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Abstract: Biogas production from wastewater as a function to curb waste and provide energy secu-

rity has gained worldwide attention. Ensuring the stability of anaerobic digestion (AD) of physio-

chemical and biological complexity necessitates optimization. In this study, a central composite de-

sign (CCD) from a response surface methodology (RSM) was employed to evaluate and optimize 

the effects of bio-stimulation of banana peels coupled with magnetite on the anaerobic digestion of 

wastewater to produce biogas. An experimental matrix of 14 runs using the CCD, with two factors 

(nanoparticle and biochar load) as a function of pH, biogas production, and COD removal by the 

AD process was operated at a constant mesophilic temperature (37 °C) for 28 days. The analysis of 

variance (ANOVA) showed that the quadratic models attained were significant (p-values < 0.05) 

with a high coefficient of determination (R2) values closer to 1. The optimized conditions, including 

nanoparticle (0.46 g) and biochar (0.66 mgVS/L), resulted in biogas production (19.26 mL/day), pH 

(7.07), and COD removal (75.17%). This suggests 100% desirability at a 95% confidence level. This 

finding depicts the trade-off between biogas productivity, biodegradability, and stability of the AD 

process established for future consideration of using nanoparticles as bio-stimulant. 

Keywords: anaerobic digestion; banana peel; biochemical methane potential; biosorbent; biochar; 
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1. Introduction 

A renewable and eco-friendly alternative energy source comes in handy as today’s 

energy demand surges. Anaerobic digestion (AD) has been one of the most important 

techniques that convert organic waste into renewable energy in the form of methane (CH4) 

-enriched biogas [1]. This has been ascribed to its efficacy in reducing high-concentration 

organic wastewater streams and producing renewable energy, notably hydrogen and me-

thane [2,3]. The most intriguing aspect of AD is that it enables the simultaneous digestion 

of multiple substrates as well as the addition of other additives to enhance the process [4]. 

A very promising developing technology that offers intriguing advantages over the 

conventional AD process is the treatment of wastewater employing a bio-stimulated anaer-

obic process using nanoparticles [5]. This technology has a strong capacity for breaking 

down concentrated and durable materials, making it profitable for producing valuable bio-

gas. For instance, iron (Fe)-based NPs become essential additives to the microorganisms. 

Iron additives used as NPs have a higher surface-to-volume ratio, a larger specific 

surface area, and higher surface reactivity, allowing them to be used to eliminate a 

broader range of inhibitory properties and pollutant species in wastewater treatment, 

such as high ammonia, phosphorus, and sulphate concentrations, as well as excessive 
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amounts of heavy metal [6–9]. Due to their low cost, high conductivity, and reactivity, as 

well as their ability to release metallic nutrients for anaerobic microorganisms, nano-sized 

irons, as well as their oxides and other composites, are the most widely used nano-addi-

tives for optimizing the performance of an anaerobic digester for wastewater with a low 

to medium biodegradability index [7,10–13]. 

Food waste accounts for a large component of municipal solid waste, with almost 1.3 

billion tons of food waste created globally each year [13]. It is anticipated that this amount 

will rise much more in the coming years. As a result of its heavy consumption, fruit waste, 

such as peels and seeds, is generated. The disposal of these wastes has become an issue 

globally [14]. For example, banana peels are usually thrown instead of being consumed 

by livestock. This has led to their conversion into biochar for other useful purposes [15,16]. 

Biochar, a precursor to activated carbon, is a solid carbonaceous material formed when 

biomass is thermochemically converted in an oxygen-depleted environment [17]. Numer-

ous wastes, including agricultural wastes such as fruit and vegetable wastes [18], animal 

manure [19], wood [20], and sewage sludge [21], can be used as feedstocks for biogas pro-

duction. Since the effects of iron nanoparticles (magnetite) and biochar have been docu-

mented independently, examining the synergetic effect of iron nanoparticles and biochar 

generated from a banana peel as an AD bio-stimulator comes in handy. 

The major mechanisms underlying biochar’s efficacy are its favourable physicochem-

ical properties, such as a high cations exchange capacity, large porosity, and surface area, 

which enable surface complexation for the interaction with nutrient cycles, mineral pre-

cipitation for immobilization or adsorption, and modified symbiotic relationships be-

tween microbial communities [22,23]. Thus, biochar supplementation is an alternate strat-

egy for enhancing the metabolic activity of anaerobic microbes involved in the AD process 

[24,25]. Studies have shown that biochar could significantly reduce the lag phase, increase 

methane production, and relieve inhibitor stress during the AD process [26–28]. As a re-

sult, an attempt to optimize biochemical processes in maximizing efficiency eludes the 

principles of the third rule of thermodynamics. 

In the biotechnology sector, process optimization for industrial operations has shown 

a significant impact on maximizing finished products. In this case, an increase in biogas 

production and quality (methane content increment and CO2 reduction) involves complex 

biological and physiochemical reactions [29,30]. Aside from the microbial and enzymatic 

catalytic effect of converting organic waste into biogas (hydrolysis, acetogenesis, acido-

genesis, and methanogenesis), other factors can also influence AD efficiency. These oper-

ating parameters, such as pH, alkalinity, retention time, temperature, feedstock, and or-

ganic loading, collectively influence biogas production [31]. To avoid process instability, 

failure, and operational interruptions, the use of a response surface methodology (RSM) 

has played an important role in modelling and predicting AD process dynamics. 

Response surface methodology (RSM) is a mathematical and statistical set of tech-

niques that can be used to design and develop empirical models and estimate the optimal 

conditions and their impact on a process. The designs of RSM include Central Composite 

design (CCD), Box-Behnken design (BBD), Full factorial, and Optimal designs. Among 

them, the CCD, made up of three levels (two-level full or fractional design and central 

points), augmented by star point (±α), is used for experimental design for fitting polyno-

mial equations. As a result, the star point gives more flexibility for an experimental design 

by estimating the curvature. Therefore, this study employed RSM CCD to investigate the 

synergistic effect of adding banana peels coupled with magnetite to the process of biogas 

production from wastewater. The AD process was operated under a mesophilic tempera-

ture of 35°C and with digestion lasting for 28 days, with biogas production and chemical 

oxygen demand (COD) removal as output responses. 
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2. Materials and Methods 

2.1. Sample Collection 

This study made use of banana peels, iron nanoparticles, and sewage sludge for the 

AD process. A local South African wastewater treatment plant based in Amanzimtoti, 

KwaZulu-Natal Province, supplied the wastewater sample used in this study. APHA [29]. 

The samples were taken immediately after the primary settling tank, and the samples’ 

temperature and pH were determined on-site using a pH meter equipped with a temper-

ature sensor (Ohaus Corporation, Parsippany, NJ, USA). The inoculum was anaerobically 

digested sludge from an existing anaerobic digester at the same wastewater treatment 

plant. At the time of sampling, the digester at the plant was operating at a temperature of 

25 °C, and the pH of the inoculum was 7.19. On the same day, the samples were also 

analysed for total solids (204.5 mgTS/L) and volatile solids (106 mgVS/L) before being 

preserved at 4 °C in the research laboratory’s cold room. Prior to the experimental runs, 

the initial COD (2380 ± 57.6 mg/L), colour (57 ± 12.5 Pt. Co), turbidity (17.3 ± 24.6 NTU), 

and pH (6.59 ± 1.3) of the wastewater were recorded. 3M of NaOH(aq) was used to adsorb 

any CO2 that might be produced, and gas samples were taken once a week for analysis. 

The COD and colour were characterized using a spectrophotometer (HACH, DR 3900 

(Düsseldorf, Germany). The turbidity was analysed using a turbidimeter (Hach, 2100N 

(Loveland, CO, USA). 

2.2. Biochar Preparation 

Bananas were acquired at a local South African market, and the banana peels were 

then oven dried at 60 °C till bone dried. The banana peel-derived biochar (Bi) was made 

to calcine for 1 h at a furnace temperature of 800 °C [30,31]. 

2.3. Nano-Particle Preparation 

The magnetite NPs (MNPs) used were prepared in-house according to co-precipita-

tion techniques [32,33], with detailed characteristics reported in [30,31]. Before the prepa-

ration of the MNPs, magnetite (Fe3O4) was prepared in a single-step mode. In a 2 L beaker, 

a precursor solution was poured containing a 1:1 volume ratio (0.5 L/0.5 L) of Fe3+ and Fe2+ 

solutions. The pH was adjusted by dropwise addition of 2 mL surfactant to the mixture 

(Fe3+/Fe2+), and the pH was reduced to 2 and a microemulsion formed. An amount of 250 

mL of 3M NaOH was added dropwise to the mixture. Continuous stirring (15 rpm) re-

sulted in the formation of a thick black precipitate with a pH range of 10–12. The precipi-

tate formed was then heated to 70 °C for 2 h (aging) and then allowed to cool to room 

temperature. The resultant solids were washed three times with distilled water and etha-

nol, and the supernatant was discarded. Following that, the precipitate was oven dried 

for 12 h at 80 °C, followed by 1 h of calcination at 550 °C. 

2.4. Biochemical Potential Test 

The batch digesters were made up of 1 L glass Schott bottles. The inoculum (300 mL) 

and the substrate (500 mL) were stored in each AD reactor, which was sealed with a screw 

cap. Three organic loading ratios (0.5, 1, 1.5) were used for the biochar under mesophilic 

(37 ± 1 °C) conditions for 28 days to measure the methane production. Mixing each sample 

for 3 min before AD resulted in a homogeneous mixture, and the batch experiments were 

conducted under nitrogen gas with flushed conditions for 3 min to promote AD. The sys-

tems in all the reactors were shaken manually for 2 min daily during the AD process. 

Duplicate sample analysis was done for all samples. 

2.5. Experimental Design 

Using a data-driven approach and RSM, 14 experiment runs were designed using 

CCD. Two factors considered were nanoparticle (0.2–0.6 g) and biochar (0.5–1.5) loading 

with respect to pH, biogas production, and COD removal as responses. Subjecting the 
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alpha levels to full-face centred the two factors considered a subject of interest, which, 

because of our previous studies [31], was carried out using a one-factor-at-a-time ap-

proach. The experimental runs of the CCD matrix were simulated using the Design-Expert 

(11) software (version 13.05, StateEase, Minneapolis, MN, USA). This enabled the identi-

fication of interaction effects, process optimization, and maximization of biogas produc-

tion. The response surface was estimated using a quadratic polynomial model, as shown 

by Ghaleb et al. [34]. 

3. Results and Discussion 

3.1. Anaerobic Digested Wastewater Performance 

The obtained output data represent the impact of the input factor and microbial sta-

bility of the anaerobically digested wastewater for biogas production. Using the RSM-

derived CCD matrix of 14 experimental runs, the response data were modelled as a func-

tion of the input variables. Table 1 presents the experimental and predicted results of pH, 

biogas production, and COD removal. Aside from the experimental data fitted on mathe-

matical models, the basis of the RSM optimization of the independent variables was de-

termined by maximizing the AD process. Response graphs of the interactive effect of the 

input variables were obtained via the analysis of variance in the experimental results fitted 

on the models. The models were verified, and the optimal conditions obtained for the 

highest possible desirability were established. 

Table 1. Central composite design matrix with experimental and predicted results. 

Run 
A: Nanoparticle  

Load (g)  

B: Biochar 

Load (mg Vs) 

pH 
Daily Biogas Production 

(mL/day) 

COD Reduction  

(%) 

Actual Predicted  Actual  Predicted Actual Predicted 

1 0.2 0.5 6.79 6.78 3.32 3.54 76.04 76.34 

2 0.4 0.5 7.06 7.06 11.59 11.42 78.33 78.41 

3 0.6 1 7.14 7.17 23.68 23.51 69.31 69.64 

4 0.6 1 7.2 7.17 23.68 23.51 69.31 69.64 

5 0.6 1.5 7.24 7.23 8.84 9.07 68.9 68.7 

6 0.4 1.5 7 7.04 12.11 11.83 69.68 69.51 

7 0.4 1 7.02 7.02 24.45 23.89 70.33 70.93 

8 0.2 1.5 7.22 7.22 8.39 8.73 65.91 66.46 

9 0.2 1 6.87 6.87 18.68 18.40 68.8 68.375 

10 0.6 0.5 7 6.99 13.32 13.43 77.07 76.62 

11 0.4 1.5 7.08 7.04 12.11 11.83 69.68 69.51 

12 0.2 1 6.87 6.87 18.68 18.40 68.8 68.38 

13 0.4 1 7.02 7.01 22.45 23.89 71.33 70.93 

14 0.4 0.5 7.06 7.06 11.59 11.42 78.33 78.41 

3.1.1. pH Performance 

The treated effluent was eluded, and the AD methanogenesis was operated within a 

pH range between 6.8 and 7.3. After the response pH range (Figure 1) was obtained, it 

was observed that the stability of the AD process was based on the acidogenesis and meth-

anogenesis activity of the microbes. Herein, the mean pH (7) shown in Figure 1 indicates 

the neutrality and stability of the bioreactor. The variation of pH in a few experiments 

might be due to the self-buffering of the pH and the gradual degradation of the organic 

content of the wastewater into biogas. This confirms that the biogas produced from the 

conversion of the acetate and CO2 might have utilized the extra H+ or OH- radical ions, 

which caused the pH variation [35]. Additionally, the alkalinity and basicity of the sub-

strate affect the protonation and deprotonation of oxygen-containing groups in the bio-

char and nanoparticle additives [36]. Here, the pH recorded reveals the degree of influ-

ence of ionization of the charged species of the substrate that favoured methanogenesis 

and biogas production. This confirms that an anion adsorption surface becomes positively 
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charged when the surface is negatively charged at pH values above the potential zero 

charges of the cation favourable to methanogenic activity [32,37,38]. 

 

Figure 1. pH response per CCD experimental run. 

3.1.2. Biogas and COD Removal Performance 

The biodegradation of the organic content of the wastewater in the generation of bi-

ogas was monitored. The efficiency of COD removal was used to ascertain the efficiency 

of the methanogenesis phase of the bioreactors at different nanoparticle and biochar loads. 

It was deduced that the degradation of the organic substrate by the microorganism in-

creased the percentage of COD removal and biogas production [30,39,40]. The COD re-

moval observed was between the range of 65–78%, whereas the biogas was also within a 

range of 3–25 mL/day. However, the biogas production was variable over time and never 

reached a true steady state. This was due to the variation in the organic content (COD) 

and enzymatic reactions in the bioreactor. The low biogas production and COD removal 

recorded in some of the runs (Figure 2) might be due to the lag phase of microbial growth 

in the batch-conditioned reactor. Further, the high biogas production and COD removal 

recorded may be attributed to the exponential growth of the methanogens with respect to 

an acclimatized time rate. This indicates the high levels of organic matter (COD) being 

consumed by the methanogenic microorganism for growth, resulting in the conversion 

into biogas production [41–43]. 
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Figure 2. COD removal (%) response per CCD experimental run. 

3.2. Modelling and Analysis of Variance(ANOVA) 

The data obtained from the CCD experimental matrix (Table 1) was statistically mod-

elled using a multifunctional selection at a 95% confidence level and p-values of <0.05 [44]. 

This was done to graphically determine the influential and interactive effect of the input 

variables on the responses. The model equations, in terms of the actual terms expressed 

in (1)–(3), are a reduced form of a quadratic model obtained after the rejection of insignif-

icant terms with p-values > 0.05. The negative and positive signs before the model terms, 

respectively, represent the antagonistic and synergistic effects on the responses. Here, the 

interaction (AB) effective between the nanoparticle load (A) and biochar load (B) had a 

significant impact on all the responses (pH, biogas production, and COD removal) and 

the model’s predictability concerning the responses for each given level of the input fac-

tors for the experimental runs (Figure 3). It was observed that the regression coefficients 

were highly significant and scaled to accommodate each unit factor intercept. Further, the 

closeness of the model-predicted results to the diagonal line illustrated the precision and 

accuracy of the models [45–47]. 

pH = 6 + 6.325A − 0.19B − 3.875AB − 8.68A� + 0.89B� + 8.87A�B − 1.85AB� (1) 

Biogas production = −51.97 + 95.31A + 108.08B − 23.85AB − 73.34A� − 49B� (2) 

COD removal = 84.93 + 36.75A − 35.06B + 4.9AB − 48.12A� + 12.1B� (3) 
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Figure 3. Predicted and experimental results of (a) pH, (b) biogas production, and (c) COD reduc-

tion. 

3.2.1. ANOVA 

The analysis of variance (ANOVA) indicated that the model-obtained results were 

statistically significant with a p-value less than 0.005. The F-value indicates that the lack 

of fit was not significant, which is desirable for the model to be justifiable. Tables 2–4 show 

results obtained from the ANOVA carried out using CCD-RSM to ascertain the signifi-

cance and adequacy of the response models. The significance of the models’ terms and 

their fitness were verified using the correlation coefficient (R2) and the p-value for lack of 

fit. Meanwhile, the value of Prob > F relating to the lack of fit indicated that the model was 

not significant relative to the pure error. The coefficient of variance (CV%) indicated a 

high reliability of the experimental data with a high level of accuracy. The best fit for the 

models had a coefficient of determination (R2) of pH (0.978), biogas production (0.995), 

and COD removal (0.992) closer to 1. It was deduced that the difference between the pre-

dicted and adjusted R2 values was less than 0.2, which suggested that the response varia-

ble was predictively agreeable [45]. 

Table 2. Analysis of variance of pH response. 

Source Sum of Squares df Mean Square F-Value p-Value  

Model 0.2296 7 0.0328 38.39 0.0001 significant 

A-Nano 0.0363 1 0.0363 42.53 0.0006  

B-Biochar loading rate 0.0002 1 0.0002 0.2399 0.6417  

AB 0.0092 1 0.0092 10.82 0.0166  

A² 0.0525 1 0.0525 61.47 0.0002  

B² 0.0215 1 0.0215 25.2 0.0024  

A²B 0.063 1 0.063 73.77 0.0001  

AB² 0.0171 1 0.0171 20.03 0.0042  

Residual 0.0051 6 0.0009    

Lack of Fit 0.0001 1 0.0001 0.125 0.7381 not significant 

Pure Error 0.005 5 0.001    
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Cor Total 0.2347 13      

Std. Dev. 0.0292 Mean 7.04  C.V% 0.415  Adeq Precision 20.37   

R2 0.978 Adjusted R2 0.953   Predicted R2 0.886   

Table 3. Analysis of variance in biogas production response. 

Source Sum of Squares df Mean Square F-Value p-Value  

Model 579.59 5 115.92 305.25 <0.0001 significant 

A-Nano 61.33 1 61.33 161.49 <0.0001  

B-Biochar loading rate 492.89 1 492.89 1297.94 <0.0001  

AB 22.77 1 22.77 59.96 <0.0001  

A² 28.69 1 28.69 75.54 <0.0001  

B² 501.5 1 501.5 1320.62 <0.0001  

Residual 3.04 8 0.3797    

Lack of Fit 1.04 3 0.346 0.865 0.5171 not significant 

Pure Error 2 5 0.4    

Cor Total 582.62 13      

Std. Dev. 0.616 Mean 15.21  C.V% 4.05  Adeq Precision 50.44   

R2 0.995 Adjusted R2 0.992   Predicted R2 0.986   

Table 4. Analysis of variance in COD reduction response. 

Source Sum of Squares df Mean Square F-Value p-Value  

Model 213.29 5 42.66 189.59 <0.0001 significant 

A-Nano 9.12 1 9.12 40.52 0.0002  

B-Biochar loading rate 51.87 1 51.87 230.51 <0.0001  

AB 0.9604 1 0.9604 4.27 0.0727  

A² 12.35 1 12.35 54.9 <0.0001  

B² 30.5 1 30.5 135.56 <0.0001  

Residual 1.8 8 0.225     

Lack of Fit 1.3 3 0.4333 4.33 0.0741 not significant 

Pure Error 0.5 5 0.1    

Cor Total 215.09 13      

Std. Dev. 0.47 Mean 71.56  C.V% 0.663  Adeq Precision 38.47   

R2 0.992 Adjusted R2 0.986   Predicted R2 0.956   

3.2.2. Graphical Response of Input Factor Interaction 

Three-dimensional (3D) response surface plots (Figure 4) revealed the visualization 

of the interaction effect of the input variables on the output responses. This was carried 

out by varying the input variables within the ranges to obtain a high peak. It was deduced 

that with a high nanoparticle load (A) of 0.6 g and a biochar load (B) of 1.5 mgVS/L, a high 

pH of 7.14 was achieved (Figure 4). This correlated to the fact that decreasing the AB load 

had a significant impact on the ionic binding of the substrate and the acidogenic and meth-

anogenic activities about biogas production. Thus, a nanoparticle load (A) of the range 

0.3–0.6 g and a biochar load (B) of the range 0.9–1.2 mgVS/L resulted in the highest biogas 

production at a level of 24 mL/day (Figure 4). On the other hand, the lower load of biochar 

(B) at 0.5 mgVS/L within any load of the nanoparticle (A) in a range of 0.2–0.6 g resulted 

in 78% COD removal. The effectiveness of lower proportions of the biochar might be due 

to the inadequate availability of pollutant molecules to absorb the excess active surface of 

the biochar at higher loads (B > 0.5 mgVS/L) [48,49]. The above trend was also in agree-

ment with the result obtained by [20,49]. 
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Figure 4. Three-dimensional (3D) response surface plots (a) pH, (b) biogas production, and (c) COD 

reduction. 
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3.3. Numerical Optimisation 

To determine the stability of wastewater digestion as a function of pH, biogas pro-

duction, and COD removal, without interruption. The mathematical models obtained 

from the simulated experimental data were found useful as predictive and monitoring 

tools to detect inhibition threats. The CCD numerical optimization provided a feasible 

solution to operate the system at optimum conditions. Thus, the optimization criteria were 

set to maximize the desirability efficiency within the range of the operating parameters. 

Figure 5 illustrates the selected ramp plot of the optimum parameters identified at a mes-

ophilic temperature (37 °C) for 28 days. Even though there were 100 optimal solutions 

obtained, the selection of the optimum combination represents the multi-objective set with 

an overall desirability of 100%. Additional optimal solutions obtained to maximize the 

biogas production, COD removal, and pH stability are presented as supplementary data 

(Table S1). The set of constraints could change based on the process’ objectives and desir-

ability. According to the simulated scenario results shown in Table 5, the nanoparticle 

load (0.46 g), biochar load (0.66 mgVS/L), and pH (7.07) show 100% desirability perfor-

mance. The response surface (contour and 3-D) plots (Figure 4), in conjunction with the 

ramp plot (Figure 5), can be used to see the best region and confirm the model-predicted 

results. The quadratic second-order models’ vital maximums, minimums, or saddles are 

possible definitions for their critical points. 

 

Figure 5. Ramp plot of the optimization result of methane production and COD reduction. 

Table 5. Selected optimized conditions. 

Number 
Nanoparticle 

Load (g) 

Biochar Loading 

(mgVS/L) 
pH 

Biogas 

(mL/day) 

COD Removal 

(mg/L) 
Desirability 

1 0.46 0.66 7.07 19.26 75.17 1 

2 0.4 1.5 7.04 11.83 69.5 1 

3 0.6 1 7.17 23.51 69.63 1 

4 0.4 1 7.01 23.89 70.93 1 

5 0.4 0.5 7.06 11.4 78.4 1 

6 0.2 1 6.87 18.41 68.37 1 

7 0.6 1.5 7.23 9.06 68.7 1 

8 0.2 1.5 7.21 8.72 66.46 1 

9 0.6 0.5 6.99 13.42 76.62 1 

10 0.26 0.5 6.9 6.5 77.26 1 
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4. Conclusions 

In this study, the matrix of the experimental runs was determined using the central 

composite design (CCD) of the response surface methodology (RSM). This supported the 

data screening, designing, optimization, model testing, and validation of the results ob-

tained and the determination of the multifunctional impact of the input variables. Thus, 

the modelled experimental data provided reasonable prediction performance of a bio-

stimulated AD process with nanoparticle and biochar additives. The synergistic effect of 

additives resulted in over 70% degradability of the wastewater. RSM results revealed that 

the methanogenesis phase and stability of the wastewater biodegrading moved toward a 

neutral pH. At constant temperature (37 °C) and HRT (28 days), the optimized load of 

nanoparticles (0.46 g) and biochar (0.66 mgVS/L) resulted in a biogas production of 19.26 

mL/day, a pH of 7.07, and a COD removal of 75.17%. This established the trade-off be-

tween biogas productivity, biodegradability, and the stability of an AD process operation. 

Moreover, this result requires the consideration of the use of nanoparticles as a bio-stim-

ulant to build up the process for commercialization in the future. 

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-

cle/10.3390/app122312037/s1, Table S1: Central composite design optimized conditions. 
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