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ABSTRACT

The treatment of bisphenol A (BPA), a kind of harmful contaminant widely existing in soil and many solid wastes, is often energy
consumption. This study is aimed to develop electrochemical declination of BPA with self-generated electricity. A nano-sized nickel
catalyst was successfully synthesized to show proper activity for the oxidation, and a BPA-Cr(VI) fuel cell was assembled, in which
BPA is employed as the fuel and Cr(VI) serve as the oxidant to characterize the cell property. The experimental results show that when
the concentration of BPA and Cr(VI) are 4.4 mmol/L and 100 mmol/L respectively, the open circuit voltage of the fuel cell varies in the
range of 1.05~1.08 V and the maximum power density of the cell is 78.1 pW/cm’. Meanwhile, after working for about 36 h, the
concentration of BPA varies from 4.4 mmol/L to 1.9 mmol/L . Under above conditions either 56% of BPA was declined or 95% of
Cr(VI) was removed. This experiment demonstrates that generation of electricity and pollutant declination has been achieved

successfully at the same time.
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1. INTRODUCTION

Bisphenol A (BPA) is one of the widely used industrial
compounds in the world. It is mainly used for producing a variety
of polymer materials such as polycarbonate, epoxy resin and
unsaturated polyester resin. While polycarbonate and other
materials are extensively used for manufacturing process of
canned food and beverage packaging, cups, bottles, glasses and
other necessities [1-4]. BPA (Scheme 1) is an endocrine disruptor
that can mimic the body's own hormones and may lead to negative
health effects. Therefore the US, EU, Canada, Norway and many
other countries have banned the use of BPA. Furthermore, BPA
migrates easily in the environment [5-7]. Due to the extensive use
of BPA and it’s harmful to human health, to find an appropriate
treatment of BPA is still needed.
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Scheme 1. The chemical structure of BPA.

According to the published literatures, at present, the main
treatment methods of BPA includes absorption, biodegradation,
electrolysis and photocatalytic oxidation. However, these methods
either have a poor treatment effect or consume a large amount of
energy [8-11]. Based on our previous research [12-13], both
alkaline ethanol-Cr(VI) fuel cell and phenol-Cr(VI) fuel cell
reactor can effectively achieve electricity generation and

contaminant removal. The components of these “fuels” are the
hydrogen atoms contained in the molecular structure of the ethanol

or urea. BPA is hydrogen-rich fuel and easily be electrochemically
oxidized. Therefore, attempt was made to retrieve those hydrogen
atoms as electricity through an alkaline fuel cell reactor.

Phenol, BPA alike, electro-oxidation can occur at the anode
relying on the electrocatalysts. Pt-noble metals or Pt-non-noble
metals alloys exhibit good ability of electrocatalysts in fuel cell
[14]. However, excepting for its high cost, it has been noticed that
platinum demonstrates poor electrochemical performance for
phenolic compounds oxidation due to the formation of a strongly
adherent insulating film that passivates the surface of the electrode.
Non-precious transition metals like nickel, which is much low cost,
show good ability of catalysis in direct urea fuel cell [15-17].
Nickel hydroxide could catalyze oxidative removal of phenol from
water [18]. In this work, nano-nickel was employed as catalyst for
BPA anodic-oxidation to testify its electrocatalytic activities and
to retrieve energy in BPA-Cr(VI) fuel cell. Both aqueous anode in
bisphenol A solution and aqueous cathode in Cr(VI) solution were
examined, through conductive wires connecting the anode and the
cathode to form a circuit. It can function to retrieve electricity,
reducing toxicity of contaminants. The performance of this BPA-
Cr (VI) fuel cell was characterized in terms of power production
performance, cogeneration of electricity and BPA and Cr (VI)
removal, and the operation sustainability of this system.

This work aimed (1) to testify the abilities of nano-nickel
catalyst for the electrochemical oxidation of BPA, and (2) to
promote an unique BPA-Cr(VI) coupled redox fuel cell (CRFC)
both to oxidize BPA and to reduce Cr(VI) and simultaneously to
generate electricity.
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2. EXPERIMENTAL SECTION

2.1. Experimental device. The experimental set-up is displayed in
Figure 1. In this fuel cell, cathode chamber uses K,Cr,O; under
acidic conditions as the oxidant and simply processed carbon cloth
with the area of 10 cm” as the electrode. Anode chamber uses BPA
under alkaline conditions as the fuel and Ni/C with the coating
amount of 8.5 mg/cm’ as the catalyst. A Nafion membrane is
chosen as the proton exchange membrane between the cathode and
anode compartments, which can effectively reduce the internal
resistance of the battery.
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Figure 1. Schematic diagram of the BPA-Cr(VI) fuel cell device.
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2.2. The preparation of electrode. The preparation of the nano
Ni/C catalyst: Adding 5.0 mL NiSO, solution (0.4 mol/L), 10.0
mL sodium citrate solution (0.1 mol/L) and 250 mL deionized
water into a three mouth flask and treated by 15 minutes aeration
of nitrogen gas. Then dropwised 25 g 4 wt.% NaBH, solution.
After stirring for 3 hours, black carbon (Carbon Vulcan XC-72R)
was added into the bottle. Three hours later, the products were

3. RESULTS SECTION
3.1. Characterization of nano-Ni/C catalyst for BPA oxidation.

Scanning electron microscopes (SEM) were made in order
to get information on the particle size and uniformity. Fig. 2(a)
show the SEM images of Ni/C catalyst. In the SEM images,
numerous Ni articles were uniformly distributed on carbon though
some agglomerations were observed. The X-ray diffraction (XRD)
pattern of Ni/C catalyst is shown in Fig. 2. The first rather wide
peak, located at the 26 value of 25°, is attributed to the graphite
(0015) facet of the Vulcan XC-72R carbon power support. The
strongest diffraction peak at 26 values of about 45° can be indexed
to nickel (111) facets, which indicates the formation of nickel.
There also exist another two peaks at 26 values of about 34° and
60°, respectively, these peaks are attributed to Ni(OH), (100) and
(110) facets [19].

The average size of the Ni is calculated on the basis of the
broadening of the (111) diffraction peaks according to Scherrer’s
equation (3):

094
B,,COS0,,, 3)

Where d is the average size of the particle, A is the
wavelength of X-ray, 6 is the angle of Ni (111) diffraction peak,

washed by deionized water and ethanol several times, then storing
in the vacuum drying oven in 45°C for 12h.

The preparation of the electrode: adding 200 mg nickel
powder, 600 puL deionized water, 1.2 mL 5% Nafion solution, 600
pL isopropanol in a centrifuge tube. Then the mixture was well
stirred for 30 min in the ultrasonic mixer. The suspension was
coated on the carbon cloth with 10 cm® effective area by brush.
After dried under natural conditions for 24 h, the carbon cloth
coated with the catalyst can be used as the electrode in the anode
chamber. Meanwhile, the carbon cloth without catalyst can be
used as the cathode electrode.

2.3. Electrochemical calculation.
(1) The cathodic efficiency (n..s) Was calculated as follows: [12]

p =@ _[(€=C)=(Cy=C )V xbxF )
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where Q is the theoretical electricity production of Cr(VI)
reduction (C, Coulomb); Qg is the total electricity production of
the cell (C); C; ,Cy is the Cr (VI) concentration (mg/L) at time t
and the initial time, respectively; C.,, is the Cr (VI ) concentration
(mg/L)) at time t under control experiment; V is the volume of the
catholyte (L), b is the number electrons of per mol Cr (VI) to Cr
(IIT) (b= 3 mol e/mol Cr (VI)); F is the Faraday constant, 96385 C
mol™.
(2) The first fitting curve of the concentration of BPA is given by:
c(BPA)=kx+Db 2)
where c(BPA) is the concentration of the BPA(mmol/L); x is the
working time of the cell (h); k is the slope of the curve ; b is the
intercept of the curve.

B,y is the width of the peak at half height. The average size of
Ni/C particles was calculated to 4.2 nm.
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Figure 2(a). SEM images of Ni/C catalyst.
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Figure 2(b). XRD pattern of nano-sized nickel supported on carbon black
prepared by a chemical reduction method.
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3.2. The electrochemical properties of BPA. Cyclic voltammetry
(CV) has been employed to analyze and confirm the
electrochemical activity of catalysts and the electrochemical
activity of anode fuel. The test was carried out by using a three-
electrode system, including a working electrode, a reference
electrode and a counter electrode. A certain amount of the catalyst
was coated on the glassy carbon electrode, then scanning in BPA
solution for cyclic voltammograms. The cyclic voltammogram of
Ni/C catalysts is shown in Figure 3. The main oxidation peak of
BPA is at 0.615 V (vs. SCE), illustrating that Ni/C catalysts show
certain catalytic properties of BPA.

0.30
0.25
0.20
0.15
0.10

0.054

Current (mA)

0.00

-0.05

-0.10 4

T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Potential (V)

Figure 3. Cyclic voltammograms of BPA obtained at GC electrode in a
solution with 0.2 mol/L PBS (loading with 2.83 mg/cm® Ni/C, sweep rate:
50 mV/s. Dashed line represent background current in 0.2 mol/L PBS
solution, pH =7).

3.3. The electricity production performance of BPA-Cr(VI)
CRFC and the removal rate of Cr(VI). In the BPA-Cr(VI)
CRFC, the amount of BPA in anode chamber was excessive to test
the performance of the cell. In the catholyte, the concentration of
Cr(VI) and H,SO, were fixed at 2.88 mmol/L and 0.5 mol/L
respectively. Because the Ni/C catalyst is more stable under
alkaline conditions than under acidic conditions, meanwhile the
solubility of BPA in 0.2 mol/L PBS is low and in alkaline
conditions the solubility is greatly increased. Therefore the system
where BPA is excessive will use the alkaline medium. During the
experiment, BPA’s concentration in anolyte changed from 88
mmol/L. to 44 mmol/L. and the concentration of NaOH was
controlled at 0.2 mol/L. The variation of cell voltage with time
under different initial BPA concentrations is shown in Figure 4.
When the concentration of BPA is 88 mmol/L and 44 mmol/L, the
average open circuit voltage of the system is 0.83 V and 0.78 V
respectively. After connecting 1 kQ external resistors, the two
voltages are 0.34 V and 0.21 V respectively. With the operating
time of the cell extended, lower concentration of BPA corresponds
to a lower voltage value and the downward trend of the voltage is
more obvious. After 10 h, the voltage of the system reduces to
0.14 V and 0.12 V respectively.

When there is an electrical current obviously going through
the battery, the electrode balance is broken up. The electrode
potential will deviate from the equilibrium value, and the electrode
reaction will be in the state of irreversible. Furthermore, as the
current density increases, so does the irreversibility of the
electrode reaction. The phenomenon that the electrode potential
deviates from the equilibrium value caused by the current through
the electrode is known as the polarization of electrode. The
experiment explored the polarization curve of the cell. As what is
shown in Figure 5, with the increase of the current density, the
voltage of the cell is gradually decreased. It indicates that a layer

of high resistance passivation film is generated on the electrode
surface. Figure 5 also shows the power density of the cell. When
the concentration of BPA and Cr(VI) are 44 mmol/L and 2.88
mmol/L respectively, the maximum power density of the cell is
0.4 uW/cm® meanwhile the current density is 1.42 pA/cm”. While,
in the 88 mmol/L BPA-2.88 mmol/L Cr (VI) system, when the
current is 0.32 mA and the external resistor is 1KQ, the power
density of the cell is 1.02x10? mW/cm?.
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Figure 4. Variation of cell voltage with time under different initial BPA
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Figure 5. Polarization curve and power profiles of cell (Cathode: 2.88
mmol/L Cr(VI) + 0.5 mol/L H,SO,4. Anode: 44 mmol/L BPA + 0.2 mol/L
NaOH)

The concentration of Cr(VI) in cathode with time under the
three different systems was also investigated. The change of
Cr(VI)’s concentration with time was varied as shown in Figure 6.
When the Cr(VI)’s concentration is fixed at 2.88 mmol/L, and set
at the open circuit, the concentration of Cr(VI) remained
unchanged. It indicates that the system is generally stable. While,
the decreasing rates of Cr(VI)’s concentration are significantly
different when the concentration of BPA in anolyte changed from
88 mmol/L to 44 mmol/L. When loaded with a 1 kQ resistor and
the concentration of BPA is 88 mmol/L, after working nearly 25 h,
the removal rate of Cr(VI) is 95%. Moreover, after 40 h’s work,
the concentration of Cr(VI) reduced to 0.007 mmol/L and the
removal rate can reach 99.7%. While, when BPA’s concentration
is 44 mmol/L, the removal rate of Cr(VI) slows down. After
working 23 h, the removal rate is only 56%. And after 35 h, the
removal rate reaches 77%.

The concentration of BPA was fixed at a certain value and
changed the concentration of Cr(VI) to compare the variation of
cell voltage with time under different initial Cr(VI) concentrations.
As shown in Figure 6, when the concentration of Cr(VI) changed
from 2.88 mmol/L to 0.96 mmol/L, the decrease of the open
circuit voltage is not obvious. However, after connecting external
resistors, the decrease of the voltage in the two systems is more
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obvious. Basically, there are 0.04 V voltage differences. For the
system in which the concentration of Cr(VI) in catholyte is 0.96
mmol/L, after 10 h continuous working, the cell voltage will
reduce to below 0.1 V. Analysis of the concentration of the
remaining Cr (VI) also found that, after 22 h work, the removal
rate of Cr(VI) is 91% in the system where the initial concentration
of Cr(VI) is 0.96 mmol/L.

3.04

—A

~
n
1

—&—88 mM BPA
—@—44 mM BPA
—&— open-circuit

Cr(VI) (mM)

o
n
1

e
)
1

Time (h)

Figure 6. Cr(VI) concentration in cathode with time under different
system (fixing initial Cr(VI) concentration in cathode of 2.88 mmol/L in
0.5 mol/L H,SO,. Anode in the system of open-circuit: 88 mmol/L BPA).
The specific electrochemical parameters during the experiment are
shown in Table 1. As a result of the internal resistance of the
Nafion membrane the test used is low, so the efficiency of cathode
is quite high. In the system where the concentration of BPA is 88
mmol/L, the total electricity output is 12.9 C and the cathodic
efficiency is 91%. Moreover, in the system where the
concentration of BPA is 44 mmol/L, the total electricity output is
9.45 C and the cathodic efficiency is 74%.

3.4. The electricity production performance of BPA-Cr(VI)
CRFC and the removal rate of BPA. After examining the
removal rate of the Cr(VI), we changed the experiment conditions
by setting the Cr(VI) in catholyte excessive to investigate the
degradation of BPA. In anolyte, the concentration of BPA was
fixed at 4.4 mmol/L, and the concentration of NaOH was
controlled at 0.2 mol/L. Besides, in cathode, the concentration of
Cr(VI) changed from 50 mmol/L to 100 mmol/L. Variation of cell
voltage with time under different initial Cr(VI) concentrations is
displayed in Figure 7. Setting the concentration of Cr(VI) as 50
mmol/L and 100 mmol/L respectively, the corresponding open
circuit voltage of the system is 1.05 V and 1.08 V. Moreover, in

Table 1. Cr(VI) removal efficiency and electrical parameters under different electrolytes

the open circuit system, with time extended, the cell voltage is
increasingly stable and finally reaches 1.13 V.
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Figure 7. Variation of cell voltage with time under different initial Cr(VI)
concentrations (i. 50 mmol/L Cr(VI) (black), ii. 100 mmol/L Cr(VI) (red),
iii. open circuit 50 mmol/L Cr(VI) (blue) in 0.5 mol/L H,SO, and fixing
BPA at 4.4 mmol/L in 0.2 mol/L NaOH).

1.04 80
n -
[ | e
0.8+ \ —
- / Loo "z
n ke
S 0.6 Y z
(2 - 3
o ‘ F40 5.
g L] Z
= 0.4 [ m s s
N g
> / ) N °
" “m b
. L 2
02 : <m £
n —_
0] ® Te-m-m [
T
2100 0 100 200 300 400 500 600 700 800

Current density (pA-em™)
Figure 8. Polarization curve and power profiles of cell (Cathode: 100
mmol/L Cr(VI) + 0.5 mol/L H,SO4. Anode: 4.4 mmol/L BPA + 0.2 mol/L
NaOH).
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Figure 9. BPA concentration in anode with time under different system
(fixing initial BPA concentration in anode of 4.4 mmol/L in 0.2 mol/L
KOH).

Cy-Cr(VI), OCP, Cr(VI) removal Total generation | Electricity production of Cathodic
mmol/L (4% efficiency electricity, (C) Cr(VI) reduction (C) efficiency, (%)
88mmol/L BPA+ Cr(VI)'! 2.88 0.83 95% 12.9 11.8 91
44mmol/L BPA+ Cr(VI)? 2.88 0.78 56% 9.45 7.03 74

Tt1=25h, t2=23h

The polarization curve and power density of the cell has
been tested. As is shown in Figure 8, the maximum power density
of the cell is 78.1 pW/cm®. The change of Cr(VI)’s concentration
with time under different systems is also investigated and the
results are shown in Figure 9. The first order fitting curve of the
concentration of BPA and correlation under different electrolytes
are displayed in Table 2. Under open circuit conditions, the
concentration of BPA decreased slightly. Using the first order
curve to fit, the slope of the curve is -0.027. After 36 h, the

concentration of remaining BPA is 78% of initial concentration. In
contrast, under closed circuit condition, after working 36 h, when
Cr(VI)’s concentration is 50 mmol/L and 100 mmol/L, the
concentration of remaining BPA is 52% and 44% of initial
concentration. The dates suggest that the fuel cell can not only
generate the electricity but also achieve the goal of removing the
contaminants at the same time. As for the decrease of the
concentration of BPA under open circuit system, it may result
from the penetration of the cell. The Nafion membrane we used in
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the cell is a kind of ionic membrane, while BPA is a kind of
molecule. So BPA can penetrate through the porous structure and

lead to the decrease of the anolyte’s concentration.

Table 2. The first order fitting curve of the concentration of BPA and correlation under different electrolytes

Correlation coefficient (P)

Fitting curve

50 mmol/L Cr(VI) under open circuit y =-0.027x+4.42 0.9938
4.4 mmol/L BPA + 50 mmol/L Cr(VI) y=-0.061x+4.44 0.9893
4.4 mmol/L BPA + 100 mmol/L Cr(VI) y=-0.071x+4.40 0.9942

4. CONCLUSIONS

It was found that nano-sized nickel can be successfully
synthesized and it is an ideal material as an anode catalyst to
achieve better degradation of BPA for fuel cells.

The experimental results also show that when BPA in
anode chamber is excessive, the maximum open circuit voltage of
the fuel cell is varied in the range of 0.84 ~ 0.92 V. An electricity
production is ca. 146.6 C/mol BPA when BPA’s concentration is
88 mmol/L, after working 25 h, the removal rate of Cr(VI) with an
initial concentration of 2.88 mmol/L is 95%. In contrast, when Cr
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