reactors reached a stable voltage output after 56 h
of operation. However, the voltage output varied substantially with time. Each reactor reached a small
peak in voltage output at the beginning of the experiment. This could be attributed to the presence
of easily degradable components in the organic matter of the aquatic sediments. The voltage then
dropped quickly because of the rapid consumption of the easily degradable components [35,36]. With
the less degradable material remaining, to maintain the low-output voltage over time, the reactors
reached their maximum voltage output (reactors 2 and 3 reached 19,068 A/ m?2, reactor 4 reached
15,890 A /m?, and reactor 1 reached 14,830 A/m?). The output voltage of our self-powered system,
utilizing a salt bridge as mediator, was lower than that of other research where PEM had been used as
a mediator to produce power [37,38]. These differences might have been caused by the higher internal
resistance of the salt bridge. The open-circuit voltages of the reactors were 14,830-18,010 A/m?. This is
somewhat higher than in previous studies [39], and may have resulted from the presence of worms in
the anode sediments. Although the activity of the worms destroyed the anaerobic environment around
the anode and destabilizes the self-powered systems [40], it could enhance the transfer of protons and
electrons as well as accelerate the degradation of the organic matters by the augmentation of dissolved
oxygen. Because the electrodes and sediments of the reactors were the same, the systems’ resistance
depended mostly on the solutions of the cathodes. With a buffer to stabilize the pH of the cathode, the
voltage of reactor 2 was higher than that of reactor 1 and also more stable, indicating that the buffer
could decrease the internal resistance [41,42].
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Figure 5. Electricity production in reactors 1, 2, 3, and 4 ((a), (b), (c), and (d), respectively).
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3.2.2. Cyclic Voltammetry

In addition, cyclic voltammetry was used to analyze the mechanisms involved in the
electrochemical reduction of Cr(VI) and nitrate. Six different cathode solutions: Nitrate, Cr(VI), and
a buffer, with and without sulfate (the concentration is similar to systems solution concentration) in
aerobic conditions, were analyzed using the CV technique. The results are presented in Figure 6a—c. No
redox peaks around —0.7 to —0.8 V meant that in this experiment, there was no oxygen reduction [43].
The comparison between the solution with nitrate and SO,2~, and the solution with only SO4%~,
showed that the reduction current peak was increased (Figure 6a), indicating that the addition of
SO42~ increased electrolyte levels, and then enhanced nitrate removal. The same result could be seen
in Figure 6b, after the addition of Cr(VI); the current peak increased slightly, although less than the
addition of SO42~.After adding buffer to nitrate contaminated groundwater and Cr(VI) contaminated
groundwater, the scanning area of both increased slightly as a result of the enhancement in conductivity.
It could be concluded that the buffer had only a small influence on the nitrate removal rate (Figure 2a),
but a much larger influence on the Cr(VI) removal rate (Figure 2b). However, adding Cr(VI) to
the nitrate decreased the scanning area in comparison to the nitrate-only solution (Figure 6c). This
indicated that the presence of Cr(VI) could affect nitrate removal from groundwater, as shown by the
results of the experiment.
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Figure 6. Cyclic voltammograms of the cathode electrode (carbon felt): (a) Comparison of nitrate, and
nitrate with buffer; (b) comparison of Cr(VI), and Cr(VI) with buffer, and (c) comparison of different
pollutants’ cyclic voltammograms.

4. Conclusions

A self-powered system to reduce contaminants was successfully constructed. The system had
synthetic groundwater in the cathodic chamber and river sediment in the anodic chamber. The system
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utilized carbon to produce energy for contaminant reduction in the cathode. In the system, nitrate and
Cr(VI) contaminants were transformed into nitrogen and Cr(IIl), respectively. It was observed that in
the simultaneous treatment of nitrate and Cr(VI) coexisting in the synthetic groundwater, Cr(VI) had a
significant inhibiting effect on the removal of nitrate. However, SO42~ had no effect on the removal of
nitrate. Although pH stabilization with a phosphate buffer addition had no obvious effect on nitrate
removal, it enhanced the reduction of Cr(VI). Given there was no efficient method for interim removal
of groundwater pollution and aquatic sediment treatment, using salt bridge as a connection in the
self-powered system could be a good choice for those treatments.
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