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 Nanocatalyst materials can achieve a synergistic effect through 
complementarity components, which are essential for improving electrode 
performance. In this research, a novel anode electrode (G-ZSM-5/Fe/Ni) 
was made by modifying the surface of a simple graphite rod electrode with 
a ZSM-5/Fe/Ni nanocatalyst to increase the efficiency of microbial fuel 
cells. The results of cyclic voltammetry (CV) and square wave voltammetry 
(Sqw) analysis showed a 27.95% increase in the current efficiency of this 
electrode compared to the simple graphite electrode. Electrode 
modifications with conductive and nanostructured ZSM-5/Fe/Ni were 
recognized as an efficient approach to improve the interaction between 
electrode surface and bacteria and electrical conductivity for boosting the 
performance of microbial fuel cells (MFCs). Moreover, to optimize the 
influencing process parameters, three variables of temperature, retention 
time, and stirring rate were each investigated through the surface response 
method (RSM) with essential responses such as current output (I) and 
percentage of chemical oxygen demand removal efficiency, after which the 
best conditions were provided. In the proposed model, the temperature of 
28 °C, the retention time of 37 h, and the stirring rate of 50 rpm were 
determined as optimal conditions, in which the maximum current 
production and the percentage of chemical oxygen demand removal 
efficiency were 1099 mA and 40.53%, respectively. Therefore, this 
synthesized nanocatalyst is a promising candidate as a biocompatible 
anode material in MFC. 
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Introduction 

Microbial fuel cell (MFC) technology as a 

bioelectrochemical system (BES) is considered 

one of the newest methods of producing electric 

current, organic matter recovery, wastewater 

treatment, and extraction of valuable by-products 

from wastewater by microorganisms [1-4]. 

High-efficiency guidance in MFCs requires high 

electrochemical activity, high extracellular 

electron transfer (EET), and effective interactions 

between electrodes and microbes to form a 

biofilm layer on the anode surface that depends 

on factors such as roughness, surface chemistry, 

porosity, and hydrophilicity of electrode and type 

of EET-capable bacteria [5-7]. 

Various modified electrodes based on various 

materials have been used to manufacture MFCs, 

including graphite electrodes, carbon cloth 

electrodes, carbon foam, lattice carbon, carbon 

paper, stainless steel, ceramic, 3D carbon 

electrodes. It has been shown that the MFC 

efficiency has been dramatically enhanced by 

extensive research with modifications such as 

increasing metal and nonmetal functional groups, 

resulting in increased specific surface area (SSA) 

and electrical conductivity [8-11]. The reason for 

using this type of base electrodes can be 

attributed to its chemical stability, low cost, high 

conductivity, and biocompatibility compared to 

other electrodes [12-13]. 

Given the importance of the subject mentioned 

above, extensive research has been carried out in 

this area in recent years. For example, Yellappa et 

al. [14] used anodic electrodes made of stainless 

steel modified with polyaniline-doped carbon 

nanotube (CNT) by in situ polymerization. Due to 

high specific surface area (SSA) than simple 

stainless-steel electrode and high electrocatalytic 

activity, this electrode increases the cell output 

power by up to 48% and the chemical oxygen 

demand removal efficiency by up to 80%. Xu et al. 

[15] used an anode with 3D porous nitrogen-

chitosan modified with polyaniline/carbon 

nanotube. By forming the triple bonds, increasing 

the SSA, and facilitating the bacterial attachment 

on the anode surface, polyaniline increased 

power density from 1.4 W/m3 in the chitosan-

carbon nanotube-nitrogen (NCNT/S) electrode to 

4.2 W/m3 in the NCNT/S-PANI electrode. Zhai et 

al. [16] used surface modification technique for 

carbon cloth electrode with polyaniline 

nanostructures vertically bonded to carbon cloth 

to improve the interaction between the electrode 

surface and electrogenic bacteria using in situ 

polymerization method, which succeeded in 

increasing EET. Yin et al. [17] fabricated an 

anodic electrode of carbon cloth modified with 

polyaniline sheets to which titanium dioxide 

(TiO2) nanowires are vertically attached (TiO2-

PANI/CP). Increasing the number of polyaniline 

sheets to 20 (TiO2-20PANI/CP) increased the 

output power density by 63% compared to the 

titanium dioxide /carbon cloth electrode 

(TiO2/CP). Li et al. [18] used graphene anode 

modified with titanium and polyaniline. Their 

results showed that titanium sub-oxides (Ti4O7) 

improved cell performance due to increased 

electrical conductivity and high electrochemical 

SSA, with output voltage and power density 

increasing 2.9 and 12.7 times in the MFC reactor 

with TSGP electrode, respectively, compared to 

the carbon cloth electrode. Tian et al. [19] 

developed MFC using graphene anode electrode 

modified with polypyrrole (PPy) and manganese 

dioxide (MnO2) nanoparticles and studied its 

performance at low temperatures of the reactor 

cell. After analyzing the conditions, the efficiency 

of chemical oxygen demand (COD) and CH4 gas 

produced by this bioelectrochemical system with 

surface-modified graphene electrode was 

increased to 43.9% and 66.3%, respectively, 

compared to pure graphene. The SEM images 

from the modified graphene electrode surface 

showed that the electrode had more SSA than the 

unmodified type, making it easier to attach the 

microbes and form thick and heavy biofilms on 

the electrode surface. Zeng et al. [20] prepared 

macro-sized nitrogen-modified carbonized cotton 

cloth anodes. Physicochemical results showed 

high SSA for bacterial growth and EET in this 

electrode. The maximum output power density of 

the cell by this modified anode was 80.5% higher 

than that of the MFC with a pure cotton anode. Jia 

et al. [21] used TiO2 nanowires/carbon paper 

(TiO2-NWs/ CP) anode electrode. Due to the 

increase of the two EET and SSA factors of an 
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electrode, the cell production power with this 

electrode was increased by 49.5% compared to 

the CP electrode. Chang et al. [22]. Investigated 

the surface and electrochemical properties of 

carbon cloth electrode surface modified with 

atmospheric pressure plasma jets (APPJs) in 

MFCs. The power density of this electrode 

(7.56mW/m2) was increased significantly 

compared to the unmodified carbon cloth 

electrode (2.38mW/m2) due to the ease of biofilm 

formation on the surface of this electrode. 

Graphite has a carbon crystalline structure with 

SP2 hybridization and has high electrical stability 

and conductivity that can be used as a base 

substrate to prepare new electrodes [23]. It is 

worth noting that among the various graphite 

electrodes (cloth, rod, foam, layered, and brush), 

the graphite rod electrode has a lower efficiency 

than other types of graphite [24-26]. 

Zeolites are tetrahedral crystalline 

aluminosilicates bonded with oxygen bridges; 

due to their SSA, specific channel structure, high 

thermal and hydrothermal stability, they are 

widely used in chemistry, petrochemicals, and 

water and wastewater treatment [27-29]. 

Considering the results obtained from research 

on electrode modification in MFCs and their 

reports on the potential impact of metal 

nanoparticles and their alloys as catalysts on the 

oxygen reduction reaction (ORR) as well as the 

low cost of these metals, [30-36], we investigated 

the efficiency of MFC with ZSM-5 nanozeolite 

surface modified graphite anode electrode doped 

with ferrous (Fe) and nickel (Ni) to increase 

output production current, chemical oxygen 

demand removal efficiency (%COD), improving 

graphite rod electrode efficiency, selecting an 

electrode with the highest efficiency, and 

determining optimum temperature, time and 

stirring rate using by response surface method 

(RSM). 

Experimental 

Materials 

The ZSM-5 nanocatalyst powder (from the 

Zeolites family) was purchased from Sigma 

Aldrich with a crystal size of 0.5 μm and a pore 

size of 5.5Å. Ferric chloride (FeCl3), nickel sulfate 

(Ni2SO4), potassium chloride (KCl), sodium di-

hydrogen phosphate dihydrate (NaH2PO4.2H2O), 

disodium hydrogen phosphate dihydrate 

(Na2HPO4.2H2O), ammonium chloride (NH4Cl), 

and 98% sulfuric acid (H2SO4) were also obtained 

from Merck Germany. Nafion117 membrane 

(DuPont, the USA) was used to Preparation the 

cell. 

Preparation of ZSM-5/Fe and ZSM-5/Ni 

Nanocatalyst 

To prepare the functionalized ZSM-5 

nanocatalyst, the first 2.5 g of ZSM-5 nanozeolite 

powder was placed in the furnace at a 

temperature of 500 °C for 4 h and calcined. Then, 

0.5 g of ferric chloride (FeCl3) powder or nickel 

sulfate (Ni2SO4) was dissolved in distilled water 

twice for 1 h, added to the calcined ZSM-5 

nanozeolite powder mixed for another 30 min 

and filtered with a filter paper. The resulting 

powder was rinsed three times with distilled 

water and placed in an oven at a temperature of 

80 °C for 2 h. Next, the powder was separated 

from the filter paper and re-calcined at a 

temperature of 500 °C for 4 h. The preparation 

method for each of the above nanocatalysts is 

schematically illustrated in Figure 1. 

 

 
Figure 1: Schematic of the preparation process of ZSM-5/Fe and ZSM-5/Ni nanocatalysts 
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Preparation of ZSM-5/Fe/Ni Nanocatalyst 

To produce ZSM-5/Fe/Ni nanocatalyst powder, 

ZSM-5 was first doped with Fe as previously 

mentioned, and then 0.5 g of nickel sulfate 

(Ni2SO4) powder was dissolved in deionized 

water for one hour. Next, the calcined ZSM-5/Fe 

nanozeolite powder was added and stirred for 30 

min. Afterward, the solution was filtered, and the 

powder was washed three times with distilled 

water and placed in an oven at a temperature of 

80 °C for 2 h. The resulting powder was re-

filtered and placed in the furnace at a 

temperature of 500 °C for 4 h. 

 

2.4. Materials Characterization 

Infrared spectroscopy (Model Spectrum100 

Perkin Elmer, the USA) was used to investigate 

the presence of ferrous (Fe) and nickel (Ni) 

metals in the nanocatalyst structure 

functionalized with these metals. Brunauer-

Emmett-Teller (BET) surface area analysis 

(Belsorb apparatus, Japan) was used to 

determine the SSA of nanocatalyst particles, and 

X-ray diffraction (XRD, STADI-P, the USA) and 

energy-dispersive X-ray spectroscopy (EDX, 

MIRA III SAMX, Czech Republic) were applied to 

investigate the surface modification of the 

graphite electrode by each of the nanocatalysts. 

Electrode Modification 

To modify the graphite surface and impregnate 

with the synthesized nanocatalyst powders, 0.5 g 

of each produced nanocatalysts (ZSM-5, ZSM-

5/Fe, ZSM-5/Ni, ZSM-5/Fe/Ni) was poured into a 

test tube and, 10 mL of ethanol was added. The 

graphite electrode was inserted into the test tube 

and placed in an ultrasonic bath for 20 min. Then, 

the resulting electrode was rinsed twice with 

deionized water and placed in a furnace at a 

temperature of 300°C for 2 h. 

 

MFC construction and operation 

This study applied a separate two-part cell with 

an anaerobic anode and aerobic cathode. The 

chambers were 500 mL pyrex glass with 75% of 

the volume as a working volume (375 ml). The 

two chambers were separated by a pyrex tube 

with an inner diameter of 0.8 cm and a length of 

13.4 cm embedded in the middle portion with the 

proton exchange Nafion 117 membrane. The 

electrodes were made of rod graphite and heated 

at 3000 °C with an area of 22.62 cm2. To remove 

any impurities and improve membrane 

performance, the membrane was first boiled for 

an hour in 3% H2O2 and then washed in 1 M 

sulfuric acid for 1 hour. 

Oxygen gas was injected into the cathode with a 

sparger at a 20 mL/min flow rate, and nitrogen 

gas was injected into the anode chamber to 

provide anaerobic conditions. A magnetic stirrer 

was used to stir the solutions inside the anode 

and cathode chambers, and a copper wire was 

used to bond the anode and the cathode 

electrodes. Acidification of the medium inhibits 

the optimal growth of the bacteria in the anode 

chamber, so it is necessary to use a buffer with 

appropriate pH in the bacterial growth medium. 

For this purpose, to maintain the acid strength in 

the cell, 50 mM of phosphate-buffered solution 

(PBS) (0.13 g/L of potassium chloride, 3.32 g/L of 

sodium di-hydrogen phosphate dihydrate, 5.13 

g/L of di-sodium hydrogen phosphate dihydrate, 

and 0.31 g/L of ammonium chloride) was 

prepared in the cathode chamber, and 375 mL 

was poured into the cathode chamber [37]. 

Microorganisms 

In the anodic chamber of the fuel cell, the 

anaerobic wastewater prepared from the 

industrial town treatment plant was used as 

inoculum. The samples from the treatment plant 

were stored in stainless steel containers at 4 °C, 

and transferred to the laboratory. The combined 

inoculum was inoculated into the pre-prepared 

culture medium containing 1 g/L of glucose, 3 

g/L of yeast extract, 11 g/L of peptone, 0.5 g/L of 

ammonium chloride [38]. During the 

experiments, the cells were kept at room 

temperature and stirred at 50 rpm for 72 h. 

Analytical method 

A multimeter (MASTECH MS8360G, China) was 

used to measure the cell's output voltage. The 

residual COD of the samples was measured with a 

COD meter (Model 76133, Aqua Litik, Germany). 

Three-electrode systems including, anode 

electrode (modified electrodes), platinum wire 

electrode, and silver/silver chloride electrode (as 
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the working electrode), were used to 

electrochemically measure the made electrodes. 

Cyclic voltammetry (CV) and square wave 

voltammetry (Sqw) with a scanning rate of 

5mV·s−1 in 50 mM phosphate-buffered solution 

(PBS) (Palmsense 3, the Netherlands) were used 

to investigate the electrochemical behaviors of 

the electrodes. 

Results and Discussion 

FT-IR Characterization 

Investigation of FT-IR spectra of different zeolites 

(Figure.2) reveals two groups of vibrational 

peaks in these compounds. The first group is the 

peaks corresponding to the internal vibrations of 

SiO4 and AlO4 tetrahedral. These peaks are non-

sensitive to the overall structure of the zeolite 

and are often found in all the zeolite structures. 

Partial degradation of the zeolite structure has 

little effect on the intensity of this group of peaks. 

The second group of peaks is only observed in 

some zeolite structures and is therefore 

attributed to inter-quadrupole connections. Due 

to the degradation of the zeolite structure, the 

intensity of this group of peaks decreases or 

disappears completely [39]. The characteristic 

peaks of the ZSM-5 zeolite are seen in the areas of 

1080 cm-1 (internal asymmetric stretching 

vibration), 800cm-1 (external symmetric 

stretching), 547 cm-1 (double ring vibrations), 

and 450 cm-1 (SiO4 and AlO4 bending vibration). 

Figure 2 shows FT-IR spectral analysis and 

investigation of changes in the spectrum of ZSM-5 

zeolite due to the deposition of Fe and Ni 

particles on it in the functionalized ZSM-5/Fe, 

ZSM-5/Ni, and ZSM-5/Fe/Ni nanocatalysts. 

As shown in Figure 2, the deposition of Fe and Ni 

particles on the ZSM-5 zeolite caused partial 

translocation at the appearance site of the 

zeolite-related peaks. The broadening and 

intensity of the peaks related to regions of 450 to 

797 increased in the spectra of ZSM-5/Fe, ZSM-

5/Ni, and ZSM-5/Fe/Ni nanocatalysts. These 

changes can be attributed to the oxygen-metal 

vibrations in the mentioned area, which confirms 

the deposition of Fe and Ni particles on the 

zeolite surface. Since the peak at 1225 cm-1 

indicates the nanoscale size of zeolite particles 

[40] and has not been eliminated in the catalyst 

synthesis process, it can be concluded that the 

structure and size of the zeolite particles did not 

change appreciably and retained their nanoscale 

dimensions. 

 

 
Figure 2: Fourier Transform-Infrared (FT-IR) Spectra of prepared nanocatalysts 

 

BET characterization 

By comparing the BET parameter (Figure 3) 

and the results in Table 1, in each of the four 

BET analysis curves of the nanocatalysts, the 

highest SSA was related to the catalyst 

functionalized with both Fe and Ni metal (ZSM-

5/Fe/Ni, which was determined to be 418.76 

m2/g). 
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Figure 3: BET curves of prepared nanocatalysts 

 

Table 1: Specific surface area of prepared nanocatalysts 

Row Nanocatalyst as, BET Unit 
1 ZSM-5 374.66 m2/g 
2 ZSM-5/Fe 408.41 m2/g 
3 ZSM-5/Ni 409.34 m2/g 
4 ZSM-5/Fe/Ni 418.76 m2/g 

 

XRD and EDX Characterization 

By comparing each of the curves in Figure 4 

related to the XRD spectroscopy performed on 

the catalysts, the presence of Fe and Ni doped 

with hydrogen groups of aluminum silicate was 

determined in all four catalyst samples. 

According to (a), (b), (c), and (d) in Figure 5 

related to EDX spectroscopy taken from the 

surface of each of the G-Z, G-Z/Fe, G-Z/Ni, and G-

Z/Fe/Ni electrodes, the peak at region 1 Kev 

belongs to carbon observed in all Figures. Figure 

5 (a and b) is taken from the G-Z and G-Z/Fe 

electrode surface, respectively. 

The peaks at 3, 6, 7 Kev are related to Fe particles 

and silicates adsorbed on the graphite electrode 

surface. Figure 5(c) demonstrates the presence of 

Ni particles in the ZSM-5 nanocatalyst structure 

on the graphite electrode surface at the 2Kev 

peaks, which indicates the presence of 

aluminosilicates. In Figure 5 (d), the peaks of 1,2, 

and 3 Kev show the co-existence of Fe and Ni 

particles in the ZSM-5 structure on the graphite 

electrode surface. 
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Figure 4: X-ray diffraction (XRD) spectroscopy of prepared nanocatalysts 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 5: Energy-dispersive X-ray spectroscopy (EDX) analysis of the surface modified electrodes (a) G-Z; (b) G-

Z/Fe; (c) G-Z/Ni; (d) G-Z/Fe/Ni 

Electrochemical Characterization 

According to Figure 6, the-cyclic-voltammetry 

(CV) analysis curves, each of the electrodes 

studied has a pair of ascending and descending 

peaks in the range of 0.42 to -0.7 so that the 

forward (ascending) peaks are related to the 

oxidation reaction, and the backward 

(descending) peaks are related to the reduction 

of the oxidation/reduction reactions. By 

comparing the curves, the peak of graphite 

electrode surface modified with nanocatalyst 

doped with both Fe and Ni metal (ZSM-5/Fe/Ni) 

has the highest current (148.4 μA) compared to 

other electrodes, probably due to the high SSA 

(418/76 m2/g), high electrical conductivity and 

active electrochemical sites of this electrode. 

 
Figure 6: Cyclic voltammetry (CV) analysis of electrodes prepared in 50 mM phosphate-buffered solution (PBS) 

and room temperature 
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Figure 7 shows a curve related to the comparison 

of square wave voltammetry (Sqw) peaks of G, G-

Z-5, G-Z-5/Fe, G-Z-5/Ni, and G-Z-5/Fe/Ni 

electrodes with a scanning rate of 5mV•s−1 in 50 

mM (PBS) at the room temperature and in the 

potential range of 1 to 90 volts. By comparing the 

peaks of the electrodes, the peak of the G-Z/Fe/Ni 

electrode has the highest current (3500 μA/cm2) 

than the other electrodes. The peak from the 

graphite electrode (G) has the lowest current 

(2000 μA/cm2), indicating that the metal-doped 

ZSM-5 nanocatalyst improves the current in this 

analysis, G-Z/Ni peak has a higher current rate 

than the G-Z/Fe peak. 

 

 
Figure 7: Square wave voltammetry (Sqw) analysis of electrodes prepared in 50 mM phosphate-buffered 

solution (PBS) and room temperature

According to the fuel cell steering committee over 

72 h, the current production rate, as well as the 

chemical oxygen demand (COD) removal 

efficiency of MFC in this study, were expressed as 

curves in Figure (8) and (9) during this period 

with all five electrodes studied. By examining the 

curves in Figure (8) and (9) related to the 

graphite electrode surface modified with ZSM-

5/Fe/Ni nanocatalyst, the maximum production 

current rate and chemical oxygen demand (COD) 

removal efficiency of the fuel cell steering 

committee were determined, such as 

electrochemical analyzes (CV and Sqw-

voltammetry). The following investigated the 

MFC chamber's optimum temperature, time, and 

stirring rate conditions prepared with this 

electrode.

 
Figure 8: Cell current output in time 
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Figure 9: chemical oxygen demand (COD) removal efficiency 

Optimization and Experimental Design 

This study used RSM experimental design in 

combination with the Central Composite Design 

(CCD) method to investigate the effects of 

influencing variables, including retention time 

(A), cell chamber temperature (B), stirring rate 

(C), current production rate (I) and chemical 

oxygen demand (COD) removal efficiency. Due to 

the extensive research in temperature, retention 

time, and stirring rate in MFC reactors, these 

parameters have been used as influencing factors 

in cell optimization in this study [41-48].  

The RSM method is a mathematical and statistical 

method used for the analysis and empirical 

modeling of problems where several variables 

and the RSM influence a given answer can be 

calculated to determine the optimal conditions. 

One advantage of this method is to reduce the 

number of empirical tests performed to obtain 

statistically valid results. In addition, the RSM 

method can also analyze the interactions 

between variables. Therefore, this optimization 

method can report more comprehensive and 

accurate data by performing a few experiments 

[49-50]. Table 2 reveals the range of independent 

variables and design levels of the experiments 

examined in this study. 

The results of the complete design of the test and 

the exact responses of the tests used are also 

listed in Table 3. 

Table 2: Factors and levels for CCD study 

Level Stirring Rate Temperature Time 
-α -22.4874 -4.31981 -13.7046 
-1 50 5 1 
+1 400 50 72 
+α 472.487 59.3198 86.7046 

Table 3: Experiment design and actual results of produced cell current (I) and chemical oxygen demand (COD) 

removal efficiency 

Std Run Block 
Stirring Rate 

(rpm) 
Time 
(hr) 

Temeprature 
(C0) 

%COD 
Removal (mg/l) 

I 
(mA) 

2 
7 
1 
3 
5 
6 
4 
9 

13 
11 
15 
16 
14 
8 

12 
10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Block 1 
Block 1 
Block 1 
Block 1 
Block 1 
Block 1 
Block 1 
Block 2 
Block 2 
Block 2 
Block 2 
Block 2 
Block 2 
Block 2 
Block 2 
Block 2 

400 
225 
400 
50 

225 
225 
50 

400 
225 
225 
225 
225 
225 
50 

225 
225 

1 
37 
72 
72 
37 
37 
1 

37 
37 
72 
37 
37 
37 
37 
37 
1 

50 
28 
5 

50 
28 
28 
5 

28 
50 
28 
28 
28 
28 
28 
5 

28 

8.19 
39.33 
28.77 
29.28 
39.78 
39.63 
6.42 

39.09 
38.79 
38.28 
40.17 
40.53 
40.17 
40.02 
37.47 
11.58 

662 
980 
693 
721 
987 
980 
420 
903 
847 
791 
987 
980 
987 

1099 
735 
581 
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According to the above-mentioned tables (2 and 

3), the purpose of this study was to determine the 

optimum values of retention time, temperature, 

and stirring rate for maximum utilization of the 

cell.

 

Table 4: ANOVA test results for Quadratic model of response surface method and results of produced cell 

current (I) and chemical oxygen demand (COD) removal efficiency 

Source Sum of Squares df Mean Square F Value p-value Prob > F  

Block 311.22 1 311.22    

Model 1949.58 9 216.62 502.4 <0.0001 significant 

A-Stirrring Rate 0.43 1 0.43 1.00 0.3626  

B-Time 356.45 1 356.45 826.72 <0.0001  

C-Tepteure 0.87 1 0.87 2.02 0.2144  

AB 0.011 11 0.011 0.025 0.8804  

AC 8.27 1 8.27 19.17 0.0072  

BC 0.81 1 0.81 1.88 0.2285  

A2 7.12 1 7.12 16.51 0.0097  

B2 679.39 1 679.39 1575.74 <0.0001  

C2 24.48 1 24.48 56.77 0.0007  

Residual 2.16 5 0.43    

Lack of Fit 1.96 1 1.96 4105 0.0030 significant 

Pure Error 0.19 4 0.048    

Cor Total 2262.95 15     

 

According to the results of the data analysis in 

Table 4, a quadratic function model can fit well to 

the empirical results. The fit of this model was 

evaluated by Analysis of Variance (ANOVA), 

normal probability plot, and residual analysis. 

The quadratic function for chemical oxygen 

demand (COD) removal efficiency is expressed as 

follows:

 

COD = 40.14 – (0.46 ×A) + (13.35×B) + (0.66×C) + (0.090×A×B) + (2.49×A×C) – (0.78×B×C) – (1.67× 

A2) – (16.29 × B2) – (3.09× C2) 

 

In Table 4, the ANOVA analysis showed the 

importance of each parameter in response to 

produced cell current (I) and chemical oxygen 

demand (COD) removal efficiency by P and F 

values. The smaller the P-value, the higher its 

impact factor and contribution to the response 

variable. The P values less than 0.05 indicate that 

the model expressions are significant. The P-

values of more than 0.1 indicates that the model 

terms are insignificant. Accordingly, the seven 

terms of (A), (B), (C), (BC), (A2), (B2), and (C2) are 

significant parameters of the model and have the 

most excellent effect on produced cell current (I) 

and chemical oxygen demand (COD) removal 

efficiency. The P values of the other terms were 

more significant than 0.05, which means that 

their effect on the response model was not 

statistically significant. Figure 10 shows the 

residual curve in the predicted response for both 

produced cell current (I) and chemical oxygen 

demand (COD) removal efficiency. This Figure 

shows that all empirical data are uniformly 

distributed around the mean response variable. 

This indicates that the proposed model is 

sufficient, and there has been no deviation from 

the hypotheses made. 

As shown in Table 5, the difference between the 

adjusted R2 and the predicted R2 is less than 0.2, 

and the precision of the model is 63.067 (which is 

greater than 4), indicating the used model is 

accurate. 
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Figure 10: The residual value curve in terms of the predicted response 

Figure 11 compares the actual response values 

obtained from the empirical results and the 

predicted response values from the quadratic 

function model equation. It is observed that the 

model describes the empirical results and data 

fairly accurately, meaning that it has been 

successful in comparing the correlations between 

the three variables. In addition, there is a 

sufficient correlation with the linear regression 

coinciding with the R-value of about 0.9966. 

Table 5: Model equation statistical parameters for ANOVA model for produced cell current (I) and chemical 

oxygen demand (COD) removal efficiency 

Type of variables  
Std. Dev. 0.66 

R-Squared 0.9989 
Mean 32.34 

Adj R-Squared 0.9969 
C.V. % 2.03 

Pred R-Sequared 0.5487 
PRESS 880.90 

Adeq Precision 63.067 

 

 
Figure 11: Comparison between predicted and actual empirical values of produced cell current (I) and chemical 

oxygen demand (COD) removal efficiency 
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Figure 12 shows the 3D curves of the interaction 

of temperature, retention time, and stirring rate 

parameters for production current rate (I) and 

COD removal efficiency. The highest COD 

efficiency and production current rate were 

reported at about 28°C, 37 h, and 50 rpm. 

It should be noted that Figure.12 (a) and (b) 

show a similar trend. According to Figure 12 (a), 

it can be seen that at high values of stirring rate, 

the COD removal efficiency increases with 

increasing temperature. However, at high values 

of stirring rate, the COD removal efficiency 

increases with increasing temperature. This 

indicates that when the stirring rate is high, the 

system needs a higher temperature to increase 

COD removal efficiency. Figure 12 (c) and (f) also 

reveal a similar trend. This indicates that the 

interaction between temperature (A) and stirring 

rate (C), retention time (B), and stirring rate (C) 

on the produced cell current is high than the 

interaction between temperature (B) and 

retention time (A) (Figure 12 (c)). 

 
Figure 12: 3D response surface method curves of chemical oxygen demand (COD) removal efficiency and 

produced cell current (I)

Conclusion 

In this study, a microbial fuel cell was made 

based on graphite anode electrodes modified 

with ZSM-5, ZSM-5/Fe, ZSM-5/Ni, and ZSM-

5/Fe/Ni nanocatalysts. The presence of iron and 

nickel in the structure of nano-catalysts was 
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confirmed by FTIR analysis and by increasing 

their specific surface area by BET analysis. The 

surface modification of the graphite electrode 

was confirmed by the aforementioned 

nanocatalysts by EDX and XRD analysis. 

According to the results of cyclic voltammetry 

(CV) and square wave (Sqw) analysis and 

experimental results of the cell guidance in this 

study, the electrode (G-Z/Ni/Fe) has maximum 

output current efficiency and maximum chemical 

oxygen demand removal efficiency (933.8 mA, 

40.02%) compared to other electrodes (G-Z/Ni,G-

Z/Fe,G-Z,G) investigated in this study. The 

increased cell efficiency with the modified 

electrode is due to the high specific surface area 

(418.76 m2/g) for microbial growth and high 

electrical conductivity (improved electron 

transfer) of the nanocatalyst compared to other 

electrodes. The presence of nickel (electrical 

conductivity: 1.4×107) and iron (electrical 

conductivity:1×107) increased the electrode 

conductivity. According to the results of Surface 

Response Method (RSM), optimum temperature, 

retention time and stirring rate for maximum 

output current (1099 mA) and maximum 

chemical oxygen demand removal efficiency 

(COD%) (40.53%) The electrode (G-Z/Ni/Fe) was 

determined at 28 °C, 37 h and 50 rpm, 

respectively. Therefore, the electrode (G-

Z/Ni/Fe) can be introduced as a promising 

electrode to increase the efficiency of microbial 

fuel cells with an economic approach. 
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