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Abstract
Removal efficiency of gold from a solution of pure tetrachloroaurate ions was
investigated using microbial fuel cell (MFC) technology. The effects of type of
catholyte solution and initial gold concentration on the removal efficiency were
considered. Due to its presence at high levels in the gold wastewater, the effect
of copper ions on the removal efficiency of the gold ions was also studied. The
effects of pH and initial biomass concentration on the gold removal efficiency
was also determined. The results showed that after 5 h contact time, 95% of gold
removal efficiency from a wastewater containing 250 ppm of initial gold ions at
ambient temperature using 80 g/L yeast concentration was achieved. After 48 h
of the cell’s operation under the same condition, 98.86% of AuCl4– ions were suc-
cessfully removed from the solution. At initial gold concentration in the waste
solution of 250 ppm, pH 2, and initial yeast concentration of 80 g/L, 100% removal
efficiency of the gold was achieved. On the other hand, the most suitable condi-
tion for copper removal was found at a pH of 5.2, where 53% removal efficiency
from the waste solution was accomplished.
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1 INTRODUCTION

The growth in population and increase in demand lead
to an increase in the number of industries, such as gold
mining, petroleum refinery, mining, textile, and batteries
[1]. This has also resulted in an increase in the amounts
of effluents that must be discharged from these indus-
tries into the environment. These effluents may contain
significant proportions of contaminants, such as heavy
metals [2], which can easily be absorbed by living organ-
isms. Their introduction into the food chain may result in
accumulation in large quantities in human bodies. Due to
their harmful effects, heavy metals have maximum allow-
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able limits in human body, which if exceeded will result
in severe disorder and diseases [3]. Hence, it is of utmost
importance that the effluents from such industries are
treated before being discharged into the environment.
There are several methods that can be used to treat

industrial effluents containing heavy metals, such as
solvent extraction, filtration, ion exchange, coagulation,
sedimentation, oxidation, and adsorption. However, these
techniques have several disadvantages; for example, high
cost, low removal efficiency, regeneration, and the problem
of secondary contaminations [4]. Therefore, it is pro-
posed to implement new techniques which are more cost
effective, have a higher removal efficiency and have less
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susceptibility to secondary contamination. Among these
methods is the use ofmicrobial fuel cell (MFC) technology.
MFC is a technology developed to convert the stored

energy in the chemical compound to electrical energy
by using microorganisms. Basically, the microorganisms
degrade the organic matter while simultaneously pro-
ducing energy. Electricity generation is one of the most
important outcomes of the MFCs which results in tremen-
dous usage in different applications such as spacecraft and
systems that require only low power to transmit signals.
Additionally, hydrogen production is another applica-
tion of the MFC which requires applying external power.
Because the generation of hydrogen from protons and pro-
duced electrons by metabolic reaction of microorganisms
is thermodynamically unfavorable, an external potential
is applied to increase the cathode potential and allow the
reaction to become favorable [5]. Finally, yet importantly,
another application of MFCs is to treat wastewater and
industrial effluents [6]. The extraction of energy from var-
ious waste and converting it to electricity using MFC has
been recently reviewed by Elhenawy et al. [7]. Other appli-
cations include used of MFC in water desalination [8] and
in sensors and biosensors [9].
The working principle of MFC is shown in Figure 1.

The MFC consists of two chambers, that is, anodic and
cathodic chambers. Each chamber can be made of glass,
polycarbonate, or Plexiglas, and each contains an elec-
trode which can be carbon paper, carbon-cloth, graphite,
graphite felt, Pt, Pt black, or reticulated vitreous carbon.
The chambers are divided using a proton exchange mem-
brane (PEM) [10]. Protons and electrons are produced
by the microorganisms in the anodic chamber due to
decomposing the organic matter; the electron transfers to
the cathodic chamber from the anodic electrode to the
cathodic electrode using external electrical circuit, while
the proton transfers through the PEM membrane to the
cathodic chamber. From the thermodynamic viewpoint,
the anode compartment should always have higher poten-
tial than the cathode compartment. Thus, allowing the
electrons to spontaneously transfer from the anode to the
cathode chamber without any requirement for external
power. The cathodic chamber has a high potential elec-
tron acceptor where reduction reaction takes place in this
chamber. The electron acceptor should ideally be nontoxic
and not interferewith themicrobes. An example of such an
electron acceptor is oxygen, which is nontoxic and easily
available. Additionally, besides oxygen, ferricyanide and
heavy metals can also be used as an alternative electron
acceptor [11].
Accordingly, MFC can be defined as a device which con-

verts chemical energy into electrical energy through the
use of microbe as catalyst [13]. The microbe presents as a

PRACTICAL APPLICATION

Heavy metals are potential pollutants that have
to be removed from wastewater effluents. Gold
industry effluent is used as a model of wastewater
effluent. One of the applications of microbial fuel
cell (MFC) is to use it as a technique for removal
of heavy metals, which of the subject of this paper.
The MFC unit was devised for this purpose and
effect of existence of other metals on this removal
process is considered.

biofilm on the surface of the anode in the MFC and acts
as a biocatalyst employed to carry out the electrochemical
redox reactions [14]. The types of redox reactions that can
take place in the MFC are greatly dependent on the type of
organic matter and the electron acceptor used in the MFC.
Examples of the possible oxidation/reduction reactions for
different substrates are displayed in Table 1.
Microbial fuel cells can be used to produce energy while

treating a wastewater containing heavy metals to decrease
their concentrations to the allowable levels before dis-
charge into the environment. Metal pollutants, such as
chromium, copper, vanadium and mercury, have been
removed using two chambered MFC cells [16,17]. Heavy
metals in MFCs are removed through the reduction of the
cathodemetal in the anaerobic cathodic chamber, while in
the anodic chamber, organic matters are used as sources
of carbon and electron donors [18]. It has been demon-
strated that such processes as biosorption and precipitation
reactions (i.e., sulfides and hydroxides) greatly aided in the
removal of heavy metals from wastewater in the MFC sys-
tem [18]. Table 2 presents a summary of previous studies
on the removal of differentmetals usingMFC technologies

F IGURE 1 Schematic representation of MFC [12]
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TABLE 1 Possible oxidation and reduction reactions [15]

Oxidation reactions at the anode
Substrate Reaction E (V)
Acetate

𝐶𝐻3CO𝑂− + 3𝐻2𝑂 → 𝐶𝑂2 +HC𝑂−
3
+ 8𝐻+ + 8𝑒−

–0.3

Glucose
𝐶6𝐻12𝑂6 + 6𝐻2𝑂 → 6𝐶𝑂2 + 24𝐻+ + 24𝑒−

–0.429

Glycerol
𝐶3𝐻8𝑂3 + 6𝐻2𝑂 → 3HC𝑂−

3
+ 17𝐻+ + 14𝑒−

–0.289

Domestic wastewater

𝐶10𝐻19𝑂3𝑁 + 18𝐻2𝑂 → 9𝐶𝑂2 + 𝑁𝐻+
4
+HC𝑂−

3
+ 50𝐻+ + 50𝑒−

——-

Reduction reaction at the cathode
Substrate Reaction E (V)
Oxygen

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂

1.23

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2

0.27

Nitrate
𝑁𝑂−

3
+ 2𝑒− + 2𝐻+ → 𝑁𝑂−

2
+ 𝐻2𝑂

0.43

2𝑁𝑂−
3
+ 10𝑒− + 12𝐻+ → 𝑁2 + 6𝐻2𝑂

0.73

Ferric ion
𝐹𝑒3+ + 𝑒− + 𝐻+ → 𝐹𝑒2+ + 1∕2 𝐻2𝑂

0.77

along with the maximum removal and maximum power
generation.
This work aims to study the possibility of recovering pre-

cious metals such as gold from metal containing solutions
using MFC. Removal of gold using MFC has been consid-
ered before, therefore, it is expected that the outcomes of
this work will have an add value to this area of research.
The effect of presence of other metals, namely copper, in
the solution on the removal of gold using MFC is consid-
ered in this work. The study also investigates the effect of
different parameters on the performance ofMFC’s, such as
initial gold concentration, initial pH, initial yeast concen-
tration, and type of catholyte solution, on the gold removal
efficiency. The removal efficiency of Au(III) ions from real
industrial wastewater, where other heavy metals such as
copper, chromium, lead etc. may exist, is also considered.

2 MATERIALS ANDMETHODS

2.1 Materials

The following materials have been utilized in this work:

i. Buffer solution: 0.1 M potassium phosphate buffer
prepared by mixing 61.5 mL of potassium hydrogen
phosphate (1 M) with 38.5 mL of potassium dihydro-
gen phosphate (1 M) while making the solution up to
1 L with deionized water [19].

ii. Biomass: different concentrations of biomass, namely
50, 80, 100 g/L, were prepared by activation of dried
yeast powder using glucose as nutrient. The yeast
powder was purchased form a commercial market
and it was manufactured by DCL.
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TABLE 2 Summary of heavy metals removal using MFCs

Metal MFC fabrication
Maximum removal
recovery

Maximum power
generation Substrate References

Cu (II) Single-chamber MFC, Carbon brush
for anode, Carbon cloth/Pt coated
for cathode

98.3% 10.2 W/m3 Sludge [19, 20]

Cu (II) Two-chamber MFC, Graphite plate
for anode, Graphite foil for cathode

99.88% (Anaerobic) 99.95
% (Aerobic)

0.43 W/m2

(Anaerobic) 0.80
W/m2 (Aerobic)

Acetate [21]

Cr (VI) Two-chamber MFC, Carbon felt for
anode, Carbon cloth(a)/Carbon
brush(b)/Carbon felt(c) for cathode

100% (a) 33.45% (b)
12.72% (c)

1221.91 mW/m2 Acetate [22]

Cd (II) Single-chamber MFC; Carbon cloth
for anode; Carbon cloth/Pt coated
for cathode

90% 3.6 W/m2 Sewage sludge [22]

Hg (II) Two-chamber MFC, Graphite felt for
anode, Carbon paper for cathode

99.54% (for 100 mg/L Hg
(II))

433.1 mW/m2 Mixture of sludge
with artificial
wastewater

[23]

Ag (I) Two-chamber MFC, Carbon brush for
anode, Carbon cloth for cathode

99.91% (for 50 ppmAg (I)) 109 mW/m2 Mixture of sludge
with artificial
wastewater

[24]

Au(III) Two-chamber MFC Carbon brush for
anode, Carbon cloth for cathode

99.88% (for 200 mg/L
Au(III))

6.58 W/m2 Mixture of sludge
with artificial
wastewater

[25]

iii. Mediator solution: 0.01 M methylene blue (MB) pre-
pared by dissolving 1.87 g of MB powder in a 500 mL
buffer solution. The prepared mediator solution was
stored at room temperature for further use.

iv. Catholyte solutions: different types of catholytes were
used to study the effect of existence of other types of
heavy metals on the efficiency of the gold removal
and recovery processes. These namely represent: a
50mL solutionwith a concentration of 500 ppm tetra-
chloroaurate using deionized water; 50 mL buffered
solutions of tetrachloroaurate ions with initial con-
centrations of 500 ppm, 250 ppm, and 125 ppm;
50 mL solution containing buffered mixture of tetra-
chloroaurate and copper ions using with initial con-
centrations of 250 ppm and 1000 ppm of Au(III) and
copper of, respectively; 50 mL wastewater samples
collected from effluent of one of the gold refineries
in the UAE with initial concentrations of Au(III) and
copper were 250 ppm and 1300 ppm, respectively.

v. Anolyte solution (microbial medium): 25mL solution
of a mixture of biomass, methylene blue as mediator,
and buffer solution to control the pH.

vi. Anode and cathode electrodes: carbon cloth and
carbon brushes were used as cathode and anode,
respectively. The carbon brushes were hand made
using strips of carbon cloth braided on the steel wire.

vii. Membrane: Nafion membrane is used to separate
the cathodic compartment from anodic compartment

while allowing only proton diffusion between the two
compartments.

viii. MFC: the cell was constructed from rectangular
blocks made of acrylic. To ensure no leakage present,
rubber gaskets were used between the rectangular
blocks. The cell was held together using clamps.

2.2 Instrumentations

Different types of instruments were used to control and
examine the operating conditions for the investigation of
gold and copper removal and performance of the MFC.
pH was measured using via HANNAHI2020 benchtop pH
meter. VARIAN Atomic Absorption Spectroscopy (AAS)
was used to measure gold and copper concentration with
proper lamps. Open circuit potential was evaluated by
using digital FLUKE 87-V-Eur industrial multimeter. A
small magnetic chip is placed inside the anodic chamber
to mix the microbial medium.

2.3 Experimental setup

In this study, MFC unit made from the acrylic rectangular
blocks was implemented. It is composed of two cham-
bers, the first chamber is the anodic chamber containing
the microbial medium and the anode where continuous
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mixing is required as mentioned in previous studies [26].
A small magnetic chip is placed inside the anode cham-
ber while the whole cell is placed on the magnetic stirrer
base to ensure proper mixing. Carbon brush is used as an
electrode due to its higher surface area compared to car-
bon cloth electrodes. The anionic chamber is split by the
Nafion membrane while placing a gasket rubber sheet in
both sides to prevent leakage. Pretreatment of the mem-
branewas performedby keeping it initially for 1 h in boiling
deionized water and then soaking in deionized water at
room temperature for 24 h before its usage inside the cell to
allow hydration and expansion of the pores [27]. The sec-
ond chamber, referred as heavy metals removal chamber,
where the desired catholyte solutions are fed. The carbon
cloth in this case is utilized as an electrode. The cell is oper-
ating under anaerobic conditions. Therefore, all chambers
were purged with nitrogen to remove dissolved oxygen
inside each chamber and then the holes on top of each
chamber were sealed. The cathodic chamber held dou-
ble the volume of the anodic chamber (50 mL in cathodic
chamber and 25 mL in anodic chamber) [28].

2.4 Biomass (yeas) activation

Different biomass concentrations (50, 80, 100 g/L) were
used in this study. To prepare a biomass of 100 g/L, for
example, 2.5 g of DCL activated dried yeast was added to
25 mL of water at a temperature of 38◦C, followed by addi-
tion of 3.75 g of glucose to the mixture as a nutrient for the
yeast. Next, the top of beaker was coveredwith plastic cling
foil while covering the whole beaker with a large cloth to
allow resting and warm environment for yeast activation.
The solution was left for around 20 min until a layer of
sludge with bubbles was created on the top of themedium.
At this stage, it is assumed that the yeast has been activated
properly.

2.5 Experimental procedure

The performance of MFC toward removing pure tetra-
chloroaurate ions is investigated using different catholyte
solutions. After determining the proper catholyte solution,
the effect of different initial Au(III) on removal efficiency
was considered. Two different catholytes were used; one
using Au(III) with a buffer solution, while the other solu-
tion was made without buffer using distilled water, both
having an initial concentration of 500 ppm Au(III) and
total volume of 50 mL. After pretreatment of the mem-
brane and purging the whole cell with nitrogen, the MFC
was ready to operate. The voltmeter was connected to
the electrodes before filling the compartments with their

respective solutions and starting the cell. After success-
ful installation, that is, testing leakage, and operating the
cell, 0.1 mL samples of catholyte solutions werewithdrawn
periodically to analyze the gold concentration with time.
This amount of sample volume does not affect signifi-
cantly the volumeof the cathode chamber and its operating
conditions. Samples from the catholyte were taken every
5 min, 15 min, 25 min, 1 h, 2 h, 3 h, 4 h, 5 h, 24 h, and 48 h
after starting the cell. The pH, temperature, and the OCP
(open circuit potential) were also recorded at each of these
periods. After 24 h of operation, a mixture of 1 mL yeast,
0.4 mL methylene blue, and 3 mL buffer was added to the
anolyte solution to prevent any reduction in the number of
yeast cells.
The removal efficiency of the metal (either gold or

copper) was calculated using the following expression:

Metal removal efficiency (%) =
𝐶0 − 𝐶𝑡
𝐶0

∗ 100 (1)

where the 𝐶0 represents the initial gold concentration
inside the catholyte (ppm) and𝐶𝑡 is the gold concentration
inside the catholyte at time t.
Another important parameter that was evaluated is the

efficiency of gold recovery. It was calculated using themass
deposited on the electrode surface (Md) divided by the
mass removed from the catholyte:

Gold recovery efficiency (%) = Md
(𝐶0 − 𝐶𝑡) ∗ 𝑉cat

∗ 100

(2)

where 𝑉cat is the volume of cathode chamber (L). The
mass deposited on the electrode surface was determined
by brushing the electrode surface.
The possible reactions that can take place are:

i. Anodic compartment

𝐶6𝐻12𝑂6 + 6𝐻2𝑂 → 6𝐶𝑂2 + 24𝐻+ + 24𝑒−;

𝐸0 = −0.429 𝑉 (3)

ii. Cathodic compartment

AuC𝑙−
4
+ 3 𝑒− → Au (𝑠) + 4𝐶𝑙−; 𝐸0 = 0.994 𝑉 (4)

2𝐻+ + 2𝑒− → 𝐻2; 𝐸
0 = 0𝑉 (5)

2𝐶𝑙− → 𝐶𝑙2 + 2𝑒−; 𝐸0 = −1.35 𝑉 (6)

2AuC𝑙−
4
+ 3𝐻22Au(𝑠) + 8𝐶𝑙− + 6𝐻+ (7)

𝐻2 + 𝐶𝑙2 → 2HCl (8)
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The operation was repeated but at different initial con-
centrations of Au(III). It was also repeated with different
catholyte solution, where 50 mL of pure copper ions in
the buffer having initial concentration of 1000 ppm were
fed to the cathode chamber. In addition, a 50 mL solution
of 250 ppm Au(III) was mixed with 1000 ppm Cu2+ was
also fed to the cathode chamber in a separate operation. In
addition to the above-mentioned reactions in the cathode
chamber, the following reactions expect to take place in the
presence of copper:

𝐶𝑢2+ + 2𝑒− → Cu(𝑠); 𝐸0 = 0.337𝑉 (9)

2𝐶𝑢2+ + 𝐻2𝑂 + 2𝑒− → 𝐶𝑢2𝑂 + 2𝐻+; 𝐸0 = 0.207 𝑉

(10)

𝐶𝑢2𝑂 + 2𝑒− + 2𝐻+ → 2Cu (𝑠) + 𝐻2𝑂; 𝐸
0 = 0.059 𝑉

(11)

The removal efficiency of Au(III) from actual industrial
wastewater was also evaluated, where 50 mL of wastewa-
ter was fed to the cell as catholyte. The sample provided by
gold refinery was collected from the post-treatment with
concentration of gold ions being less than 1 ppm. Thus,
Au(III) was added to the solution to increase the gold con-
centration to 250 ppm. This concentration was chosen to
ensure proper operation of the cell and to ensure consis-
tency with the pre-treatment. The actual pH of the raw
catholyte solution form the waste effluent was 0.2. Solu-
tions at different pHs, namely, 2, 2.65, 4.45, and 5.2, were
prepared to investigate the effect of pH. Finally, differ-
ent initial biomass concentrations, namely 50 g/L, 80 g/L,
and 100 g/L, were used to evaluate their influence on
the removal efficiency of both gold and copper ions from
the wastewater solution. The experiments were repeated
twice, and average values are reported.

3 RESULTS AND DISCUSSION

3.1 Removal of pure tetrachloroaurate
ions from aqueous solutions

3.1.1 Effect of catholyte

Two different types of catholytes, water and buffer, were
used to determine the gold removal efficiency and con-
sequently determine the most suitable catholyte solution.
The cell was operated for 48 h with an initial Au(III)
concertation in both catholyte solutions of 500 ppm. The
results, Figure 2, show that rate of Au removal is slightly

faster in buffer solution than that of unbuffered aque-
ous solution. This is expected as buffer acts as a catholyte
solution and thus the conductivity increased due to the
increase in the number of ions (i.e., combination of buffer
ions and gold ions). However, changing the catholyte solu-
tion does not impact the removal efficiency significantly,
99.9% removal for both cases. On the other hand, 83.09% of
Au was recovered by brushing the electrode surface when
the buffer solution was used as catholyte, while for the
water solution the recovery rate was found to be 80.78%.
Figure 3 shows the open circuit potential (OCP) of the

cell during the operation of the cell over 2 days. It is seen
that after approximately 6 h of operation, the OCP values
became negative. In general, a negative value of OCP could
be attributed to two factors:

i. The lack of biomass concentration which results in
limited electron production. The occurrence of this
problem was circumvented by using an appropriate
initial concentration of the yeast and refilling of the
anolyte solution after 24 h of the cell operation with
fresh active yeast. The existence of bubbles in the anode
compartment is an indication of the proper perfor-
mance of the microorganisms. Thus, this cannot be the
reason behind the negative OCP values.

ii. The negative values of OCP can be assumed because
of the reduction reaction of 𝐶𝑙− ions. After 6 h of cell
operation, significant reduction in gold concentration
occurred, and thus considerable amounts of 𝐶𝑙− were
created due to the reaction in the cathodic chamber (as
shown above). However, in this case since the poten-
tial of this reaction is less than the anodic reaction,
the electrons will flow from the cathode to the anode
chamber which results in the negative OCP. It is worth
mentioning that the remaining electrons inside the
cathode chamber will be utilized for further reduction
of Au(III).

The pH was also recorded during the operation of the
cell. Since the hydrogen evolution reaction is thermody-
namically favorable, the hydrogen gas and chlorine gas (H2
and Cl2) may also be generated, reactions (3) and (4). The
existence of these gases was noticed as evidenced by the
presence of bubbles in the cathode compartment during
the operation of the cell. It can be said that the use of buffer
as catholyte solution can increase the removal efficiency
by neutralizing the H+ ions. Consequently, the reduction
reaction of protons is diminished which results in higher
and faster removal efficiency of Au ions as discussed ear-
lier. This is also demonstrated by the limited fluctuation in
the pH in the case of using buffer solution compared to that
of water solution (Figure 4). Therefore, the buffer solution
was utilized as catholyte for the further tests.
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F IGURE 2 Concentration of [AuCl–4] during MFC operation using unbuffered and buffer as catholyte solutions

F IGURE 3 Open circuit potential using buffer and water as catholyte solutions with 500 ppm AuCl–4 initial concentration

3.1.2 Effect of initial gold concentration

The effect of initial gold concentration on the perfor-
mance of the cell was investigated using initial concen-
trations of 125, 250, 500 ppm. The removal efficiency as
well as recovery efficiency of each run are presented in
Table 3.
Figure 5 shows the removal efficiency of each run dur-

ing the operation. As the gold concentration increased
the removal efficiency, as well as OCP, increased. This is
expected due to the increase in conductivity and equilib-

TABLE 3 Gold ions removal and recovery efficiency at
different initial gold concentrations

[Au] =
500ppm

[Au] =
250ppm

[Au] =
125ppm

Removal % 99.90 98.30 95.52
Recovery % 83.10 81.05 83.30

rium potential, based on the Nernst equation. Although
the highest removal efficiency was achieved with higher
concentration of Au(III) (99.9% and 98.3% for initial gold
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F IGURE 4 Variation of pH during MFC operation using water and buffer solutions at 500 ppm initial AuCl–4 concentration

F IGURE 5 Effect of initial gold concentration on its removal during MFC operating

concentration of 500 ppm and 250 ppm, respectively),
250 ppm was chosen for further experiments.

3.2 Removal of gold ions in presence of
copper

Since the effluent of gold refineries and mining has a high
content of copper ions [29], investigation of the effect of
copper on the removal efficiency of gold ions is of utmost

importance. A mixture of 250 ppm and 1000 ppm of gold
and copper ions, respectively, was prepared using buffer
solution. As previously, the cell was operated for 48 h.
Figure 6 shows the variations in the concentration of both
Cu and Au during MFC operation for the different scenar-
ios. It is worth noting that in such case where other metal
present, the calculation of recovery efficiency is not pos-
sible since other heavy metals will deposit with the gold
atoms on the cathode surface. According to Zhang et al.
[30], theCu atoms formedon the electrode surface after the
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F IGURE 6 Variation of Au and Cu during MFC operation for different catholyte solutions

Au atoms and that different metals deposit in distinct lay-
ers on the surface. They also reported a 95.4% gold removal,
when the gold and copper ions coexisted. In this work, the
gold removal efficiency was found to be 99.81% after 48 h,
which is higher than the one obtained from solutions con-
taining only gold ions. The reason behind this could be due
to the increase in the number of ions (Cu and Au) and thus
an increase in the conductivity.
The OCP plots for pure Au, pure Cu and mixture of

Au/Cu are also shown in Figure 7. It is seen that for solu-
tion of Cu ions only, negative OCP cannot be observed
since Cl– ions cannot be generated in this case. When
Cu ions coexist with Au ions, still negative OCP is not
observed, but significant reduction in the OCP is noticed.
It could be possible that the reaction mentioned above in
the cathodic chamber for Cl2 is not favorable compared to
other reactions.

3.3 Removal of gold ions from
industrial wastewater

Removal of gold ions in the presence of other heavy metals
in the industrial gold refinery waste was investigated. To
the best of the authors’ knowledge, such study has not been
considered before. The variations of Au and Cu concentra-
tions during theMFC operation are shown in Figure 8. The
results indicate that the removal efficiency of gold ions is

slightly increased compared to the case when Cu present
with Au; from 98.86% to 99.81%. The low removal of Cu
could be attributed to the presence of other heavy met-
als in the wastewater such zinc, lead, etc. [31] which may
compete/prevent Cu reduction reaction in the cathodic
chamber. Hence, it is possible that the reduction reactions
of other heavy metals in the cathodic chamber are more
favorable to take place.

3.3.1 Effect of pH

pH can influence the removal efficiency of Au in two
aspects. Proton involvement is one of the aspects, however,
since the reduction of gold ions protons is not involved,
the effect of pH due to proton involvement on the removal
efficiency is negligible. The other aspect is the stability of
AuC𝑙−

4
ions. According to the predominance diagram of

Au (III) − OH − − − Cl− species [33], there are two fac-
tors that can affect the solubility of the AuC𝑙−

4
ions in the

solution; pH and the 𝐶𝑙− concentration. These two fac-
tors should be controlled to keep the AuC𝑙−

4
ions soluble.

If these two factors are not controlled appropriately, the
AuC𝑙−

4
ions will precipitate as Au(OH3). As the pH gets

higher, the lower limit of 𝐶𝑙− concentration will increase
in order to keep the AuC𝑙−

4
ions stable in the solution. In

this study, although all the samples were prepared with
250 ppm initial gold concentrations; the initial gold con-
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F IGURE 7 Variation of OCP (mV) during MFC operation for different catholyte solutions

F IGURE 8 Concentration profiles of Au and Cu using industrial waste solution

centration was lower in the pH range of 4.46–5. It appears
that the concentration of the𝐶𝑙− ions was not high enough
to keep the AuC𝑙−

4
ion stable within this range of pH. A

dark yellow color precipitate was also observed at the end
of the experiments which can be reasonably assumed to be
a precipitate of Au(OH3).
The results (Table 4) revealed highest and fastest gold

removal efficiency at pH 2. As the pH decreases, the

TABLE 4 Removal of Au and Cu from industrial gold solution
at diffent pH

Au/waste pH 0.2 pH 2 pH 2.65 pH 4.45 pH 5.2
Au- Removal % 98.86 100.00 99.55 95.63 81.51
Cu- Removal % 31.60 34.06 34.48 44.44 52.98
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F IGURE 9 Effect of initial pH on removal efficiency of gold during MFC operation using gold waste solution

rate of proton diffusion from cathode chamber to the
anode chamber increases. This increase in diffusion rate
has a negative impact on the activity of the microorgan-
isms. Hence, the electron production decreases as the
microorganisms are being negatively impacted.
For the pH range of 2–4.46, according to the pre-

dominance diagram [25], as mentioned earlier, the initial
concentration of the Au ions is dropped mainly due to
the precipitation. In addition, it seems that the reduction
reaction of Au ions takes place first as long as a signifi-
cant amount of gold ions are removed. After this step, the
reduction reaction of other heavy metals is initiated. This
hypothesis is supported by the low removal efficiency of
the copper ions within 48 h of the cell operation as well as
OCP reduction within this pH range.
As the pH increases from 4.45 till 5, more gold ions pre-

cipitate.Hence, the initial concentration of gold is even less
than before (i.e., 119 ppm), as illustrated in Figure 9. Nev-
ertheless, it seems that in this case the reduction reaction
of other heavy metals is taking place along the reduction
reaction of gold ions. This is the reason behind the higher
OCP values as well as higher Cu removal efficiency at this
specific pH range (Figure 10).
For the effect of pH on copper removal, it seems pH

does not influence the reduction reaction of Cu2+ to Cu(s),
reaction (7). This reaction is solely dependent on the con-
centration of Cu2+. However, the reduction reaction of
Cu2+ to Cu2O is a function of not only the concentration
of Cu2+ but also it is pH dependence. Thus, increasing the
pH causes the reaction in Equation (8) to take place more.

Moreover, the reduction of Cu2O to Cu(s) depends only on
the pH and according to Equation (9) it is favored within
the lower pH ranges.
According to the Nernst equation, the equilibrium

potential of the cathode for the different reactions at dif-
ferent pHs and Cu2+ concentrations can be calculated,
and thus the most favorable reaction can be determined
at given conditions. The Nernst equations for the three
reactions are shown below:

𝐸cat
(
𝐶𝑢2+∕Cu

)
= 𝐸0cat

(
𝐶𝑢2+∕Cu

)
−
RT
nF ln

(
1

[𝐶𝑢2+]

)

(12)

𝐸cat
(
𝐶𝑢2+∕𝐶𝑢2𝑂

)
= 𝐸0

cat
(
𝐶𝑢2+∕𝐶𝑢2𝑂

)
−
RT
nF ln

(
[𝐻+]

2

[𝐶𝑢2+]
2

)

(13)

𝐸cat (𝐶𝑢2𝑂∕Cu ) = 𝐸0cat (𝐶𝑢2𝑂∕Cu ) −
RT
nF ln

(
1

[𝐻+]
2

)

(14)

Based on copper speciation with pH [33], for the 0.02 M
initial Cu2+ concentration in the waste samples, as the pH
increases from 2 to 5.2, the potential for the Cu2+ to Cu2O
increases from 0.155 to 0.395 V; keeping in mind that the
potential for the Cu2+ to Cu(s) reaction is independent
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F IGURE 10 Effect of pH on OCP (mV) during MFC operation using gold waste solution

F IGURE 11 Effect of initial pH on Cu removal from the gold waste solution

of the pH. At 0.02 M Cu2+ concentration, the cathode
potential is 0.285 V. As a result, for pH levels above 2.65,
the reduction reaction of Cu2+ to Cu2O becomes more
favorable. These observations indicate that increasing the
pHwould increase copper removal. This is consistent with
the results obtained in this work as shown in Table 4 and

Figure 11. It is seen that removal efficiency of the Cu2+
increases with the increase in its initial concentration,
and that pH 5.2 is the most suitable condition for copper
removal. This suggests that the removal efficiency of the
copper ions is more favorable at a relatively more basic
media.
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F IGURE 1 2 Effect of initial yeast concentration on removal of Au from the gold waste solution

F IGURE 13 Effect of initial yeast concentration on removal of Cu from the gold waste solution

3.3.2 Effect of initial yeast concentration

To explore the effect of initial yeast concentration on the
gold removal efficiency, different concentrations of yeast,
namely 50, 80, 100 g/L, were implemented. The results
(Figures 12 and 13) showed that the initial yeast concentra-

tion has a positive effect on both gold removal efficiency.
The increase in initial yeast concentration results in a
further increase in removal of both Au and Cu from
the gold waste solution. This is an expected results due
to the increase in the release of electrons in the anodic
chamber and thus enhancement of the reactions in the
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cathodic chamber. These results were also supported by
the higher reduction in the OCP with the increase in yeast
concentration (data not shown).

4 CONCLUSION REMARKS

MFC technology can be used to remove gold ions from
the wastewater in the presence of other metal ions. The
existence of other heavy metals does not hinder the opera-
tion of MFC for removing gold ions. It is thus a promising
technology for heavy metals removal. The results revealed
more than 95% removal of gold achieved after 5 h of cell’s
operation. This amount increased to 98.86% after 48 h
of operation for a waste sample having 250 ppm initial
gold concentration. The effects of different parameters
(pH, initial yeast concentration, initial gold concentration,
and type of catholyte) on the performance of the MFC
were assessed. The initial yeast concentration of 80 g/L at
the pH 2 under room temperature is the most optimum
condition for removal of goldmetals froma realwaste solu-
tion; at such condition, 100% removal efficiency has been
achieved. The MFC can be used to remove heavy metals
from industrial wastewater effluence.
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