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Abstract

This study investigated the effects of common domestic organic modifiers—acetic acid, brown sugar, and table salt—on the elec-
trochemical, physicochemical, and bioenergetic characteristics of low-strength synthetic wastewater in a microbial fuel cell (MFC).
Four wastewater matrices representing sewage from the Vaal region were prepared and maintained under anoxic conditions for 30
days. Maximum biogas production of 189 ppm and electrical output of 164 mV were recorded, indicating substrate-selective mi-
crobial activity. Fourier transform infrared spectroscopy (FTIR) confirmed structural changes in functional moieties in suspended
solids and showed that salt and sugar were completely solubilized. Although biochemical oxygen demand (< 0.3 mg L™!) and
chemical oxygen demand (< 5 mg L™!) were extremely low, the resident microbial communities remained electroactive, indicating
that the MFC could recover energy even from matrices with low biodegradability. Response surface methodology (RSM) based on
a central composite design (CCD) was used to model and optimize the effects of pH, exposure time, and substrate concentration
on conductivity, total dissolved solids, and oxidation-reduction potential. Strong quadratic and interaction effects (p < 0.0001)
indicated nonlinear interactions between redox potential and ionic strength. These findings suggest that low-cost additive strategies
may improve MFC performance in dilute effluents from the Vaal region and support decentralized wastewater-to-energy applica-
tions.
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1. Introduction

The need for clean and renewable energy is growing. Sustainable biological products, carbon capture, storage
and reuse, and environmentally friendly energy-recovery technologies are being considered as part of the transition
away from fossil fuels. Renewable energy is important for climate-change mitigation and energy security and can also
benefit historically marginalized communities [1-5]. The application of microbial fuel cells (MFCs) offers several
advantages, including high substrate-to-power conversion efficiency, recovery of valuable products, and reduction of
sludge volume. However, although MFCs have been tested at industrial scale, important economic and operational
challenges remain [6-8].

In MFCs, organic matter in the anaerobic anodic chamber is decomposed by microorganisms. Electrons generated
during this process are captured at the anode and transferred through an external circuit to the cathode. At the cathode,
electrons combine with oxygen and protons transported through an ion-exchange membrane, thereby producing elec-
trical energy from the difference between anodic oxidation and cathodic reduction reactions [9—11]. Microorganisms
also degrade diverse organic compounds and heavy-metal complexes while transferring electrons to electrodes. These
microorganisms form biofilms on the electrode surface, which allows more efficient electron transfer than would occur
with soluble electron acceptors. Biofilm formation on the anode is therefore a prerequisite for effective extracellular
electron transfer [12—14].

Extracellular electron-transfer systems enable some microorganisms to survive in oxygen-limited environments
by using insoluble electron acceptors. Two main MFC configurations are commonly used: two-chamber and single-
chamber systems. The two-chamber design consists of anodic and cathodic compartments separated by an ion-
exchange membrane, with one electrode in each chamber. In many designs, the ion-exchange membrane and cathode
are in physical contact, with the cathode exposed directly to air [15—17]. Under these conditions, substrate selection,
including glucose, acetate, synthetic wastewater, and real wastewater, strongly affects power density and microbio-
logical stability over time [18-20].

Previous studies have shown that MFCs can extract energy while substantially reducing chemical oxygen demand
(COD) [21, 22]. However, efficiency varies with operating parameters, including pH, temperature, and initial sub-
strate concentration [23, 24]. Correlating physicochemical measurements, such as pH, conductivity, and oxidation—
reduction potential (ORP), with microbiological measurements can help predict operational changes needed to main-
tain performance and stability [22, 25]. Although previous work has focused on reactor design, electrode materials,
microbial-community optimization, and complex wastewater streams [19, 26, 27], less attention has been paid to the
systematic influence of simple organic and ionic modifiers on MFC electrochemical behavior under controlled condi-
tions. In particular, the effects of readily degradable substrates, such as sugars and organic acids, and ionic modifiers,
such as salts, on conductivity, ORP, and total dissolved solids (TDS) remain insufficiently resolved. This study ad-
dresses that gap by combining controlled substrates (acetic acid, sugar, and salt) with response surface methodology
(RSM) to evaluate their combined effects on electrochemical parameters, biogas production, and electricity generation
in an MFC using synthetic wastewater representing the Vaal region.

2. Materials and methods

2.1. Materials and preparation of the microbial fuel cell

The MFC was constructed using components designed to generate bioelectricity through microbial activity, as
shown in Figure 1. In Figure 1, cable was connected to the metallic mesh for a better stability and put in a tank (a);
a bridge made of a salty piece of cord linking two tanks (b), both tanks were covered but wastewater filled one tank
then passed to the other tank through the salty bridge (c), and the cables from tanks passing through their covers were
connected to the probes of the multimeter and reading was made (d). Two polyvinyl chloride tanks were used as the
anode and cathode chambers. Small holes were drilled near the top of the containers for electrical wiring. Carbon-
based mesh electrodes were pretreated according to standard electrochemical cleaning procedures, and the wires were
secured with electrical tape to ensure conductivity. Electrodes were placed in both chambers, and the drilled holes
were sealed with hot glue to prevent leakage. The anode chamber was filled with wastewater containing mud from the
Vaal region to provide a microbial inoculum, and the cathode chamber was filled with water from the anode chamber.
The two chambers were connected by a salt bridge to enable the ion exchange required for electricity generation.
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(@ (b)

Figure 1: Preparation of one microbial fuel cell.

After assembly, microbial activity in the anode chamber generated electrons that were transferred to the steel mesh
and measured using a multimeter.

TDS and electrical conductivity (EC) were measured using calibrated conductivity/TDS meters, and ORP was
measured using a platinum ORP electrode with an accuracy of +2 mV. Potassium hydroxide pellets (KOH, 99%
pure), zinc chloride (ZnCl,, 98% pure), and glacial acetic acid (CH;COOH, 100% pure) were purchased from Aldrich
(USA). ZnCl,; solutions of 2.0, 1.5, and 1.0 M were prepared for the experimental trials, and KOH and CH;COOH
were used to adjust pH. Synthetic wastewater was prepared for biogas production and stored in four 1 L bottles for
approximately 1.5 months. Each bottle contained 700 mL of tap water. Acetic acid (10 mL), sugar (50 g), and salt
(50 g) were added separately to three containers. One container contained only water. Mango, a small piece of pork,
and a small quantity of mud were added to all four bottles. The bottles were tightly sealed and secured with polyvinyl
chloride electrical tape to prevent leakage.

2.2. Experimental design parameters using response surface methodology

A central composite design (CCD) within RSM was used to calculate the total number of experimental runs, as
shown in Table 1. Analysis of variance was then used to evaluate the significance and suitability of the model.
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Table 1: Parameters and their values.

Standard order pH  Time (days) Concentration (M)

1 7.00 1.00 1.50
2 7.00 2.00 1.50
3 5.00 3.00 2.00
4 7.00 3.00 1.50
5 5.00 1.00 2.00
6 7.00 2.00 1.50
7 7.00 2.00 1.50
8 7.00 2.00 1.50
9 7.00 2.00 1.50
10 5.00 2.00 1.50
11 9.00 1.00 1.00
12 5.00 3.00 1.00
13 7.00 2.00 1.50
14 9.00 1.00 2.00
15 9.00 3.00 1.00
16 5.00 1.00 1.00
17 9.00 3.00 2.00
18 7.00 2.00 2.00
19 7.00 2.00 1.00
20 9.00 2.00 1.50

3. Results and discussion

3.1. Fourier-transform infrared spectroscopy interpretation

Figure 2 shows the Fourier-transform infrared (FTIR) spectra of sugar, salt, and mud. In the sugar spectra, the
polysaccharide fingerprint region was observed between 750 and 1200 cm™!, with peaks at 850, 990, and 1020 cm™!
corresponding to @ and S linkages in the polymer structure. The bands at 1250 and 1500 cm™~! were attributed to
symmetric COO~ stretching vibrations. C-H stretching in methylene groups or overlapping O-H groups occurred at
2926 cm™!. Absorption bands in the 3100-3600 cm ™! region indicated O—H groups associated with hydrogen bonding
in the hydroxyl groups of glucopyranose rings [28].

FTIR analysis was also performed on salt particles to assess possible contaminant composition. The salt spectra
showed absorption bands associated with commonly used synthetic polymers, with distinct peaks at 1710-1740 cm™!
(C=0 stretching) and 1210-1000 cm~' (C—O stretching) [29]. Changes in peak strength indicated variation in polymer
concentration and possible compositional complexity. Overlapping absorption patterns in the 1000-1500 cm™! region
suggested the presence of multiple polymer types in individual samples. These findings suggest that the commercial
salts used may have been contaminated by packaging or processing materials.

Three main spectral zones were distinguished in the original mud [30]. N-H, and O-H stretching vibrations
from clay minerals and soil organic matter dominated the broad absorption bands between 2500 and 4000 cm™!,
with contributions from aromatic C—C, COO~, and N-H vibrations. The sharp peak around 1000 cm~' indicated
Si—O-Si stretching in clay minerals and C-O stretching in polysaccharides. Some soils may also show characteristic
mineral-related vibrations, such as an O-H stretching shoulder near 3500 cm™!.

As shown in Figure 3 and Table 2, spectra for sugar and salt were not detected after the experiment. These
substances were likely dissolved in the wastewater during the experiment.

3.2. Evaluation of physicochemical parameters

The results from the MFC experiments are presented in Table 3, which summarizes the effects of different synthetic
wastewater compositions on physicochemical parameters and biogas production.
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Figure 2: FTIR spectra of the original mud, salt, and sugar.

Table 2: Interpretation of FTIR changes in the mud samples.

Wavenumber (cm™")

Functional group

Observation

3700-3200

2920-2850

1650-1630

1450-1380

1100-1000

800-500

O-H stretching

C—H stretching
H-O-H bending
C-0 stretching; O-H deforma-

tion
Si—O-Si stretching

Si—O-Al and Si-O-Mg bending

Hydroxyl groups associated with clay minerals, such as kaolinite, and adsorbed water. A broad
band was observed in both the initial and after-experiment samples, indicating residual moisture
and surface hydroxyl groups. A slight decrease in band intensity suggested water loss or partial
dehydroxylation of the clay matrix [30].

Aliphatic hydrocarbons and related organic matter. The lower intensity after the experiment
indicated possible degradation or elimination of organic constituents [31].

Adsorbed water and organic compounds. Lower intensity after the experiment suggested reduced
water content or decomposition of organic matter [32].

Carbonates or organic acids. Peak attenuation or displacement may have resulted from mineral
transformation or gradual CO; release during the assay [33].

Silicate minerals, including clays, quartz, and feldspar. A strong persistent band in both samples
indicated that the primary silicate framework remained structurally intact during the experiment
[34].

Clay-mineral constituents. Small changes may be associated with cation-exchange processes or
slight rearrangement of the silicate network [35].

The wastewater based on rotten fruit and meat was exposed to different additives (salt, sugar, and acetic acid)
and stored for 30 days. The pH values ranged from 3.46 to 3.68, indicating consistently acidic conditions. Most
methanogenic archaea are inhibited below approximately pH 4.0, and many methanogens generally require neutral
to weakly alkaline conditions (pH 6.5-8.0) [36]. However, acid-tolerant microbial communities can adapt and per-
form anaerobic digestion, although often with lower methane yields or altered biogas composition [37]. The acetic
acid sample had a slightly higher pH than the other samples, which may be related to its role as an intermediate in
methanogenesis, where consumption can slightly increase pH if buffering capacity is present [38].

The ORP values ranged from 86 to 147 mV. Lower ORP values generally indicate more reducing conditions,
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Figure 3: Changes observed in the FTIR spectra of the mud.

Table 3: Results obtained from MFC experiments based on the type of synthetic wastewater.

Parameter Wastewater only Salt Sugar  Acetic acid
pH 3.49 3.46 3.53 3.68
ORP (mV) 113 144 86 147
Conductivity (uS cm™') 2530 49.4 2060 1900
TDS (ppm) 1260 25.9 1030 959
BOD (mg L) <0.3 <03 <03 <03
COD (mg L") <5 <5 <5 <5
Total coliforms Present Present  Present Present
Biogas (ppm) 175 189 130 59

which can favor anaerobic processes, including methanogenesis [39, 40]. The sugar sample had the lowest ORP,
suggesting a strongly reduced environment, probably resulting from rapid sugar fermentation and electron-acceptor
depletion [41, 42]. High conductivity and TDS may inhibit microbial activity, particularly methanogens, because of
osmotic stress and enzyme inhibition [43, 44]. The wastewater-only sample had the highest conductivity and TDS,
indicating a high concentration of dissolved ions from the rotten fruit and meat feedstock. Unexpectedly, the salt
sample had the lowest conductivity and TDS. This result suggests that the table-salt addition did not produce the
expected high ionic strength, or that other matrix effects affected the conductivity measurements. High wastewater
salinity can reduce biogas production and alter microbial communities.

All samples had extremely low biochemical oxygen demand (BOD; < 0.3 mg L™!) and COD (< 5 mg L™").
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Table 4: Electrical readings for the different MFC wastewater treatments.

Treatment Data collection time ~ Voltage (mV) Resistance (MQ) Current (uA)
Day 1 0 0 0
. Day 2 -9 0.7 0
Mud with salt Day 3 12 1.2 0.02
Day 4 -5 0 0
Day 1 ] 0 0.30
o Day 2 40 0 0.02
Mud with acetic acid Day 3 14 0 0.52
Day 1 0 0 0
_ Day 2 87 0.3 0.39
Mud with sugar Day 3 155 0.6 0.047
Day 4 164 0.8 0.49
Day 1 0 0 0
. Day 2 125 0.6 0.38
Mud with wastewater only Day 3 127 0.6 0.40
Day 4 130 0 0.37

Table 5: Analysis of variance for TDS.

Source Sum of squares DF Mean square F value Prob. > F
Model 1.528 x 1014 9 1.697 x 1013 23.23 < 0.0001
A 4.923 x 1013 1 4923x103 67.37 < 0.0001
B 2.942 x 10"3 1 2942x 10" 40.26 < 0.0001
C 1.847 x 101 1 1.847 x 10" 0.25 0.6260
A? 3.599 x 1013 1 3.599x 1083 49.25 < 0.0001
B? 2.048 x 10'2 1 2.048 x 10'? 2.80 0.1251
C? 1.571 x 10'? 1 1571x10" 2.15 0.1733
AB 3.310 x 10" 1 3310x103 4529 < 0.0001
AC 1.458 x 10° 1 1.458 x10°  1.995x 1073 0.9653
BC 3.277 x 1010 1 3277x10" 0.045 0.8366
Residual 7308 x 102 10 7.308 x 10'! - -
Lack of fit 5.526 x 10'2 5 1.105x 10" 3.10 0.1199
Pure error 1.782 x 102 5 3.565x 10! - -
Cor total 1.601 x 10" 19 - - -

Std. dev.  8.549 x 10° R? 0.9543

Mean 2198x10°  Adjusted R? 0.9133

CV (%) 3890 Predicted R? 0.7249

PRESS 4403 x 103 Adequate precision  17.542

These low values suggest that readily biodegradable and oxidizable organic matter was consumed during the 30
day storage period. In anaerobic digestion, higher influent BOD and COD typically indicate greater potential for
biogas production [27, 45, 46]. The low BOD/COD values, together with measured biogas production, may indicate
that biogas was generated from more recalcitrant organic matter or that measurements were taken after substantial
degradation had already occurred [22, 25]. Total coliforms were present in all samples and may have participated in
initial acidogenic processes [14, 26].

Biogas production varied considerably among samples. The salt sample produced the highest measured biogas
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Figure 5: Perturbation plot for the TDS response.

concentration (189 ppm), despite its low conductivity and TDS. This could indicate that the salt addition optimized
the microbial environment or added trace components without causing osmotic stress [20, 47—49]. The acetic acid
sample produced the lowest biogas concentration (59 ppm). This is counterintuitive because acetic acid is a precursor
in acetoclastic methanogenesis; however, the acidic pH or acetic acid concentration may have inhibited acetoclastic
methanogens. Wastewater-only and sugar samples produced intermediate biogas concentrations of 175 and 130 ppm,
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Figure 6: Three-dimensional response-surface plots for the TDS response versus two variables.

Table 6: Analysis of variance for conductivity.

Source Sum of squares DF  Mean square  Fvalue  Prob. > F
Model 4.147 x 10° 9 46079.87 28.79 < 0.0001
A 2.049 x 10° 1 2.049 x 10° 128.00 < 0.0001
B 2020.66 1 2020.66 1.26 0.2875
C 65910.04 1 65910.04 41.17 < 0.0001
AZ 20308.48 1 20308.48 12.69 0.0052
B? 6645.82 1 6645.82 4.15 0.0689
C? 7605.83 1 7605.83 4.75 0.0543
AB 7592.20 1 7592.20 474 0.0545
AC 80370.43 1 80370.43 50.21 < 0.0001
BC 4824.08 1 4824.08 3.01 0.1132
Residual 16008.22 10 1600.82 - -
Lack of fit 14406.19 5 2881.24 8.99 0.0154
Pure error 1602.03 5 320.41 - -
Cor total 4307 x 10° 19 - - -

Std. dev.  40.01 R? 0.9628

Mean 124.55 Adjusted R? 0.9294

CV (%) 32.12 Predicted R? 0.5057

PRESS 2.129 x 10° Adequate precision 19.383
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respectively, indicating that the original feedstock and sugar addition supported some anaerobic digestion. These
results show the complexity of interactions among wastewater composition, pH, ORP, and microbial activity in biogas
production.

3.3. Electrical values obtained

Table 4 summarizes the electrical performance of MFC systems with different wastewater compositions.

The substrates produced different voltage, resistance, and current profiles over the four monitored days. The sugar
and acetic acid samples produced the highest voltage output (164 mV), suggesting increased microbial activity and
improved electron transfer. Stable but lower outputs were obtained for the raw wastewater/control MFC, indicating
that substrate enrichment influenced electrochemical performance. The intervals between Day 1 and Day 2, Day 2
and Day 3, including Day 3 and Day 4 were all equally 24 h. Day 1 corresponded to the day on which the MFCs were
assembled and readings were collected immediately.

Electrical measurements for the four mud-MFC treatments showed no measurable voltage or current on Day 1,
followed by electroactivity between Days 2 and 4 as the anode biofilm developed. The computed instantaneous power
output was in the nanowatt range. The most stable performance was observed in wastewater-fed MFCs, which pro-
duced 47-51 nW (125-130 mV and 0.37-0.40 pA) between Days 2 and 4. Transient peaks reached approximately 80
nW on Day 4 (164 mV and 0.49 uA). The low output may have resulted from low organic content in the synthetic feed-
stock, limited electroactive microbial enrichment in the anode chamber, high internal resistance, and the small elec-
trode surface area used in the laboratory-scale system. These observations are consistent with known MFC behavior: a
lag phase associated with biofilm formation and enrichment of exoelectrogens, rapid electron transfer in the presence
of readily degradable substrates such as acetate and glucose, and stable operation on mixed wastewater substrates
that support a diverse electron-donating community [36, 50]. The near-zero performance of the salt-amended reactor
was probably due to saline inhibition, which outweighed any benefit from enhanced ionic conductivity [23, 24]. The
measured resistance values were obtained using a digital multimeter and represent instrument-measured resistance,
not an external resistor applied for power optimization. The megaohm-range resistance accounts for the low measured
currents in the microampere to nanoampere range and the small power output [51, 52]. Table 4 shows that substrate
type had a significant effect on both the magnitude and stability of bioelectricity generation in MFCs.

3.4. Statistical studies

3.4.1. Total dissolved solids
The coded and actual equations for TDS are given in equations (1) and (2), respectively:

TDS = 1.198 x 10° = 2.219 x 10°A + 1.715 x 10°B + 1.359 x 10°C
+3.618 x 10°A% — 8.629 x 10°B*> — 7.559 x 10°C? 6))
—2.034 x 10°AB + 13500.00AC — 64000.00BC.

TDS = 2.47064 x 10" — 1.17573 x 10"pH + 1.24781 x 10’ Time
+9.50399 x 10°Concentration + 9.04402 x 10°pH?>
— 8.62941 x 10°Time? — 3.02356 x 10°Concentration’ )
— 1.01700 x 10°pH x Time + 13500.00000pH x Concentration
— 1.28000 x 10°Time x Concentration.

Overall, the quadratic model for TDS was statistically significant (F = 23.23, p < 0.0001; Table 5). The linear
factors pH (A) and time (B), the pH quadratic term (A?), and the interaction term AB were significant (p < 0.0001).
The concentration factor (C) had no significant linear effect (p = 0.6260). The adequate precision value of 17.542 was
well above the recommended value of 4, indicating a good signal-to-noise ratio. The lack-of-fit test was not significant
(p = 0.1199), indicating that the quadratic model adequately fitted the data. However, the coefficient of variation (CV
= 38.90%) indicated high experimental variability. Equation (1) shows a negative linear effect of pH and a positive
quadratic effect, suggesting a TDS minimum near the middle of the tested pH range. Time had a strong positive linear
effect, and the pH—time interaction indicated that the effect of time depended strongly on pH.
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Figure 8: Perturbation plot for the conductivity response.

As shown in Figure 4, the predicted and actual TDS values clustered close to the 45° diagonal, indicating a good
model fit with low variance. The close agreement between predicted and observed values was consistent with the high
coefficient of determination (R*> > 0.95). The perturbation plot in Figure 5 shows that factor A (pH) had the largest
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Table 7: Analysis of variance for ORP.

Source Sum of squares DF  Mean square  Fvalue  Prob. > F
Model 7.774 x 10° 9 86372.93 26.80 < 0.0001
A 64000.00 1 64000.00 19.86 0.0012
B 2.091 x 10° 1 2.091 x 10° 64.88 < 0.0001
C 76912.90 1 76912.90 23.86 0.0006
A2 12012.02 1 12012.02 3.73 0.0824
B2 52440.02 1 52440.02 16.27 0.0024
C? 1775.46 1 1775.46 0.55 0.4750
AB 253.13 1 253.13 0.079 0.7850
AC 25651.13 1 25651.13 7.96 0.0181
BC 2.574 x 10° 1 2.574 x 10° 79.87 < 0.0001
Residual 32229.35 10 3222.94 - -
Lack of fit 14703.35 5 2940.67 0.84 0.5741
Pure error 17526.00 5 3505.20 - -
Cor total 8.096 x 107 19 - - -

Std. dev. 56.77 R? 0.9602

Mean 245.25 Adjusted R 0.9244

CV (%) 23.15 Predicted R? 0.7985

PRESS 1.631 x 10°  Adequate precision  18.249
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effect on TDS, followed by factor B (time), whereas factor C (concentration) had the smallest effect. The steepness of
factor A indicates that pH was important in regulating the electrolyte composition, which may be directly related to
ionic transport and internal resistance in the MFC. TDS was sensitive to changes in conductivity and pH, suggesting
that ionic strength and acid-base conditions strongly influenced solute build-up in the system. Similar trends have
been observed in bioelectrochemical systems in which ion movement and internal resistance are linked to conductivity

Figure 6 presents three-dimensional response-surface plots showing the interactive effects of paired variables on
TDS while the third variable was held constant. In Figure 6, panel (a) describes the effect of pH and time on TDS,
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Figure 12: Three-dimensional response-surface plots for ORP versus two variables.

panel (b) describes the effect of pH and Concentration on TDS and panel (c) describes the effect of Time and con-
centration on TDS. Curvature in the response surfaces indicates nonlinear interactions among pH, conductivity, and
operating time. A ridge was observed at moderate pH and conductivity, which may indicate an ionic environment
that maximizes solute release without substantial precipitation. Such interactions are typical of MFCs, where electro-
chemical processes and microbial activity are controlled by multiple physicochemical parameters [23, 53].

3.4.2. Conductivity
The coded and actual equations for conductivity are given in equations (3) and (4), respectively:

Conductivity = 79.86 — 143.15A + 14.22B + 81.18C + 85.94A

3
—49.16B% + 52.59C? — 30.81AB — 100.23AC - 24.56BC. ©)

Conductivity = 222.86567 — 191.19397pH + 392.34381Time
+331.12830Concentration + 21.48386pH> — 49.15955Time? @

+210.36182Concentration” — 15.40312pH x Time
—100.23125pH x Concentration — 49.11250Time x Concentration.
The conductivity quadratic model was globally significant (F = 28.79, p < 0.0001; Table 6). Linear effects of pH
(A) and concentration (C), as well as the pH—concentration interaction (AC), were significant (p < 0.0001). The time

factor (B) was not linearly significant (p = 0.2875), although moderate quadratic effects were observed. The adequate
precision value of 19.383 indicated good discriminatory power. The lack-of-fit test was significant (p = 0.0154),
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suggesting that the quadratic model did not capture all systematic variability and that additional variables, transforma-
tions, or a broader model form may be required. The CV was 32.12%, indicating high variability. Equation (3) shows
a strong negative linear effect of pH and a positive quadratic term, indicating a nonlinear relationship. Concentration
had a positive coefficient, whereas the AC interaction was strongly negative, showing that conductivity increased with
concentration differently across pH levels.

Figure 7 compares predicted and actual conductivity values, showing that the RSM model can estimate ionic
conductance in the MFC system. The high degree of agreement supports the model fit (R? = 0.96) and indicates that
conductivity variation was well explained by changes in TDS and pH [54, 55]. The perturbation plot in Figure 8 shows
that factors A (pH) and C (concentration) influenced conductivity more strongly than factor B (time). The sharper
curves for A and C indicate that conductivity was more responsive to these variables. This is important because
electrolyte conductivity directly affects electron-transfer efficiency and internal resistance in MFC systems. Conduc-
tivity showed high sensitivity to TDS, consistent with the relationship between ion concentration and conductance. Its
moderate sensitivity to pH may be associated with proton mobility and ionic speciation [23].

Figure 9 shows response-surface plots for the combined effects of variable pairs on conductivity. In Figure 9,
panel (a) shows the effect of pH and time on Conductivity, panel (b) shows the effect of pH and Concentration
on Conductivity and panel (c) shows the effect of Time and concentration on Conductivity. The curvature shows
interactions and regions of maximum ionic conductance. Conductivity generally increased with TDS and operating
time until a saturation level was reached, after which precipitation or clustering may have reduced conductance.
Ion dissociation was pH dependent, and the pH-TDS interaction was strong. The observed peaks corresponded to
conditions that may promote electron mobility and reduce internal resistance [23].

3.4.3. Oxidation—reduction potential
The coded and actual equations for ORP are given in equations (5) and (6), respectively:

ORP = 334.64 — 80.00A — 144.60B — 87.70C — 66.09A>

5
— 138.09B% + 25.41C? — 5.62AB + 56.63AC — 179.38BC. ©)

ORP = —487.42159 + 112.00568pH + 965.57614Time
— 159.18409Concentration — 16.52273pH?> — 138.09091Time> ©

+101.63636Concentration® — 2.81250pH x Time
+ 56.62500pH x Concentration — 358.75000Time x Concentration.

The ORP model was globally significant (F = 26.80, p < 0.0001; Table 7). The primary effects of pH (A), time
(B), and concentration (C) were significant. The B2, AC, and BC interaction terms also contributed significantly. The
lack-of-fit test was not significant (p = 0.5741), indicating that the model described the ORP response satisfactorily
within the tested range. The CV of 23.15% was lower than for the other responses, indicating better repeatabil-
ity. Equation (5) shows negative linear effects for pH, time, and concentration. The strongest interaction was BC,
indicating that the effect of time on ORP depended strongly on concentration.

Figure 10 shows predicted and experimental ORP values from the RSM model. The near-linear relationship
indicates that the model adequately explains redox variation. Because ORP is a direct response to microbial electron-
transfer dynamics, the strong model fit suggests consistent electrochemical regulation [7, 56]. The perturbation plot in
Figure 11 shows that factor B (time) had the greatest effect, followed by factor A (pH), whereas factor C (concentra-
tion) had the least steep effect within the experimental range. The high gradients of A and B indicate their importance
in controlling oxidation—reduction processes that govern microbial metabolism and electron transfer. The perturbation
analysis indicates that ORP was most affected by pH and conductivity, with a secondary effect of time. Maintaining
optimum pH may therefore support more consistent bioenergy conversion [57].

The three-dimensional surfaces in Figure 12 show interaction effects of pH, conductivity, and operating time on
ORP. In Figure 12, panel (a) shows the effect of pH and time on ORP, panel (b) shows the effect of pH and Concen-
tration on ORP and panel (c) shows the effect of Time and concentration on ORP. Valleys and peaks indicate regions
of decreasing and increasing potential, respectively. The strong curvature of the surfaces shows that redox dynamics
in the MFC system were controlled by synergistic interactions between pH and conductivity. RSM identification of
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these redox regions can guide the maintenance of microbial efficiency and electrode-potential balance [58]. TDS and
ORP models were statistically robust, with no significant lack of fit, and may therefore be used for optimization within
the tested range. However, the conductivity model showed significant lack of fit and should be refined before it is used
for scale-up or external prediction [53, 59, 60].

4. Conclusion

This study determined the effects of acetic acid, sugar, and salt additives on biogas and electricity generation from
synthetic wastewater using microbial fuel cells. The results showed a strong positive relationship between TDS and
conductivity, with higher TDS observed under acidic conditions (pH 5) than under neutral and alkaline conditions.
Conductivity was strongly correlated with TDS, indicating increased ion mobility and reduced ohmic resistance in
the anode chamber. The CCD-based physicochemical adjustments showed that ionic mobility and redox stability
can be improved in a two-chamber MFC operating with waste materials from the Vaal region. The main variables
influencing TDS, conductivity, and ORP were pH and concentration, even at extremely low BOD levels. The steep
perturbation curves indicate that the experimental variables strongly affected the electrochemical environment of the
system, especially ionic concentration and redox conditions, which are important parameters controlling electron
transfer and overall MFC performance.
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