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Abstract: Pretreatments of pH and heat with zero-valent iron (ZVI) additions enhance anaerobic
digestion and increase reducing sugar availability for optimum biogas production. This study aimed
to optimize the conditions of different pH and heat pretreatment with additional ZVI to yield higher
biogas amounts from the anaerobic digestion (AD) of cassava wastewater. Thirteen pH conditions,
ten ZVI concentrations, and eleven heating periods were varied and measured to optimize the
standard conditions. Four mathematical models that are widely used to evaluate the cumulative
biogas production were employed, namely, the Modified Gompertz, Logistic, Transference, and
Exponential models. The pretreatment of pH 10 and 35 min of boiling time with a ZVI concentration
of 60 g·kg·TVS−1 produced the highest cumulative biogas at the end of the AD process. The Logistic
and Modified Gompertz models were better fitted with the experimental data than the other models.
Interestingly, the optimized conditions altered the biogas production rate but prolonged the lag
phase. A reasonably positive correlation was also found between the FeOOH amount and biogas
production rate in the LF and MG models. These optimal fitted models, kinetics parameters, and
possible correlations are novel findings that can help develop extensive scale developments for biogas
generation from cassava wastewater.

Keywords: anaerobic digestion; pretreatments; zero-valent iron; mathematical models; biogas
production

1. Introduction

Cassava industry effluent has been widely utilized for biogas generation to remove
excess nutrients that may harm the environment and, at the same time, provide renewable
energy through an anaerobic digestion process (AD) [1–3]. It can supply a considerable
amount of energy and reduce the total cost of the cassava industry by compensating
for the high energy demand in the starch extraction process [2]. Several advancements
in pretreatment and digestion processes have been developed to enhance the digestion
process to maximize substrate utilization and wastewater treatments [4]. The pretreatments
ensure the digestibility of the substrate, create a suitable environment for the microbial
community, and increase the methane production rate [5]. The pretreatments also raise the
possibility of higher methane percentage in biogas under efficient organic matter conversion
via hydrolysis and the following processes [6].

Numerous pretreatment methods are available for cassava industry waste and wastew-
ater when considering its high proportion of structural carbohydrates and lignin [7]. Me-
chanical, chemical, biological, physical, and thermal pretreatments were reported to have
various effects on the biogas generation and organic matter removals in anaerobic diges-
tion [4,8]. Among the pretreatments, thermal and chemical pretreatments have been proven
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to be the most optimum and cost-effective methods for preparing the wastewater before
conducting the anaerobic digestion [9,10]. Many studies reported the results of pH condi-
tions during the heat pretreatments on anaerobic digestion in the various temperatures on
biogas production. The acid condition using H2SO4 at 157.86 ◦C for 20.15 min pretreatments
showed 248 mL·g−1·VS−1 of methane production from cassava residues [11]. However, it
is essential to note that the extreme temperature in the pretreatment may result in inhibition
of the byproducts that later can potentially reduce the biogas production at the later stage
of methanogenesis [12]. Similarly, a maximum methane yield of 324 ± 5 mL·gVS−1 was
achieved by adding 2.0% NaOH as pretreatment [13].

Furthermore, metals, such as Cu, Fe, Ni, Cd, and Zn, are often added to the system
as an additive to increase biogas production in the AD [14]. Metals were reported to
increase biogas production in low concentrations but highly inhibited the process in excess
amounts [14,15]. Among the metals, iron ions, especially zero-valent iron (ZVI), are often
added to the AD to enhance methanogen activity. Iron reacts with pyruvate metabolism
enzymes and the cofactors of dehydrogenase enzymes to enhance biogas production [16,17].
ZVI was also reported to stimulate microbial metabolic performance and decrease the
oxidation–reduction potential (ORP) [18]. Additionally, it is also applied as a reductive
material in the wastewater treatment system and reacts well with hydrogen sulfide (H2S)
to form iron sulfide (FeS) to improve biogas quality [19,20]. ZVI was also reported to
increase the hydrolysis bacteria community and alleviate acidification, thus resulting in a
CH4 yield increase of 77.3% [21]. It has also been reported that Fe0 acts as an electron donor
to decrease CO2 and create suitable acetate formation for the microbial community in the
system [22]. This result is due to the activity of ZVI that provides extra electrons, ferrous
ions, and ferric ions to promote hydrolysis, acidogenesis, and acetogenesis bacteria [23].
Although these iron ions are essential in determining the increase of biogas generation,
the forms and compositions of the iron ions after the AD are rarely studied, mainly in
combination with the pretreatments [24].

The application of ZVI and heat combined in the pH pretreatment has been previ-
ously performed in other substrates. A study using alkaline pretreatment with heat and
additional ZVI into waste activated sludge has resulted an increase of 95% of methane
production [25]. Another form of iron (magnetite) has also been applied to rice straw after
alkaline pretreatment to obtain an increase of 120% after the combination of the pretreat-
ment and additional iron. In contrast, it has been also found that ZVI can act as a buffer to
maintain process through which the pH can be stable throughout the anaerobic process
and provide suitable conditions for the methanogens in palm oil mill effluent [23]. On
the other hand, acid pretreatment has never been combined with ZVI addition. However,
promising results have been achieved from previous studies using acid pretreatments to
breakdown the complex of polysaccharides in the various substrates and to ease hydrolysis
production [26–28]. However, the suitable pH condition during the pretreatment can vary
based on the characteristics of the substrate and the process of the anaerobic digestion [29].
Thus, it is important to have sufficient experiments based on the actual substrate.

Cassava has become an important commodity in many tropical countries when con-
sidering its fast growth and the versatile utilization of the tuber. Cassava pulp wastewater
is produced as residual product of cassava starch production. As it comes from the plant-
based raw material, the structures mostly consist of lignocellulose and cellulose in which
the degradation process may be limited before the process of anaerobic digestion [30].
The wastewater from the cassava starch industry is often treated inefficiently. The main
treatment for this wastewater is anaerobic digestion. However, the effluent for this treat-
ment often still possesses high contents of organic matter [31]. This is caused by the
improper hydrolysis process in the initial stage of hydrolysis, which results in the failure of
methanogens to utilize maximum carbon sources in the cassava residual [13]. Lignocellu-
lose, a main constituent in the cassava wastewater, must be pretreated before undergoing
any anaerobic pretreatment. It is important to ensure that cellulose and hemicellulose are
released from the lignin to increase the waste degradability [11]. Moreover, the pretreated
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cassava wastewater can still be enhanced to produce higher methane yields with regard
to its high carbon source contents by enhancing the methanogenesis process [32]. Thus,
it is important to develop a combination of pretreatments using the optimum condition
with additional enhancement during the process of hydrolysis. As previously mentioned,
the optimization of the pH condition during heat pretreatment in several durations may
address the problem of the availability of the carbon source. On the other hand, additional
ZVI may lead to a higher efficiency in converting the degradable substrate into methane.

The production of biogas and the removal of organic matter, often called the chemical
oxygen demand (COD) value, are among the main focuses examining the pretreatment
efficiency and the addition of metals [26,33]. From the previous studies, high COD removal
efficiencies were often calculated from lengthy and inefficient pretreatment application pro-
cesses when applied in the actual scale operation. Here, kinetics parameters are introduced
to design the system and thus affect the operation performance. Several kinetics parameters
from mathematical models must be understood entirely in the batch system before the
continuous system is adopted [34]. Mathematical models have been developed to measure
the kinetics of the operation conditions, including the effects of pretreatments and additives
on AD. First-Order Kinetic [26,35], Modified Gompertz [15,35], Reaction-Curve-Type [35],
Logistic Function [36,37], Exponential Rise to Maximum [35,38], and Gaussian models [39]
are among the models that are often used for cumulative biogas production. The models
can help when it comes to better understanding the process and holistic advantages of
the pretreatments and the addition of metals into the system [36]. Nevertheless, no exten-
sive study has previously examined these models’ relations with the enhancement after
pretreatments with ZVI addition.

To address the gaps mentioned above, this study aimed to perform and analyze biogas
production from cassava pulp wastewater after the combination of pH adjustment and the
duration of heat application for pretreatment with the addition of ZVI. The application
of mathematical models to generate different kinetics parameters was also conducted.
Moreover, the results were also tested to observe any possible correlations between effluent
characteristics and the kinetics parameters. This approach has never been studied before
but is advantageous as a potential tool to understand the mechanism of the pretreatment
pretreatments with ZVI addition to generate methane production.

2. Materials and Methods
2.1. Wastewater Sources and Characterizations

Cassava pulp wastewater was collected from Korat Flour Industry Co., Ltd., Nakhon
Ratchasima, Thailand (N 14◦53053′′ E 102◦04000′′) as the waste from the starch extraction
process in cassava tuber, while the seed was obtained from the Lagoon Tank Sediment from
the same industry. The seed was the inoculum of the microorganism community that could
conduct and/or initiate the anaerobic digestion process. Wastewater characteristics, namely,
biological oxygen demand (BOD), chemical oxygen demand (COD), volatile fatty acids
(VFAs), alkalinity (Alk), total phosphorus (TP), orthophosphate (Orto-P), total kjehdahl
nitrogen (TKN), total solids (TSs), volatile suspended solids (VSSs), and total volatile
solids (TVSs), were analyzed based on standard methods [40], while other physicochemical
characteristics of the wastewater, such as pH level, were measured using a YSI 556 MPS
Multiprobe System (Xylem, OH, USA). The results of seed and wastewater characterization
are summarized in Table 1. The ratio between substrate and seeds was 0.08 [41].
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Table 1. Cassava pulp wastewater and seed characteristics.

Wastewater

Parameters Mean ± sd

pH 4.23 ± 0.24
BOD (mg·L−1) 42,000 ± 6879
COD (mg·L−1) 55,400 ± 6116

VFA (mg·CH3COOH·L−1) 161.67 ± 25
Alkalinity (mg·CaCO3·L−1) 336.67 ± 26

TP (mg·L−1) 70.86 ± 12
Orto-P (mg·L−1) 54.90 ± 2.89
TKN (mg·L−1) 393.52 ± 63.08

TS (%) 23.73 ± 3.90
TVS (%) 79.56 ± 10.41

Seed

Parameters Mean ± sd

pH 4.13 ± 0.65
BOD (mg·L−1) 42,000 ± 3927

TS (mg·L−1) 40,465 ± 1889
TVS (mg·L−1) 38,336 ± 6574
VSS (mg·L−1) 37,936 ± 2814

VFA (mg·CH3COOH·L−1) 140 ± 7.59
Alkalinity 716 ± 47.90

2.2. Reactor Design

A two-tank reactor was occupied throughout the study to obtain the biogas from the
AD process. The reactor was a 6 L batch reactor consisting of an AD tank, gas tank, and
measurement glass (Figure 1a). Briefly, the AD tank was used for biogas generation, where
substrate, seeds, and additives were added and mixed. It is the closed tank where the
ambient air cannot enter to avoid any toxic gas disrupting the AD process. The AD was
conducted in this tank, and the gasses from the AD were distributed to the gas tank via a
silicon channel. The gas from the AD tank generates the pressure that displaces the water
equal to the generated gas volume and the water was flowed into the measurement glass.
The measurement of liquid was interpreted as the total biogas generated from the system.
The AD tank was also equipped with a pH probe, gas collector channel, and an effluent
valve to sample the substrates. Furthermore, the collected gas was analyzed using the
channel and eventually analyzed using gas chromatography. The pH probe also collected
the frequent data of the pH condition in the system.
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2.3. Zero-Valent Iron Preparation

Steel wool (Bonstar, Thailand) was utilized as raw material for zero-valent iron prepa-
ration. Synthesis of ZVI was conducted based on Lavine, et al. [42] and Bang, et al. [43].
Briefly, 50 g of steel wool was put in a 250 mL Erlenmeyer flask and washed with 100 mL
1% v/v HCl for 30 min at 150 rpm agitation. The iron was then washed with deionized
water for cleaning, and, later, the residual acid and water were removed using acetone. The
ZVI steel wool was dried and kept in a ziplock bag for further use.

2.4. Experimental Design

The pH adjustment and heat pretreatments were conducted simultaneously before the
ZVI addition to the wastewater. The experiment was started with the initial condition of
100 g·ZVI·kg·TVS−1 with adjusted pH and heating for 30 min. This condition was chosen
as a baseline, since the pH adjustment without heat and ZVI addition without pretreatment
could produce any biogas in the preliminary test (data not shown). This condition has
also been used in the industry as the standard procedure. This study had three main steps
for the experiment (Figure 1b). Firstly, the pH for pretreatment was optimized by varying
the pH to be 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 by adding NaOH 5 N or H2SO4
98%, while the other treatments were maintained with the normal condition. The adjusted
wastewater was then heated for 30 min at 100 ◦C. After the pretreatment was completed,
the wastewater was brought to neutral pH (pH 7), since the anaerobic process, including
methanogenesis, cannot happen in low or high pH conditions. ZVI was added until the
concentration reached 100 g·ZVI·kg·TVS−1 in all conditions. Secondly, the ZVI addition
was varied from 20 to 200 g·ZVI·kg·TVS−1 into the wastewater after pretreatment using
optimized pH conditions at 100◦ C for 30 min. Lastly, the pretreatment was conducted using
optimized pH with various boiling times: 0 to 55 min at 100 ◦C. After the pretreatment,
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ZVI was added to the pretreated wastewater using the optimized concentration from the
previous ZVI optimization experiment. All the anaerobic processes were conducted at
room temperature (27–32 ◦C).

2.5. Analytical Methods

The wastewater effluent was analyzed to obtain the characteristics of COD, reduc-
ing sugars, SS, VSS, alkalinity, and VFAs. Biogas production was also analyzed daily.
Furthermore, X-ray diffraction (XRD) patterns of the synthesized ZVI and the effluent
from all experiments were analyzed using a Bruker D8 Advanced Diffracto Meter (Bruker,
Germany). Furthermore, the morphological characteristics of ZVI before and after the
experiments were also observed under a field emission scanning electron microscope
(FE-SEM, Gemini 500, Zeiss, Germany). The generated biogas was also analyzed using gas
chromatography (6820 GC machine, Aligent Technology, US) to measure the biogas’s gas
composition and methane percentage.

2.6. Mathematical Models and Kinetics

Several mathematical models for analyzing cumulative biogas production were ap-
plied in this study. Modified Gompertz (G), Logistic (L), Transference (T), and Exponential
(E) models are expressed in Equations (1)–(4), respectively. These models were used nu-
merous times in the previous study to calculate the performance parameters of the biogas
cumulative production from different pretreatments and optimizations [26,35,36,44,45].

M = P× exp
{
−exp

[
Rm × e

P
(λ− t) + 1

]}
, (1)

M =
P

1 + exp
[
4Rm

(λ−t)
P + 2

] , (2)

M = P
[

1− exp
(
−Rm(t− λ)

P

)]
, (3)

M = P[1− exp(−kt)]. (4)

Equations (1)–(3) were employed to estimate the maximum rate of biogas production
(Rm, in L·kg·TVS−1·day−1) and the duration of the lag phase (λ, in days), based on the
biogas production potential (P, in L·kg·TVS−1) and cumulative biogas (M, in L·kg·TVS−1)
at the time of the anaerobic digestion (t, in days). Meanwhile, Equation (4) calculated the
hydrolysis rate coefficient (k, measured day−1), which is a limiting factor for the anaerobic
biodegradation.

The regression coefficient (R2) and root mean square error (RMSE) were introduced to
measure the experimental and estimated data to compare the model fitness. Equation (5)
calculated the RMSE [44]., where m is the number of data pairs, j is the jth value, y is the
measured value, and d is the deviation between measured and predicted data.

RMSE =

 1
m∑m

j=1

(
dj

yj

)1
 1

2

. (5)

2.7. Data Analysis

All the experiments were conducted in triplicate. The data were shown in mean value
and analyzed using t-test and ANOVA analyses using SPSS Statistical Software version 26
(IBM, USA). The Microsoft Excel Solver Tool was employed using a GRG nonlinear method
in The Data Analysis tool pack to fit the experimental data with the models.
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3. Results and Discussion
3.1. ZVI Characterization

Synthesis of the ZVI was conducted before the experiment of the biogas. ZVI was
chosen over nanoZVI because of the potency of long-term inhibition from the ZVI and the
practicality of ZVI forms [46]. The SEM and XRD observations confirmed the microstructure
and iron ion compositions (Figure 2). Based on the XRD pattern, it can be confirmed that
the iron wool had two primary ions. ZVI (Fe0) has been found predominantly with a small
portion of iron–carbon (Fe-C) particles based on the peaks observed in the micrograph [47].
The XDR diffractogram was observed at 2θ (Coupled Two Theta/Theta) at the wavelength
of 1.54060 in the range of 10–80◦ and resulted in peaks that indicated the ZVI at 45◦ and
65◦ [48]. The structure of the wool was observed to have a diameter of 0.04 mm. It is
also important to note that, although the iron wool possessed a lower surface area than
iron powder, the effect of the ZVI generated from the iron wool was reported to be not
significantly different from the ZVI synthesized from the powder [49]. The synthesis of the
iron ions is often found to not entirely form ZVI ions. As the raw material comes from the
iron wool used from the steel factory, C and Fe3O4 are commonly used as the raw materials
in this industry. It may affect the Fe-C ions found in the synthesized materials [50].

Furthermore, the small percentage of the Fe-C effect in the following process can be
neglected, since it cannot give any significance to the biological process in that portion [51].
A relatively smooth surface of the substance was also observed under SEM, thus indicating
a small specific surface area of the ZVI wool [47]. However, it is essential to note that
the hairy macrostructure of the ZVI wool already provides a large surface area for the
surface-related reaction.
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3.2. Biogas Production and Composition

The cumulative biogas productions compared in different pH conditions in pretreat-
ment, different ZVI concentrations during AD, and different heating times during the
pretreatment are presented in Figure 3. The maximum cumulative biogas production was
significantly different in several pretreatments. It is interesting to note that the acidic condi-
tions during heat pretreatment produced lower biogas volumes. In contrast, the alkaline
state increased biogas production more than the neutral condition. The conditions of acid,
neutral, and alkaline for the pretreatment may differ depending on the lignocellulose’s char-
acteristics in the waste/wastewater as a substrate [52]. Previously, Mañunga, Barrios-Pérez,
Zaiat, and Rodríguez-Victoria [10] reported that a pH of 5–5.4 was the optimum range to
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create suitable substrate conditions for further digestion in cassava wastewater. However,
the wastewater from the cassava industry had a higher biomass containing a high level
of starchy lignocellulosic substances [53]. It is important to note that acidic conditions
may help release monomeric sugars and hydrolysates from hemicellulose and cellulose
in cassava pulp wastewater. However, it also potentially generates toxic substances such
as furfural and hydroxymethyl furfural (HMF) [54]. Furthermore, lignin is also hardly
hydrolyzed in acidic conditions and may condensate and precipitate [55]. On the other
hand, the alkaline state, through solvation and saponification, induces depolymerization
and cleavage of the lignin–carbohydrate bond to provide an accessible substance for hy-
drolysis enzymes [56]. Similar studies using cassava pulp wastewater showed the change
of the substrate’s composition after the pretreatment of pH and heat together with the ZVI
addition. It has been reported that the alkaline pretreatment had a significant impact on the
removal of lignin (24–38%) and hemicellulose (48–58%) to the forms that could be easily
converted into fatty acids for methanogenesis processes [13].

In the ZVI experiment, a moderate concentration of ZVI was found to enhance biogas
production optimally. In contrast, excess concentrations had a lower effect on biogas pro-
duction than moderate ones. However, a low ZVI concentration also increased the biogas
production compared to the control condition. The low ZVI concentration could not be
adequately sufficient for the whole enhancement in the system. At the same time, inhibition
due to excess ZVI and its derivatives may explain the reduction of the result in higher ZVI
concentrations. It was in line with the outcome of Puyol, et al. [57], which showed that
excess ZVI reduced methane production from the AD. Similarly, a previous study using
similar wastewater showed that the optimum condition was 50–60 g·ZVI·kg·TVS−1 [48].
This phenomenon may be related to the high accumulation of Fe2+ and Fe3+ that inhibit the
process of methanogenesis, as the excess attachment may be found in the methanogenesis
with the iron ions [46]. Another possible mechanism is the competition for free electrons
between Fe3O4 that resulted from the ZVI oxidation and methanogens in the excess applied
concentration [58].

Thirty-five minutes was the optimum time for boiling pretreatment for the heating
experiment. It was slightly higher than 30 and 40–45 min of heating at 100 ◦C (Figure 3c).
As with the alkaline pretreatment, the high temperature condition was proposed to break
the lignin bonds and provide holocellulose fractions for further degradation processes [59].
Previously, different heating times were reported from heat pretreatment studies. Thirty
minutes was reported to be suitable for cassava pulp at 100 ◦C [48], 180 ◦C, and 60 min
for cattle manure, corn silage, and sugar beet pulp residues [60], as well as 157.84 ◦C
for 20.15 min to pretreat cassava residues [11]. Interestingly, a more extended heating
period resulted in slightly lower biogas production. Longer treatment times may also
cause higher energy consumption and thus negatively affected the pretreatments’ feasi-
bility [61]. It is also important to notice that there was a dramatical increase in methane
production after increasing the heating time from 25 min to 35 min (Figure 3c). This sit-
uation indicates that 35 min might be the threshold of specific heat required to break the
lignocellulose structures and release the monomeric sugars in the complex of hardly degrad-
able cassava wastewater. Previously, the dramatic increase in methane production after a
small increase in the heating period has been observed by conventional and microwave
pretreatments [62–64]. The lower reaction time in heat was reported to produce minor
damage in the structure of cellulose and lignocellulose, while slightly different time, temper-
ature, and catalyst concentrations resulted in high differences in the biogas production [65].

Overall, each pretreatment and ZVI addition increased the biogas production from
the standard or previous experiment condition. This result showed that each pretreatment
is vital in preparing the wastewater to enter the AD phase. Meanwhile, adding ZVI
was also proven to enhance biogas generation. This was contrary to Aruwajoye et al.,
who showed that the increase in H2SO4 in pretreatment would still be effective, even
without any heating time optimization [66]. It has been reported that increasing the acid
concentration in sorghum pretreatment did not optimally prepare the substrate for the other
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process when it was not coupled with thermal conditions [67]. Based on the net energy
calculation that was adopted from Liu et al. [68], it has been found that the application
of the combination of optimized pH and heating time with ZVI concentration resulted in
a positive net energy of 178 MJ·t−1 compared to the negative energy production in the
control condition (−225 MJ·t−1).
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The methane (CH4) percentage in the total biogas was also higher along with the pH
gradient in the first experiment (Figure 4). However, the second and third experiments did not
significantly change the percentage of methane production. Acid pretreatment often resulted
in the effective degradation of the lignin and hemicellulose. However, acid pretreatment
may generate toxic substances such as furfural and HMF [11]. This situation can lead to
fermentation with a high percentage of CO2 as the intermediate form, since the methanogens
that are supposed to convert CO2 and H2 were inhibited by the furfural and HMF [67].

It is also worth noting that applying an optimal ZVI concentration followed by an
optimum heating temperature for pretreatment resulted in a higher CH4 portion. It indi-
cates that the biogas quality’s main focus was the pH adjustment in the heat pretreatment.
However, ZVI and heating time still played an essential role in generating biogas that
accumulated sufficient CH4 amounts. It has been previously described that the optimiza-
tion of the pretreatment conditions may result in the biogas quality being indicated by the
CH4 percentage, and, in prolonged production, this resulted in a higher amount of biogas
production [69].
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3.3. Substrate and ZVI Utilizations

The removal efficiencies of critical parameters in the substrate showed that a proper
pH condition (pH 10) in the heat pretreatment significantly increased the COD removal,
while the VSS, SS, and reducing sugars underwent moderate removal efficiencies compared
to other pH conditions (Figure 5a). The acid and alkaline conditions had high removals of
reducing sugars, while the others were still in between, thus indicating that the breaking
bonds of the lignocellulose in cassava effluent were successfully conducted during the
acid–alkaline conditions [29]. The higher reducing sugar removals in the acid conditions
were due to the better performance of cellulose reduction in the acid conditions. They
prepared the cellulose and its derivatives for enzyme hydrolysis more efficiently than
the alkaline pretreatment, although the lignin was not entirely hydrolyzed in the acid
condition [70]. Overall, the solubilization of organic matter performed better in the alkaline
than in the acid conditions [13].

However, the removal efficiencies were optimum in the 60 g·kg·TVS−1 addition of
ZVI. Interestingly, a heating period longer than the optimum (35 min) resulted in lower
SS removal efficiency. Here, the acid and alkaline conditions in the heat pretreatment
mainly focused on breaking the strong lignin and hemicellulose bonds in the hardly
degradable substrate [29]. It provided a high carbon source from the reducing sugars for
acidogenesis and acetogenesis. Meanwhile, the ZVI targeted the later stage of methane
production: methanogenesis. Although the positive effects of ZVI have been recorded
during hydrolysis–acidogenesis phases [71], the primary function of ZVI was also pointed
out as an electron donor by corrosion reaction to produce hydrogen gas and co-factor for
several vital enzymes for facilitating fermentation during methanogenesis processes [20,72].
In this study, the high removal of COD and the low VFAs concentration at the end of
experiment II (Figure 5a) indicated that the excess concentration of ZVI enhanced the
hydrolysis–acetogenesis processes but did not inhibit the conversion of methane generation
at the last stage. This also indicated that the excess ZVI only appeared to be an additional
assistance in the formation of VFA by alleviating the acidification, while the main role of
the ZVI and its derivatives was in the enzyme activity and metabolism of the methanogens,
thus reducing the odorous gasses (sulfur derivates) and leading to the degradation of
refractory substances [32].

CO2 + 4Fe0 + 8H+ → CH4 + 4Fe2+ + 2H2O, (6)

CO2 + 4H2 → CH4 + 2H2O, (7)

Ca HbOc + H2O→ CH3CH2COOH + CH3COOH + CO2 + H2, (8)

Fe0 + 2H2O→ 2OH− + Fe2+ + H2, (9)

Fe0 + 2H+ → Fe2+ + H2, (10)

4Fe2+ + 4H2O + O2 → 2γFe2O3 + 8H+, (11)

6Fe2+ + 6H2O + O2 → 2Fe3O4 + 12H+, (12)

4Fe2+ + 4H2O + O2 → 4γ− Fe2O3 + 8H+, (13)

4Fe3O2 + 6H2O + O2 → 12γ− FeOOH, (14)

γ− FeOOH → α− FeOOH. (15)

The fate of iron ions in the AD system was examined after the biogas generation
process. It has been shown that the Fe0 ions were converted into Fe3+ and Fe2+, with
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only less than 10% remaining in the Fe0 form (Figure 5b). The records of iron ions at the
end of the period were found to be Fe3+ (FeOOH, FeS2, Fe2O3, Fe3O4) and Fe2+ (FeO,
FeCO3, Fe(OH)2). In the ZVI application in the AD, the corrosion reaction was reported
as the typical reaction (Equations (6) and (7)). Several reactions, including acidification
(Equation (8)), also formed different states of iron ions in the system. ZVI was oxidized to
Fe2+ under anaerobic conditions and affected methanogens, enhanced enzyme activity, and
triggered a large percentage of protein in electronic power steering (EPS) [73].
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It has also been reported that Fe0 can directly react with water and oxygen to form
Fe3+ (Equations (11)–(13)) in the form of Fe2O3 [74]. The previous study also mentioned
that, due to the large surface of the ZVI, Fe3+ could be found in the forms of FeOOH
and Fe3O4 after a direct reaction with water and oxygen [73]. However, Fe3+ can be
utilized by iron-reducing bacteria as an electron acceptor in degrading organic matter
by converting Fe3+ into Fe2+ [75]. It is also interesting to note that the free electron can
still be produced by oxidizing Fe2+ into Fe3+, thus releasing more H+ into the system
(Equations (11)–(13)) that is later oxidized into maghemite (FeOOH) as the end products
(Equations (14) and (15)) [76]. In this study, the organic matter-assisted degradation
through the ZVI scenario may have occurred less, as the degradation of organic matter
was already optimized by the pretreatments. It is also important to note that Fe3O4
potentially inhibited methanogenesis, although it dramatically promotes hydrolysis and
acidification [58]. Similarly, the treatments that produced high biogas production (pH 10,
ZVI 60 g·kg·TVS−1, and 35 min of heating) showed a high percentage of Fe3+ (FeOOH) and
a low percentage of Fe2+ (FeCO3) compared to the treatments that showed lower biogas
production. As the effluent collected at biogas production was negligible, the activity of
the Fe ions was assumed to reach the final forms. Similarly, Ren, et al. [77] stated that Fe2+

was a reactive form of Fe ions and thus can still enhance the AD process, while Fe3+ was
reported to be less beneficial to AD, as the state had already reached the end form.

Furthermore, the SEM observation (Figure S1) revealed that aggregated sample forma-
tion was observed in the optimum conditions. In contrast, a relatively smooth surface was
observed in the low performance conditions. Zhu, et al. [78] reported that the optimum con-
centration of ZVI resulted in a high occurrence of granule structures to avoid the impacts of
high VFA concentrations. The granule, rough-surface grains after the addition of ZVI can
be caused by the disruption of aggregated sludge particles that enhance the performance
of digestion and the ZVI that underwent oxidation to become Fe3+ and Fe2+ [76,79]. Based
on these results, it can be concluded that the addition of ZVI could directly enhance the
methane production through several direct mechanisms, while the derivatives of ZVI were
formed, such as magnetite, ferrous, and ferric ions.

3.4. Models for Biogas Production

The application of several mathematical models, namely, the Modified Gompertz equa-
tion (G), Logistic function equation (L), Transference function equation (T), and Exponential (E),
showed the overall agreement between the models results (Tables S1–S4) and the experi-
mental data (Figure 6a–c). By comparing the performance models, the fittest models were
obtained using the Logistic Function Equation (L) and Modified Gompertz equation (G) models,
which achieved significantly higher regression of coefficient values in three experiment
data (Figure 6d). These results are in line with the previous studies that found the two
models (L and G) were the most suitable models for evaluating the pretreatment effects on
kinetics parameters such as lag phase (λ) and biogas production rate (Rm) [35,80].

Interestingly, the Logistic function model was significantly different from other models
in the third experiment based on the R2 values comparison, and the typical exponential
model using only one coefficient (k) was the lowest-fitted model (R2 < 0.97). The first-
order exponential model is often used due to its simplicity since it involves only one
coefficient and is thus more suitable for comparing kinetics values [81]. However, it is
often found to not be sensitive to the variation from pretreatment results [82]. Thus, it
is not recommended for the complex combinations of pretreatments and enhancement
by additives that were performed in this study. In high-sensitivity optimization, the
models’ sensitivity can determine the significant difference in the output. The Modified
Gompertz model, although more frequently used and often able to satisfy the results in
biogas accumulation calculation [83,84], was found below the logistic function in this
study. Donoso-Bravo, Pérez-Elvira, and Fdz-Polanco [82] proposed that pretreatments and
enhancement during AD may result in slightly different biogas production and may affect
the Modified Gompertz’s lower sensitivity over the Logistic model.
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Figure 6. Model fit with methane yield in different experiments with the most satisfied result from
each experiment. (a) The pH optimization with the actual value of pH ten treatment, (b) ZVI addition
with the actual value of 60 g·kg·TVS−1, (c) heating time optimization in the actual value of 35 min,
and (d) regression coefficient (R2) of the applied models in different pretreatments (different letters
show different significant differences).

Kinetics parameters were calculated from the three experiments (Table 2). The pH
experiment revealed the λ to be 5.011, 5.644, and 3.503 days, using the G, L, and T models,
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respectively. Interestingly, the values increased in the ZVI experiments (6.199, 5.857, and
4.771 days in the G, L, and T models, respectively) and later decreased in the heat experi-
ments (5.245, 6.056, and 4.744 days in the G, L, and T models, respectively). This study’s
calculated lag phase period was relatively moderate compared to the previous studies’
results. Deepanraj, et al. [85] reported a lag phase of 1.5 to 2.8 days in food waste processes,
while Pardilhó, et al. [86] calculated the value of 11 to 17.2 days in microalgae biomass. The
different lag phases correspond to the hydrolysis processes at the early stage of AD and the
adaptation or acclimatization from the microorganisms in the system [80,86].

In contrast to other reports, the biogas production rate (Rm, m3 biogas kg·TVS−1·day−1)
showed a constant increase of the values from the first to the last experiment sets. In the
Modified Gompertz model, the Rm was found to be 0.014, 0.017, and 0.018 m3 of biogas
kg·TVS−1·day−1 in three consecutive experiments. In the Logistic model, the Rm were
0.014, 0.016, and 0.017 m3 of biogas kg·TVS−1·day−1 in the pH, ZVI, and heat experiments,
respectively. Again, these results are lower than the average than most of the Rm values re-
ported previously, which ranged from 0.037–0.587 g·L of biogas kg·TVS−1·day−1 [35,86,87].
Similar to the lag phase, the Rm is also an important parameter to determine the volume of
biogas. Thus, the rates are related to the substrate characteristics and seeds’ adaptability
in the AD process [35]. The low production and rate of biogas production can vary be-
cause of the substrates and seeds that are applied into the AD. The results of the methane
production (P) in this study were relatively higher than several substrates that have been
previously studied, such as organic fraction municipal solid waste and biological sludge
(P = 0.544.3 m3·CH4·kg·TVS−1) [88], cassava pulp (P = 0.324± 5 m3·kg·TVS−1) [13], weeds
(P = 0.024 m3·kg·TVS−1) [27], and rice straw with corn stalk (P = 0.39 m3·kg·TVS−1 [89].

Table 2. Kinetics parameters from four different models of the optimum conditions in three experi-
ments (pH adjustment, ZVI addition, and heating time).

Models Parameters Exp. I
(pH 10)

Exp. II
(60 g·ZVI·kg·TVS−1)

Exp. III
(35 min Heating)

Modified Gomperzt P 0.491 0.834 0.839
Rm 0.014 0.017 0.018
λ 5.011 6.199 5.352

R2 0.997 0.997 0.993

Logistic Function P 0.491 0.834 0.839
Rm 0.014 0.016 0.017
λ 5.644 5.857 6.056

R2 0.997 0.996 0.997

Transference Function P 0.491 0.834 0.839
Rm 0.022 0.027 0.028
λ 3.503 4.771 4.744

R2 0.959 0.959 0.958

Exponential Function P 0.491 0.834 0.839
k 0.039 0.028 0.028

R2 0.969 0.973 0.972

The correlation tests from all the kinetics parameters from Logistic and Modified Gom-
pertz, which were the most fitted models with effluent characteristics, were also conducted
(Table S5). They revealed a moderate-to-strong relationship between the concentration of
FeOOH at the end of the AD and the kinetics parameters (P and Rm), with the R2 value
ranging from 0.958 to 0.997. This result also strengthened the complete process of ZVI
oxidation into the end form of FeOOH [76]. While other intermediate ions and effluent
characteristics also possess significant deviations and thus cannot be correlated with the
biogas generation kinetics, end products of additives usually depict the kinetics process
of the AD process [90,91]. However, the lack of correlation of the λ in several experiments
was acceptable and negligible, since the adaptation of the microbial community in the AD
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can be different depending on the substrate and seeds composition as the main factors for
the lag phase [80,86].

The combination of pH adjustment in the pretreatment with the ZVI addition showed
increased biogas production and improved methane content. Several key findings were
as follows:

1. The alkaline condition showed effective performance in the heat pretreatment for
cassava pulp wastewater. Although the acid showed higher organic matter removal,
the biogas generation was better in the alkaline–heat pretreatment.

2. Synthesized ZVI was successfully applied in the AD. It was made from the affordable
and abundant raw material iron wool. The Fe0 oxidation reached the end product of
FeOOH (Fe3+), which was depicted by the large portion of these iron forms at the end
of biogas generation.

3. Several models were used to calculate the kinetics parameters of the papers. It can
be seen that the Modified Gompertz and Logistic models fit the data more than the
Transference Function model, with a slightly better performance of the Logistic model.
A correlation between the kinetics parameters from the suitable models was also found.
The Rm and maximum biomass potential correlated with the effluent’s FeOOH.

Although these findings are novel in the anaerobic digestion of cassava pulp wastewa-
ter, several limitations and further development prospects can still be pointed out.

1. The optimization using three experiment steps may still be improved to determine
the exact time, pH, and ZVI concentrations in other approaches to obtain accurate
numbers for each treatment [11,38]. Several previous studies regarding biogas op-
timization that involved several parameters had used factorial or response surface
method experimental designs to obtain more detail levels of pH, durations of heating,
and concentrations of ZVI. The mentioned experimental designs can also be explained
further using principal component analysis (PCA), where the relationship between
each dataset can be observed in detail.

2. The claim of correlation of the P and Rm with FeOOH concentration can be further
analyzed and tested in numerous experiments. It can also help to better understand
the mechanisms and efficiency of the AD system [76].

3. SS and VSS removals efficiencies were still moderate. Thus, different processes must be
performed before the effluent can be recycled or released into the environment. Several
studies have performed better using other substrates [24,45]. In future investigations,
the efficiency of removals shall be deliberated in the overall output from the addition
of pretreatment and additives.

4. The modification of pretreatments and the addition of ZVI may result in switches of
the microbial community in the AD system. The switch may also be important to be
observed and determined in order to determine the sustainability of the recirculate
effluent as seeds with regard to the quality of the generated biogas [5].

4. Conclusions

Optimizing heat pretreatment in several pHs combined with ZVI addition has been
conducted. It has been found that the most optimum condition was a pH of 10 for 100 ◦C
for 35 min and the addition of 60 g·ZVI·kg·TVS−1 of wastewater. Most irons at the end of
AD were found in the form of FeOOH (Fe3+). Of four different mathematical models for
cumulative biogas production, the Logistic model was found as the fittest model. It was
slightly better than the Modified Gompertz model, which is usually applied in a similar
system. The concentration of Fe3+ was also found to correlate with the kinetics parameters
from selected mathematical models, which were maximum biogas potential and biogas
production rate.

Pretreatments and the addition of ZVI in the cassava pulp wastewater also showed
an improvement in the net energy of 178 MJ·t−1 from −225 MJ·t−1. It is also important to
note that the high energy net improvement may also result in higher cost reduction and
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efficient performance in the larger scale of application. Overall, this study’s result is novel
and essential with regard to establishing the mathematical models for combining additives
and pretreatments. It may also be applied for upscaling the bioprocess of cassava pulp
wastewater as a biogas production substrate.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9070622/s1, Figure S1: SEM observation from dif-
ferent treatments and pretreatments; Table S1: Kinetics parameters of pH, ZVI, and heating period
experiments from four mathematical models for biogas production from Modified Gomperzt Model;
Table S2: Kinetics parameters of pH, ZVI, and heating period experiments from four mathematical
models for biogas production from Logistic Model; Table S3: Kinetics parameters of pH, ZVI, and
heating period experiments from four mathematical models for biogas production from Transference
Model; Table S4: Kinetics parameters of pH, ZVI, and heating period experiments from four mathe-
matical models for biogas production from Exponential Model; Table S5: Pearson’s correlation test
results from several kinetics parameters and iron ions states in effluent.
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