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Abstract: Proton exchange membrane is an important factor affecting the power generation capacity
and water purification effect of microbial fuel cells. The performance of microbial fuel cells can be
improved by modifying the proton exchange membrane by some suitable method. Microbial fuel
cells with membranes modified by SiO2/PVDF (polyvinylidene difluoride), sulfonated PVDF and
polymerized MMA (methyl methacrylate) electrolyte were tested and their power generation capacity
and water purification effect were compared. The experimental results show that the three membrane
modification methods can improve the power generation capacity and water purification effect of
microbial fuel cells to some extent. Among them, the microbial fuel cell with the polymerized MMA
modified membrane showed the best performance, in which the output voltage was 39.52 mV, and
the electricity production current density was 18.82 mA/m2, which was 2224% higher than that of
microbial fuel cell with the conventional Nafion membrane; and the COD (chemical oxygen demand)
removal rate was 54.8%, which was 72.9% higher than that of microbial fuel cell with the conventional
Nafion membrane. Modifying the membrane with the polymerized MMA is a very effective way to
improve the performance of microbial fuel cells.
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1. Introduction

Energy crisis and environmental pollution are two important factors hindering the development
of economy and society. On the one hand, due to over exploitation, the traditional fossil fuel has been
nearly exhausted, and the competition around resources in the world is increasingly intensified; on
the other hand, the use of fossil fuels will produce a large amount of gas and solid waste, which will
further aggravate the environmental pollution. Therefore, the development of renewable energy which
can replace fossil energy has become the global focus [1–4].

Microbial fuel cell (MFC) is a kind of bioreactor that directly converts chemical energy in organic
matter into electrical energy by microbial metabolic activities. MFC, which uses organic waste as feed,
can generate electric energy in the process of waste treatment, and will not release harmful substances
to the environment in the process of power generation. It can solve the two major problems of energy
and environment at the same time. Therefore, it is considered as a kind of sustainable energy with high
efficiency, low consumption, clean and environmental protection, and has become a research hotspot
in many fields such as environment and energy [5–7]. In recent years, great progress has been made in
the research of MFCs, but its popularization and application are still restricted by the problems of low
power generation capacity, unstable operation, high cost, etc.
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The factors affecting the performance of MFCs include microbial population, exchange membrane,
electrodes, internal and external resistance, substrate concentration, electrode spacing, etc. [8–13].
Among all these factors, proton exchange membrane, as an important part of separating anode chamber
and cathode chamber and transferring protons from anode to cathode, has a direct impact on electron
transfer, and its cost accounts for about 40% of the total cost of MFCs [14–16]. Therefore, proton
exchange membrane is considered as the most important factor affecting the performance of MFCs,
and it is also one of the important bottlenecks in the popularization and application of MFCs.

At present, almost all commercial proton exchange membranes are Nafion membranes. Nafion
membrane has the advantages of high proton conductivity, good chemical and physical stability, good
mechanical durability, etc., but the use of Nafion membrane also brings high oxygen permeability, poor
thermal stability, biological deposition and some other problems, which further limits the performance
of MFCs [17]. In order to promote the practical application of MFCs, it is necessary to improve the
performance of the proton exchange membrane.

Membrane modification can effectively improve the proton conductivity and water retention
of the membrane, reduce the internal resistance of MFCs, so as to improve the power generation
performance and wastewater treatment effect of MFCs. Many research methods have been used to
modify proton exchange membrane. The main modification methods include doping nanoparticles,
nanofibers, organic and inorganic particles in the proton exchange membrane, or using some aromatic
polymers, such as polyether ketone, polyether sulfone, polybenzimidazole, heteropoly acid, etc., to
make blend membranes. Metal composite membrane prepared by depositing Pt or other metal oxides
in Nafion membrane can reduce the influence of fuel penetration on the cathode and achieve the
effect of humidification and water retention [18]. Heteropolyacids (HPAs) are a kind of inorganic
proton conducting materials with high proton conductivity. Heteropoly acid/Nafion composite
membrane is helpful to improve electrical conductivity, water retention and reduce fuel permeation [19].
Zirconium phosphate/Nafion composite membrane can significantly improve the conductivity of the
membrane [20]. Most of these modification methods can effectively improve the electricity generation
performance and wastewater treatment effect of MFCs to a certain extent. However, there are still
some problems such as high manufacturing cost, poor durability.

Although silicon dioxide (SiO2) cannot be used as proton conductor like zirconium phosphate
and heteropoly acid, nor can it play the role of hydrogen permeation and catalysis like Pt, the presence
of SiO2 can improve the water retention of membrane and facilitates the transfer of H+ [21]. Methyl
methacrylate (MMA) are also used for the modification of membranes, making them antifouling [22].
Polyvinylidene difluoride (PVDF) membranes have been extensively applied to scientific research
and industrial process due to its outstanding properties such as high thermal stability, good chemical
resistance and membrane forming properties [23]. The three materials have stable chemical properties
and are widely circulated in the market, making them become good modification materials for proton
exchange membrane. These three materials are much cheaper than Nafion membrane, therefore the
overall cost performance of Nafion composite membrane modified by these three materials will be
improved. It is a good choice to use these low-cost materials to optimize the performance of MFCs.

In this paper, SiO2, MMA and PVDF were used to modify the proton exchange membrane
respectively, and the effects of these three different modification methods on the power generation
performance and water purification capacity of MFCs were studied.

2. Materials and Methods

2.1. Structure of the Experimental System

A dual-chamber MFC was used as an experimental reaction system for this study, as shown in
Figure 1. Both the volume of the cathode chamber and the anode chamber are 500 mL. The cathode
and anode compartments are separated by a proton exchange membrane. The aerobic state of the
cathode chamber and the anaerobic state of the anode should be maintained throughout the reaction
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process. The electrode materials of cathode and anode are carbon cloth (WOS1002, CeTech Co., Taiwan
China) with thickness of 0.36 mm, and the surface area is 6 cm × 7 cm. The real-time output voltage
generated by MFC was collected and transmitted online through a 16-channel multi-function USB data
acquisition card (MPS-010602, Morpheus Electronics Technology Co., Beijing China) in parallel with
the load, and displayed, stored and processed by the computer.
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Figure 1. Schematic diagram of the microbial fuel cell (MFC) experimental system.

2.2. Experimental Materials and Pretreatment

The reagents used in the experiment mainly include acetone (CH3COCH3) (Damao Co., Tianjin
China), methanol (CH3OH) (Damao Co., Tianjin China), polyvinylidene fluoride (PVDF) (Arkema
Co.,France), N,N-Dimethylformamide (DMF) (Damao Co., Tianjin China), sodium chloride (NaCl)
(Damao Co., Tianjin China), potassium ferricyanide (K3[Fe(CN)6]) (Damao Co., Tianjin China),
hydrogen peroxide (H2O2) (Damao Co., Tianjin China), sulfuric acid (H2SO4) (Damao Co., Tianjin
China), silicon dioxide (SiO2) (Damao Co., Tianjin China), sodium bicarbonate (NaHCO3) (Damao Co.,
Tianjin China), silane coupling agent (KH550) (Axygen Co., USA), N-methyl pyrrolidone (C5H9NO)
(Damao Co., Tianjin China), sodium sulfite (Na2SO3) (Damao Co., Tianjin China), ammonium chloride
(NH4Cl) (Damao Co., Tianjin China), potassium chloride (KCl) (Damao Co., Tianjin China), Manganese
(II) Sulfate Monohydrate (MnSO4·H2O) (Damao Co., Tianjin China), sodium dihydrogen phosphate
(NaH2PO4·H2O) (Damao Co., Tianjin China), disodium phosphate dodecahydrate (Na2HPO4·12H2O)
(Damao Co., Tianjin China), methyl methacrylate (MMA) (Damao Co., Tianjin China), etc., all of which
are analytical pure reagents.

The cathode electrolyte used in the experiment was a mixed solution of K3 [Fe(CN)6] and NaCl.
K3[Fe(CN)6] (632.9 g, 0.2 mol/L) was dissolved with PBS in a 500 mL volumetric flask, NaCl solution
(11.7 g, 0.4 mol/L) was put into another 500 mL volumetric flask; then the above K3[Fe(CN)]6 solution
and NaCl solution were mixed at a ratio of 1:1 to obtain the cathode electrolyte of the MFC.

Molasses wastewater was used as the anolyte of MFC. the molasses wastewater was prepared
by the following chemicals: 3.13 g/L NaHCO3, 0.31 g/L NH4Cl, 6.338 g/L NaH2PO4·H2O, 6.8556 g/L
Na2HPO4·12H2O, 0.13 g/L KCl, 0.2 g/L MgSO4·7H2O, 0.015 g/L CaCl2, 0.01 g/L MnSO4·H2O and 3 g/L
brown sugar [24].

The microorganisms used in the anode chamber were prepared by sludge culture. The sludge was
collected from the bottom of the lake in the campus (Shenyang, China). Under anaerobic conditions,
the molasses wastewater and some nutrients (such as carbon, nitrogen, phosphorus, etc.) needed
for microbial growth were put into the culture flask together with the collected sludge, and then
domesticated in the biochemical incubator at a constant temperature of 20 ◦C. When the sludge in the
culture bottle is suspended as flocculant, the cultivation of microorganisms can be considered successful.

Carbon cloth was used for both anode and cathode. Before use, the carbon cloth was pretreated by
following methods: first, the carbon cloth was immersed in acetone solution for 2 h, then the immersed
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carbon cloth was washed repeatedly with deionized water until it was neutral, and then dried in an
oven at 65–85 ◦C for reserve.

2.3. Preparation and Modification of Membranes

The basic material of proton exchange membrane used in the experiment was Nafion 117 which
was produced by DuPont Company. Proton exchange membranes need to be pretreated before they
are used. After boiling for 1 h in a 5% H2O2 solution, the organic impurities were removed by repeated
washing with deionized water. Then the membrane was boiled in 1 mol/L H2SO4 for 1 h to convert the
membrane into H+ type, then the membrane was washed repeatedly with deionized water to remove
the impurities of metal ions. Finally, the membrane was boiled for 1 h with deionized water and then
washed repeatedly with deionized water for 5 times to remove the residual H2SO4 in the membrane.
The pretreated Nafion 117 membrane was put into deionized water for reserve.

The powdered PVDF was dried and added into DMF/acetone mixed solvent with the volume
ratio of 4:6, then heated to 40–50 ◦C in a water bath and stirred until a uniform solution appeared. Then
four parts of nano-SiO2 which the mass fractions of nano particles in PVDF were 2%, 5%, 8% and 10%,
respectively, were added to the above solution, and a few drops of silane coupling agent (KH550) were
added, then mechanical stirring was carried out with a stirrer (96-1A, Hongyi Instrument Equipment
Co,. Shanghai China) for about 20 minutes (60 r/min), and then the SiO2/PVDF mixture was gained
for use.

The PVDF was sulfonated with concentrated sulfuric acid for 12 h at 60 ◦C to obtain light brown
particles, then rinsed and neutralized with deionized water. Finally, the PVDF was dissolved in
N-methyl pyrrolidone at 80 ◦C to obtain the mixed solution of sulfonated PVDF for reserve.

Two Nafion membranes of 10 cm × 10 cm were immersed in methanol solution with volume ratio
of 3:1 for 1 h, then were taken out and immersed in SiO2/PVDF mixture and sulfonated PVDF mixture
respectively for 5 minutes at 60 ◦C; then were taken out and air-dried; then placed in a vacuum drying
chamber (101-2BS, Lichen Co,. Shanghai China) to dry at 60 ◦C for 15 minutes. Four to five times of
the above operations were repeated to obtain SiO2/PVDF modified and sulfonated PVDF modified
proton exchange membranes [25].

Then, 0.2 mol/L MMA solution was put into a 500 mL beaker, another Nafion membrane was
put into the MMA solution for 24 h, then the soaked Nafion membrane was taken out and immersed
in the new MMA solution and a certain concentration of sodium sulfite was added as initiator. The
polymerized MMA proton exchange membrane was obtained by sealed polymerization for 48 h. The
prepared modified proton exchange membrane was dried and placed in deionized water for reserve.

2.4. Analysis Methods

In order to evaluate the performance of MFCs, the current density was measured and compared.
The output current I of MFC can be calculated by Ohm’s law according to the measured voltage value
U, that is:

I = U/R (1)

where U is the output voltage of MFC, which is measured by data acquisition card; R is the load
resistance. In the experiment, the external load resistance is always set at a fixed resistance value of 500
Ω. Since the load current is consistent with the internal current of the MFC, the current density IA of
the MFC can be calculated according to its output current and the anode surface area A, that is:

IA =
I
A

=
U

AR
(2)

The water absorption of the membrane can be determined by measuring the weight of the
membrane before and after hydration. Firstly, the membrane was baked in an oven at 80 ◦C for
24 hours, then the membrane was taken out and cooled to room temperature and weighed. The weight



Energies 2020, 13, 1383 5 of 11

of the dry membrane was recorded as W0. Then, the membrane was immersed in deionized water at
room temperature for 24 hours, and the weight of the wet membrane was recorded as W1. The water
absorption rate of the membrane was calculated by:

∆W (%) =
W1 −W0

W0
× 100% (3)

Scanning electron microscopy (SEM) (JSM-6360LV; JEOL Co., Japan) was used to characterize the
membrane to further observe the surface morphology of the membrane.

In order to further analyze the properties of the proton exchange membranes, cyclic voltammetry
(CV) tests on the membrane were carried out with an electrochemical workstation (CHI660E, Shanghai
China). The three-electrode system of electrochemical workstation was used in the test, and PBS (50
mmol/L, pH = 6.8) was used as the buffer solution; the potential scanning range was −1.10 V ~ 0.7 V,
and the scanning speed was 10 mV/s. All the tests were carried out at room temperature.

The COD removal rate was tested to analyze the wastewater treatment effect of MFCs. The
influent and effluent COD of the anode chamber were measured by a LH-NP2 type COD rapid detector
(Lohand biological Co, Dalian China), and then the COD removal rates of MFC were calculated by:

COD removal rate (%) =
CODi −CODo

CODi
× 100% (4)

where CODi denotes the influent COD and CODo denotes the effluent COD.

3. Results and Discussions

3.1. Effect of SiO2/PVDF Modified Membrane on Electricity Generation Performance of MFC

In the experiment, four groups of MFC experimental systems with the same basic configuration
were operated simultaneously to ensure that all the experimental conditions were the same except for
the comparison terms, thus ensuring a good contrast effect.

The output voltage curves of the four MFCs with the membranes modified by SiO2/PVDF in
different mass fraction were shown in Figure 2. It can be seen that, the steady-state output voltage of
MFC with ordinary Nafion membrane was about 1.70 mV, and when SiO2/PVDF with mass fractions
of 2%, 5%, 8% and 10% were used to modify the Nafion membrane of MFCs, the steady-state output
voltage of MFCs were about 14.26 mV, 18.17 mV, 22.40 mV and 15.28 mV, respectively, which were
738%, 969%, 1218% and 799% higher than that of MFC with ordinary Nafion membrane. So, membrane
modification with SiO2/PVDF mixture can significantly improve the performance of MFC. When the
mass fraction of the modified solution increases from 2% to 5% and 8%, the output voltage of MFC
increased gradually; when the mass fraction of the modified solution was 8%, the output voltage
reached the maximum and was relatively more stable; when the mass fraction of SiO2/PVDF continued
to increase to 10%, the output voltage no longer increased but decreased, and it showed a significant
downward trend after a sharp fluctuation in the period of 150 h to 170 h. Therefore, increasing the
mass fraction of the modified solution does not mean that the improvement effect is better. Excessive
mass fraction will inhibit the power generation capacity of MFCs. When the SiO2/PVDF mixture was
used to modify the proton exchange membrane, the modification effect reached the best state when the
mass fraction was 8%.
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3.2. Effect of Sulfonated PVDF and Polymerized MMA Modified Membranes on Electricity Generation
Performance of MFC

The output voltage curves of MFCs with sulfonated PVDF and polymerized MMA modified
Nafion membrane were shown in Figure 3.
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As can be seen from Figure 3, when sulfonated PVDF was used as a modified solution, the
steady-state output voltage of MFC was about 11.97 mV, which was 604% higher than that of MFC
with normal Nafion membrane. This shows that the sulfonated PVDF modified Nafion membrane has
a good effect on improving the electric performance of MFC. When polymerized MMA was used as
the modification solution of proton exchange membrane, the steady-state output voltage was about
39.52 mV, which was 2224% higher than that of MFC with ordinary Nafion membrane, and 230%
higher than that of sulfonated PVDF, and the improvement effect was remarkable.

The current density curves of MFCs using the several different proton exchange membranes were
shown in Figure 4, which makes it possible to compare the effects of different modification methods
more clearly. The steady-state current densities of MFCs with common Nafion membrane, SiO2/PVDF
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(8% mass fraction) modified Nafion membrane, sulfonated PVDF modified Nafion membrane and
polymerized MMA modified Nafion membrane were about 0.81 mA/m2, 5.66 mA/m2, 10.32 mA/m2 and
18.82 mA/m2, respectively. Therefore, modification of proton exchange membranes with SiO2/PVDF,
sulfonated PVDF or polymerized MMA can improve the power generation capacity of MFCs in some
certain extent. In general, polymerized MMA modified proton exchange membranes can make MFCs
produce higher current density under the same conditions. Therefore, from the point of view of
improving the electricity production performance of MFCs, polymerized MMA modified Nafion
membranes can achieve better results.
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3.3. Analysis of Water Absorption of Membranes

The hydrophilicity of membranes will directly affect the power generation performance of MFCs.
When the water content of the membrane is high, the migration coefficient of the proton is higher
than that of water, and its conductivity is higher. Therefore, the higher the water absorption of the
membrane, the better its conductivity. By calculating the water absorption of the membranes, the water
absorption properties of the several different proton exchange membranes used in the experiments can
be compared.

The water absorption test data of the conventional Nafion membrane and the three different
modified membranes were shown in Figure 5. The water absorption values of conventional Nafion
membrane, sulfonated PVDF Nafion membrane, SiO2/PVDF (8% mass fraction) modified membrane
and that of polymerized MMA modified membrane were 6.32%, 8.24%, 11.28% and 12.79%, respectively.
The water absorption of Nafion membranes modified by three different methods were 30.4%, 78.5%
and 102.4% higher than that of conventional Nafion membranes, which further verified the above
experimental results that all the three modified methods can effectively improve the conductivity of
membranes, and further proved that the modification of Nafion membrane by polymeric MMA was
the best of the three methods.
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3.4. Water Quality Analysis

The anolyte of MFC was molasses wastewater. Table 1 shows the COD indices of influent and
effluent of MFCs with different membranes. It can be seen from the table that the COD removal
rate of MFC using conventional Nafion membrane was 31.7%, while the COD removal rates of
MFCs with SiO2/PVDF (8% mass fraction) modified Nafion membrane, sulfonated PVDF modified
Nafion membrane and polymerized MMA modified Nafion membrane were 41.6%, 42.2% and
54.8%, respectively. The COD removal rates of molasses wastewater in MFCs with the three modified
membranes were 31.2%, 33.1% and 72.9% higher than that of MFC with conventional Nafion membrane,
respectively. Therefore, when molasses wastewater is used as the anolyte of MFC, MFC can generate
electrical energy through degradation of organic matter, and the molasses wastewater feed to the
anode chamber of MFC can also be well purified. Moreover, the use of polymerized MMA modified
membrane can significantly improve the water purification effect of MFC.

Table 1. COD removal rate of MFCs with different membranes.

Blank SiO2/PVDF Sulfonated PVDF Polymerized MMA

Influent (mg/L) 12,890 12,890 12,890 12,890
Effluent (mg/L) 8804 7528 7540 5826

COD removal rate (%) 31.7 41.6 42.2 54.8

Molasses wastewater belongs to high concentration organic wastewater. The main treatment
methods of molasses wastewater are some terminal degradation methods which usually provide low
COD removal rate. For example, the COD removal rate of molasses wastewater by photodegradation
method was only 2%, the COD removal rate of molasses wastewater in H2O2/TiO2/UV/zeolite system
was about 15% [26], the COD removal rate of molasses wastewater in the anaerobic tank with better
treatment effect was about 46.0% [27]. The COD removal rate of molasses wastewater in MFC with
polymerized MMA modified membrane reached 54.8% in this experiment. Therefore, it is feasible to
use MFC as an alternative to molasses wastewater treatment. On the one hand, molasses wastewater
can be used as fuel to generate electricity by MFC; on the other hand, MFC can also be used as an
effective alternative method to treat molasses wastewater.

3.5. SEM Analysis

Figure 6 shows the SEM photographs of conventional Nafion membrane, sulfonated PVDF
(8% mass fraction) modified Nafion membrane and polymerized MMA modified Nafion membrane.
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It can be found from the photographs that both sulfonated PVDF and polymerized MMA can form
adhesion layer on the surface of membrane. The sulfonated PVDF adhered sparsely to membrane,
while the polymerized MMA adhered densely to the surface of membrane, which made the modified
membrane have more complex morphology than the conventional Nafion membrane. The sulfonated
PVDF or polymerized MMA with strong conductivity attached to the membrane, on the one hand,
increased the specific surface area of the membrane, improved the membrane’s water retention and
proton transfer rate; on the other hand, the good conductivity of sulfonated PVDF or polymerized
MMA particles further improved the conductivity of proton exchange membranes. The polymerized
MMA can be better attached to membrane, so it can improve the power generation capacity of MFC
more effectively, which is consistent with the above experimental results.
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membrane (B) and polymerized MMA modified Nafion membrane (C)

Further experimental results show that the conductivity of polymerized MMA modified Nafion
membrane was 12.14 mS/cm at 20 ◦C, while that of sulfonated PVDF modified Nafion membrane was
4.76 mS/cm, which further proves that the polymerized MMA modified Nafion membrane has better
proton conductivity than the sulfonated PVDF modified Nafion membrane.

3.6. Cyclic Voltammetric Characteristics

The cyclic voltammetry curves of the conventional Nafion membrane and the polymerized MMA
modified Nafion membrane were shown in Figure 7.
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It can be seen from the CV curves that the symmetry of the oxidation wave and the reduction
wave of the polymerized MMA modified membrane has been improved, which indicates that the
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polymerized MMA improves the reversibility of electroactive substances. On the other hand, the
polymerized MMA modified membrane has higher redox current than that of the conventional Nafion
membrane. The results show that the proton exchange membrane modified by the polymerized MMA
speeds up the rate of proton transfer, and such changes in electrochemical properties are beneficial to
the performance improvement of MFC.

4. Conclusions

Modification of proton exchange membrane of MFC with some suitable electrolyte can increase
the surface activity of the proton exchange membrane, improve the proton transfer ability and thus
improve the power generation and water purification effect of MFCs. Modification of proton exchange
membrane with SiO2/PVDF, sulfonated PVDF or polymerized MMA as electrolyte can improve the
power generation ability and water purification effect of MFC in some certain extent. When the Nafion
membrane was modified by the polymerized MMA, the performance of electricity generation and
water purification of the MFC was the best. In this case, the steady-state output voltage was 39.52 mV,
the current density was 18.82 mA/m2, which was 2224% higher than that of MFC with an ordinary
Nafion membrane; the COD removal rate of molasses wastewater reached 54.8%, which was 72.9%
higher than that of MFC with an ordinary Nafion membrane. Therefore, modifying the membrane
with the polymerized MMA is a very effective way to improve the performance of MFCs.
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