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Abstract: Pretreatment with the addition of metals to anaerobic digestion in biogas production
is crucial to address improper degradation of organic compounds with low methane production.
Biogas production from a combination of cassava pulp and cassava wastewater in the batch system
under the variation of alkaline and heat conditions as a pretreatment was investigated with the
zero-valent iron (ZVI) addition after the pretreatment. It was found that alkaline pretreatment at pH
10 with the heat at 100 °C for 30 min combined with 50 g of ZVI kg of TVS~! showed the highest
methane production up to 4.18 m3 CH, kg TVS~1. Nevertheless, chemical oxygen demand (COD)
and volatile fatty acid (VFA) removals were slightly reduced when ZVI was added to the system.
Furthermore, application in the continuous system showed increased COD and VFA removals after
applying alkaline and heat pretreatments. On the other hand, additional ZVI in the substrate after
the pretreatments in the continuous system increased the methane production from 0.58 to 0.90 and
0.19 to 0.24 of CHy m? kg TVS~! in 20 and 60 days of hydraulic retention times (HRTs), respectively.
Thus, a suitable combination of alkaline and heat pretreatments with ZVI is essential for increasing
methane production in batch and continuous systems.
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1. Introduction

Global energy demand has increased dramatically in recent decades [1]. Renewable
and green energy resources play important roles nowadays in supplying global energy
demand [2]. Biogas is one of the most developed green energy alternatives since it can
be utilized in numerous ways, such as internal combustion for transportation, fuel cell,
heat, and power generation [3,4]. It can be generated from numerous substrates to create
valuable products and treat waste/wastewater simultaneously. It also provides a sufficient
renewable energy supply and removes excess nutrients in the waste /wastewater loads [5,6].
Agricultural wastes such as animal manure, municipal waste such as solid waste leachate,
and other organic debris from industrial factories are among the most used substrates for
biogas generation [7].

Among the sources of biogas substrates from agricultural products, cassava pulp is one
of the most abundant commodities available throughout Asia and Africa [5]. Production of
cassava starch also produces pulp and wastewater with high-fiber content, consisting of
cellulose, hemicellulose, and lignin [8]. The former two are capable of degradation in the
early stages of biogas production (aerobic conditions). On the other hand, lignin cannot
easily remove or degrade to release the simple saccharides [9]. The failure of complex
saccharide degradation can result in a low amount of available cellulose and hemicellulose
for further biogas generation because lignin acts as a protective coating for cellulose and
hemicellulose, decreasing the methanogenesis process [5,10,11].
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Several studies have been conducted to remove lignin from biogas substrates for
higher biogas production. These attempts were included in the pretreatment process before
the substrates passed to the anaerobic reactor for methanogenesis. Cheng et al. [12] demon-
strated the optimization of lignin elimination at the very first stage by hydrolysis using
acid and alkaline conditions. However, Binder and Raines [13] found that acid hydrolysis
by adding sulfuric acid and nitric acid negatively affected the environment and required
costly acid recovery. In the same study, acid pretreatment was also found to decrease
CHy production since they produce hydrogen sulfide (H,S) and nitrogen (N,) as majority
fractions of the gasses. On the other hand, Gaewchingduang and Pengthemkeerati [14]
reported that simple saccharides from cellulose or hemicellulose were generated in an
optimum amount from 2% of total solid (TS) cassava pulp after sulfuric acid and heat
pretreatment. These reducing sugars are essential in anaerobic digestion using cassava
waste as a substrate.

Alkaline pretreatment was also commonly employed to address the lignin occurrence
in the biogas substrates. The alkaline substance interferes with the cell walls and cellulose
membrane in the substrates [15]. A large amount of free hydroxyl groups in the alkaline con-
dition eases the digestion of proteins and fats by incorporating a carbonyl carbon [16]. This
pretreatment is usually combined with heat treatment to increase efficiency [7,17,18]. Apart
from breaking the lignin structure, hydroxyl groups in the substrate can also reduce the
crystallization of cellulose, a process that can limit available cellulose for methanogens [16].
It is also noteworthy that alkaline hydrolysis pretreatment requires less total energy than
other pretreatments [15]. A comparison by Sukwanitch [19] also revealed that biogas
production in alkaline conditions (pH 13) produced methane three times higher than in
non-alkali states.

Several pretreatments have been applied before the anaerobic digestion in cassava
pulp utilization to increase methane yield and removal efficiency. Chemical pretreatments
were reported to improve the wastewater and pulp digestibility and removal efficiency [5].
Physical treatment, such as heat pretreatment, was also reported to help disrupt the cell
wall structure of cassava pulp and degrade hemicellulose and starch to the smaller form of
saccharides [20]. Other studies also suggested the application of biological pretreatment to
digest the substrate before anaerobic digestion [21]. These pretreatments have increased
the removal efficiency in cassava pulp anaerobic digestion. However, the increase in
methane production often faces the cost barrier, feasibility of the advanced technologies,
and upscaling process [22].

Similarly, additional substances are mixed in the substrates to optimize the utiliza-
tion of potential components in biogas production. Enhancement of cellulose and protein
breakdown is also often afforded by the addition of zero-valent iron (ZVI). In the ZVI-
catalyzed reaction, available electrons (Fe”) are abundant as reducing agents to enhance
hydrolysis—acidogenesis processes [23,24]. It is also reported that the addition of ZVI to
the wastewater from the secondary sedimentation tanks in the up-flow anaerobic sludge
blanket (UASB) tank system showed improvement in protein and cellulose (main con-
stituents of the wastewater) breakdown efficiency [23]. Furthermore, Zhang et al. [25] have
also proven that the productivity of CH, from wastewater from the second stage of the
sedimentation tank in the wastewater treatment plan rose up to 91.5% after an additional
ZVI110 mg L1 together with the alkaline condition (pH 10).

Other advantages of adding ZVI to the biogas substrates have also been reported
in the following stage of biogas production. ZVI is found to release the electron that the
microorganisms can later carry for CHy production. The carried electron from the ZVIis
proven to catalyze the conversion of the intermediate products after sugar degradation,
and volatile fatty acids (VFAs) to acetate by the microorganisms, and eventually increase
the CHy yield [25]. In this reaction, ZVI acts as an electron donor, reacting with single
hydrogen ions to become Hj, and further, the Hj is utilized by methanogen archaea to
produce CHy [26,27].
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Another obstacle in the production of biogas is the low percentage of CH, in biogas.
Some other gases often found in higher amounts than CH, are hydrogen sulfate (H;S)
and carbon dioxide (CO;). The sulfate-reducing reaction to HpS (AG® = —47.6 KJ) is
more reactive than the CHy reaction (AG® = —31.0 kJ); therefore, H,S is often found in a
higher percentage than CHy in total biogas accumulation [28,29]. H,S is also toxic to the
archaea methanogens that produced CHy4 [28]. Interestingly, ZVI was proven to reduce
H,S, increasing CH, percentage by removing the inhibition factor [30]. In consequence,
Zou et al. [31] also reported that ZVI has successfully captured the majority of the CO,
fraction in biogas by forming Fe3C. The captured CO, can be utilized optimally to generate
CHy as it is not directly released into the gas phase of the reactor. Thus, adding ZVI to the
AD enhances methane production.

Numerous studies have demonstrated the advantages of alkaline pretreatment over
acid pretreatment. It was reported that both attempts could reduce total costs and increase
productivity. Similarly, ZVI has been added to various substrates to enhance methane
production. Nevertheless, a combination of both factors has never been completely explored
to increase methane quantity and quality significantly. Thus, this study aimed to investigate
the combination of alkaline and heat pretreatments with the addition of ZVI for wastewater
treatment and biogas production using cassava pulp as a substrate.

2. Materials and Methods
2.1. Chemical Analysis

Cassava pulp and cassava wastewater used throughout this study were obtained from
Korat Flour Industry Co., Ltd. Nakhon Ratchasima, Thailand (N 14°53053” E 102°04000").
Cassava pulp was the semi-solid waste from the cassava starch extraction in the cassava
tuber. Meanwhile, cassava wastewater was the wastewater generated from the wastewater
combined from several activities in the flour industry, including cooling machines, washing
of tuber, etc. The wastewater and pulp were mixed to obtain the 3% total solid (TS) value.
The 3% TS was chosen based on the previously conducted optimization using the same
substrate for biogas production [32]. The mixture is then called pulp and wastewater for
the following sections.

Several critical parameters were measured based on APHA methods [33]. Total solids
(TS) and total dissolved solids (TDS) were measured by drying the samples at 103-105 °C.
Total volatile solids (TVS) were measured by combusting the sample into the nickel crucible
at 550 °C in a furnace (Muffle, Nabertherm, Germany). Volatile fatty acids (VFAs) were
measured using the direct titration method. Total Kjeldahl nitrogen (TKN) was measured
by the digestion method using a block digestor (BD50, SEAL Analytical GmbH, Germany).
Total phosphorous (TP) was measured by the wet digestion method. Chemical oxygen
demand (COD) was measured by closed reflux titrimetric method in the COD reactor
(DB-1602, MLAB, Thailand). Alkalinity (Alk) was measured using the titration method,
and mixed liquor volatile suspended solids (MLVSS) were measured by incineration at
550 °C to measure the concentration of microbial biomass in the sample. pH was measured
using a YSI 556 MPS Multiprobe System (Xylem, OH, USA).

2.2. Substrate Preparation and Reactor Design

The experiment to obtain the most suitable condition was conducted in the 6-L batch
reactors with 5-L working volume consisting of three tanks: mixing, storage, and water
tanks (Figure 1a). In the first tank, the anaerobic digestion took place, the second tank
contained the water and connected hose from the upper (air) phase of the first tank, and the
third tank acted as the holder of the second tank water that flowed from the second tank
due to the air pressure that came from the first tank indicating the biogas generation. This
reactor was used to obtain the optimum conditions to later be applied in the continuous
system. The batch experiments were conducted at room temperature (27-35 °C).
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(b)

Figure 1. The reactor used in this study. (a) Batch reactor; (b) continuous stirred tank reactor (CSTR);
(1) biogas hose; (2) water hose; (3) power supply; (4) gas measuring device; (5) motor for the mixing
pad; (6) inlet; (7) outlet; (8) mixing tank; (9) water tank; (10) air tank; and (11) mixed tank.

Meanwhile, after obtaining the most suitable conditions, the comparison between
the control and formulated pretreatment was conducted in the continuous stirred tank
reactor (CSTR), guaranteeing the complete mixing with no sediment with a total volume
of 12 L and a working volume of 10 L. The food /microbe (F/M) ratio, which implies the
amount of incoming food per amount of microorganism in the system, was adjusted to be
0.5 at the beginning of the experiments. Food value was based on the organic matter load
from the pulp and wastewater (COD), while the microbe ratio was based on the MLVSS
concentration in the pulp and cassava [34]. The MLVSS was measured from the seed
sampled from anaerobic digestion sludge in the industry where the pulp and wastewater
were collected, as previously demonstrated in the literature [35]. The concentration of F/M
was used based on the previous optimization experiment by Yingchon [32].

2.3. Zero-Valent Iron Preparation

The process of zero-valent iron (ZVI) synthesis was conducted based on Lavine et al. [36]
and Bang et al. [37]. Briefly, steel scraps from the industrial plant Siam Fastener Co., Ltd.
(Nakhon Ratchasima, Thailand) were collected and sieved to the size 0.15-0.25 mm. Fur-
thermore, 100 g of iron powder was collected into a 250 mL flask and washed with 200 mL
of 3% hydrochloric acid (HCl). The washing process was further processed by shaker for
30 min at 150 rpm. After the washing process, the scrap was then rinsed with deionized
water to remove dirt. Acetone was applied to the iron to ensure the removal of residual acid
and water. The iron powder was then dried using an oven at 65 °C and stored in a zip-lock
bag for further experiments. The formation of ZVI was confirmed observation under XRD
machine (XRD-6100, Shimadzu, Japan) by comparing the XRD pattern of synthesized ZVI
with the previous studies.

2.4. Pretreatment and ZVI Level Formulation in the Batch System

A combination of alkaline and heat pretreatments with the addition of ZVI was
conducted to obtain the optimum condition in each pretreatment (Figure 2). The alkaline
pretreatment was performed by adjusting the pH of the wastewater to be 8, 9, 10, and 11
with a non-adjusted pH of 5.45 as the control. The pH of the wastewater was adjusted by
adding NaOH 5 N [38]. After changing the pH, the wastewater was incubated in the jar for
100 min before it was neutralized to pH 7. The wastewater was then incubated in the 5-L
reactor to produce biogas (Figure 1a). All the biogas produced was measured daily.
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Alkaline ZVI Heat
development development development
Control pH with no ZVI
Control with no ZVI Control pH with ZVI
- Heat 0 min pH 10
Control pH 40 g ZVI kg TVS™ P
bH 8 50 g ZVI kg TVS™ Heat 0 min pH 10 ZVI
60 g ZVI kg TVS™
pH9 Heat 20 min pH 10 ZVI
70 g ZVI kg TVS™
pH10 Heat 25 min pH 10 ZVI
80 g ZVI kg TVS™
pH 11
90 g ZVI kg TVS™! Heat 30 min pH 10 ZVI
100 g ZVI kg TVS™ Heat 35 min pH 10 ZVI
Heat 40 min pH 10 ZVI

Figure 2. Experimental design of alkaline and heat pretreatment with zero valent iron (ZVI) in the
batch system.

Optimum pH was then applied in the same system to optimize the ZVI level. After
adjusting the pH and treating the wastewater with heat for 30 min, the ZVI level was
varied. The concentration ranged from 0 g (without ZVI), 40 g, 50 g, 60 g, 70 g, 80 g,
90 g, and 100 g of ZVI gr TVS ~!. The biogas was produced after alkaline pretreatment
and the addition of ZVI. The most optimum condition of ZVI was then noted and then
we proceeded to the heat pretreatment. Heat pretreatment was conducted by boiling the
wastewater to 100 °C with different durations (0 min, 10 min, 20 min, 25 min, 30 min,
35 min, and 40 min). The heat pretreatment was optimized after the optimum conditions
of pH and ZVI concentration were obtained from the experiment. The heat pretreatment
was combined before the anaerobic digestion started by adjusting the pH and heating the
substrate in different durations.

2.5. Continuous System

After obtaining the most suitable conditions for the alkaline, heat, and ZVI levels, a
continuous system was employed to produce methane on the larger reactor scale. Two
hydraulic retention times (HRTs), 20 and 60 days, were used to determine the difference
between the pretreated and non-pretreated substrates in the actual condition. These HRTs
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were chosen based on the operational parameters in the Korat Flour Industry Co., Ltd.,
biogas reactor. The 20-day HRT was the maximum HRT the reactor could perform. The
60-day HRT was based on the site’s daily operation. The HRTs were used to calculate the
flowrate of daily substrate volume that was pumped into the reactor, which also reflected
the volume of daily effluent. Furthermore, based on the flowrate, the organic loading rates
(OLRs) were calculated based on the value of COD that was analyzed from the substrate.

Briefly, similar wastewater was treated using a formulated pretreatment and combined
with ZVI at the beginning of the stage. The reactor was then operated using two HRTs in
parallel by pumping the wastewater continuously into the CSTR using metallic pumps
according to the manufacturer’s instructions (Figure 1b). Daily and cumulative biogas
composition were documented each day. The continuous experiment was carried out for
60 days at room temperature (27-35 °C) to ensure the sustainability of methane production,
and the experiment ended when there was no significant methane produced from the
system (<1% of generated biogas).

2.6. Effluent and Biogas Analyses

The composition of the emission gas was measured using a gas analyzer (Geotech
GA 5000, QED Environmental Systems, Ltd., Coventry, UK). The effluent from the reactor
was analyzed to obtain the characteristics of COD, TKN, TP, VFAs, TS, and TVS. Biogas
amount and composition were also analyzed daily. The effluent analysis was conducted by
the same method used in the substrate analysis (Section 2.1). Furthermore, X-ray diffraction
(XRD) patterns were recorded using the Bruker D8 Advanced Diffracto Meter (Bruker,
Germany). Similarly, morphological characteristics were also observed using scanning
electron microscope (SEM) imagery (Auriga, Zeiss, Germany). The analysis step was based
on Xi et al. [39].

2.7. Biogas Calculation

The volume of biogas was calculated using the equation based on Lomwongsopon and
Aramrueang (2022) (Equation (1)). It was based on the ideal gas law with an adjustment to
the volume at standard temperature (273 K) and pressure (101.3 kPa):

P X Vheaq X C
Vbiogas = R—>e<aT’ @

where Vpjogas means the biogas volume in the given time (L), P means the absolute pres-
sure difference (kPa), Vpeaq implies the volume of the water that is moved by the gas
produced (L), C means the molar volume (22.41 L mol~1), R was the universal gas constant
(8.314 L kPa K~! mol~1), and T was the absolute temperature (K).

2.8. Data Analysis

All the experiments were conducted in triplicate. For the physicochemical characteris-
tics, the replication of analysis was five. The data are shown in mean values and analyzed
using t-test and ANOVA analyses using SPSS Statistical Software version 26 (IBM, Armonk,
NY, USA). Duncan’s multiple range test was also conducted to determine the difference
among the groups based on the results of the ANOVA tests.

3. Results and Discussion
3.1. Characterization of Biogas Substrate, Inoculum, and Synthesized ZV1I

Characteristics of the substrate prepared for biogas were then analyzed. The substrate
of wastewater and pulp showed relatively high COD nitrogen (TKN) and phosphorous
(TP) concentrations (Table 1). Commonly, the raw pulp contains high COD from the debris
of cassava tuber.
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Table 1. Composition of substrate containing cassava pulp and cassava wastewater with TS 3%.

Parameters Values !
pH 6.61
COD (mg/L) 47,680 + 0
TKN (mg/L) 718.67 £ 1.61
TP (mg/L) 223140
VFAs (mg/L) 3022 + 0.04
Alkalinity (mg/L) 766.67 + 0.03
Total solid (mg/L) 46,464 + 0.15
Total volatile solid (mg/L) 44,304 £ 0.15

1 Values are represented in mean =+ sd (1 = 5).

The literature reported a high percentage of cellulose and hemicellulose as the main
constituents with considerable amounts of lignin in cassava waste [5,20,40]. The high
COD indicates a high possibility of methane production only if hydrolysis can change
these structural saccharides [40]. Thus, pretreatment was conducted to provide efficient
conversion from the possible substrate concentration into the biogas [41].

Another critical parameter to consider was the COD:N:P ratio. As it is known, C will
be the source of energy and is converted to biogas (including CH,), while N is used for
cell proliferation. High C content can limit the proper function of the cells, while high
N can potentially reduce VFAs and increase the ammonia generation [42]. As is widely
known, C in the wastewater was often expressed in COD since this is the only form of C
that the methanogens can utilize (biodegradable carbon) [43,44]. Optimum COD:N:P ratios
were varied under different types of wastewater. In cassava wastewater, the COD:N:P
ratios ranged between 250:8:0.55 and 250:0.007:0.12 [45]. Here, the total COD:N:P ratio was
relatively lower than the usual concentration of cassava wastewater

Interestingly, the COD:N ratio was higher than the typical cassava wastewater values
reported previously. The optimum range of the COD:N ratio was reported to be 86 [46].
Differently, using modified kinetics models, it has been found that the suitable production
of biogas can be obtained using a COD:N ratio of 393. However, in other literature, the
optimal ratio for wastewater biogas production was found in 100 [47]. Here, both COD:N:P
and COD:N ratios of the cassava wastewater exceeded the optimum condition for biogas
production. The values were lower than the optimum condition, so incomplete carbon
degradation with high COD emission was expected [48].

The results of cassava wastewater combined with the cassava pulp have similar
characteristics to the previous study. Cassava wastewater has been known for its high
content of nitrogen and phosphorus. It has been reported that similar wastewater contained
156 mg L~! of TKN and 61.8 mg L~! of TP [49]. Similarly, cassava pulp, the colloidal
substance from tapioca starch production, usually contains a high amount of COD and
VFAs. Literature has shown cassava pulp contains 2.1 g kg ™! VS of COD and 1.73 g kg !
TS of VFA with 305 + 2 g kg ! fresh pulp of TS [50]. Similarly, TS of the cassava wastewater
that was combined with other waste in the tapioca industry showed a high amount of TVS
(17.3 g kg~ ! of TVS) with 33.7 + 0.8 g L~ ! of COD in the relatively acidic condition (pH
of 5.53) [51]. Moreover, MLVSS, which indicates the inoculum for the anaerobic digestion,
was found to have a concentration of 22,644 4- 0.13 mg L1,

ZVI was provided by synthesizing it from scrap iron. Iron particles were analyzed
using an XRD machine after synthesizing to ensure the occurrence of ZVI in the treated
scrap iron. The XDR diffractogram was obtained at 26 (Coupled TwoTheta/Theta) at the
wavelength of 1.54060 in the range of 10-90°. The clear peaks from the XRD diffractogram
were observed at 45 and 65° (Figure S1). These peaks were also detected in other attempts
to synthesize ZVI from iron scrap [52-55]. The patterns are mostly stated as the iron is
found mainly in the Fe” state. Among the indicator peaks under the XRD diffractogram,
peaks of a 20 value at 44.9° and additional peaks at 65.22° indicated the basic reflection of
Fe [56]. Thus, the synthesis of ZVI successfully produced iron ions that mainly occurred
in the state of Fe®.
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3.2. Nutrient Removals

Nutrient removal is essential to determine the successful process of biogas generation.
It shows the flow of the substrate conversion and wastewater treatment efficiency simulta-
neously. Different pretreatments showed different results in the nutrient removal efficiency.
Removal of COD was noticeably high (>90%) in all treatments of alkaline pretreatments,
including the control pretreatment (Figure 3a). It showed that microorganisms consumed
the COD an adequate amount. Nevertheless, additional ZVI in some concentrations re-
duced the removal of COD (Figure 3b). Moreover, the removal of COD in the various heat
pretreatments showed a relatively low reduction in COD (Figure 3c).

A
na
100 na
T b a
g faaa N
Q
‘s b
E
we 50
™ a
8 b
£ b
é 25 b a
(A s o
0
COD TKN TP VFAs TS TVS
Parameters

0545 08 o9 010 oM

B

100 ,222 daaa

75

25

Removal Efficiency
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COoD TKN TP VFAs TS TVS
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40
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CcoD TKN TP VFAs TS TVS
Parameters

aCTRL nzv| mpH aZVi+pH OZV|+pH+20 min heat
B2VI+pH+25 min heat BZVI+pH+30 min heat OZVI+pH+35 min heat BZVI+pH+40 min heat

Figure 3. The removal efficiency of the wastewater content after a 60-day period; (A) different
alkaline pretreatments; (B) different zero-valent iron (ZVI) concentrations after pretreatment
(g ZVIkg TVS™1); and (C) different pretreatment with different boiling times. Different letters
indicate significant differences among treatments using Duncan’s multiple range test (DMRT) with
a=0.05and n =3.
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Alkaline pretreatment destroys substrate complex bonds with hydroxyl radicals. It in-
creases simple molecules” availability through several degradation reactions from complex
molecules such as lignin and lignocellulose [7,57,58]. It is important to note that higher
SCOD was available in the wastewater after the pretreatment than in the non-alkaline
condition. The higher COD content demands high removal efficiency and uptake for
high removal.

Additionally, trace metal occurrence in the proper amount tends to impact biogas
production positively. Among the trace metals, iron (Fe) was used in this study in the
form of ZVI. Fe was involved in anaerobic metabolisms as a critical factor for metabolic
intermediates and enzyme activity in hydrolysis, acidification, and methanogenesis [59].
Meanwhile, nanoparticle sizes ease the particles to penetrate through living membranes,
and later it involves the uptake, absorption, distribution, and metabolism processes in
living organisms [60].

COD was removed efficiently (>90%) in almost all treatments involving ZVI except
the 60 g ZVI kg TVS~! (Figure 3b). It might be due to increased hydrolysis activity being
enhanced in all concentrations where available SCOD became higher than only alkaline
pretreatment [61]. However, the high removal efficiency of COD indicated that hydrolysis
rates were higher than the conversion to VFAs by ZVI [62]. It was in line with the VFA and
TP removal efficiencies that increased with the addition of ZVI, while the removal of TKN,
TS, and TVS were reduced (Figure 3b). It has previously been reported that additional iron
in the system could cause the enhancement of phosphorous removal through precipitation
processes [63]. The increase in VFA removal indicates the balance of the prior process of
hydrolysis with the subsequent fermentation of sugars, amino acids, and fatty acids that
can cause the accumulation of VFA and other intermediate metabolites [62].

On the other hand, heat pretreatment was also used for wastewater pretreatment to
hydrolyze starch and disrupt the cell wall to provide possible sugar recovery and low
inhibitor production to enhance biogas generation [20]. It is widely used to treat high-
lignin substrates for higher bioproducts [64]. Variation of heat pretreatments showed
increases in TS, TVS, and TP removal efficiencies while reducing the removal of COD
and VFAs (Figure 3c). TS and TVS were reported to decrease significantly as the COD
was removed from the wastewater [50]. Barua et al. [65] reported significant increases in
COD and VFAs after heat pretreatment in anaerobic digestion. This result may explain the
decrease in COD and VFA removal efficiencies in the heat pretreatments. As mentioned
earlier, the balance of hydrolysis and acidogenesis with the following processes, such as
methanogenesis, may be imbalanced. Rates of complex and macromolecule hydrolysis
and their degradation into acids are slower than the acetogenesis and methanogenesis
processes [62]. The rate of hydrolytic and acid bacteria activities may be faster than in
acetogenesis and methanogenesis [66]. The microorganisms involved in acetogenesis and
methanogenesis may also be interrupted by the imbalance in the concentration of substrates,
such as N [67] or pH [68].

The combination of alkaline, ZVI addition, and heat treatments showed the fluctuation
of the wastewater removals in all parameters. The efficiency seems to be lower after
combining pretreatments and additional ZVI. It may be due to the increase in available
nutrients in the wastewater after the pretreatments and the addition of ZVI. However, it
is still rare to find that the high loading rate of organic and inorganic substances in the
wastewater can be completely removed in the anaerobic digestion to the level that fulfills
the discharging standard of the effluent to the environment [69]. Thus, enhancement of
the efficiencies may still need to improve, and secondary or tertiary treatments may be
required before the effluent can be discharged.

Interestingly, the removal of TKN and TP was found to be higher at pH 11 than at
the other pH conditions in the alkaline pretreatment (Figure 3a). The high pH condition
may cause the N and P to precipitate in the pretreatment process [70,71]. Nevertheless, N
and P removals were also considered low in the pretreatment of alkaline and additional
ZVI (Figure 3a,b). The result was improved in the combination of alkaline and heat
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pretreatment with additional ZVI (Figure 3c). However, the removal was still considerably
low in all combinations of pretreatment and ZVI. This low removal of N and P may have
resulted from the low COD:N:P values. Low COD content may cause nutrient removal
failure as the removal of N and P requires a high amount of COD to incorporate them in
the metabolisms [50]. The improvement that occurred in the presence of ZVI can cause
the optimization of the removal by the presence of the ZVI-P binding process [72] and
upregulation of the related genes in the related microbial in the system that enhanced the
nutrient removal and metabolism activity for stabilization of the removal of nutrients [73,74].
Apart from that, the TS and TVS removals that increased in the combination of ZVI with
alkaline and heat pretreatment were in line with the N and P removals (Figure 3c). The TS
and TVS removals may indicate that the precipitation did not cause the nutrient removals
in ZVI addition with alkaline and heat pretreatments. Still, the nutrient may be removed by
the conversion to organic matter [73]. The reduction in COD removal in the combination of
pretreatments and ZVI supported this assumption.

3.3. Methane Production

Methane production was observed as the effect of different pretreatments. Total bio-
gas was measured, and methane fraction in the biogas was calculated based on methane
production. The methane fraction was found to range from 68 to 71%, with additional
gasses such as CO; and H;S for about 29% and <1%, respectively. The results showed
that the pretreatment significantly affected methane production in all treatments. Alkaline
pretreatment showed significant increases in all treatments (Figure 4a). Alkaline pretreat-
ment in pH 9 and 10 showed the highest methane production, followed by pH 11 and 8,
respectively. This result was consistent with the previous study of Pedersen, Johansen, and
Meyer [9], who reported that the optimum alkaline pretreatment for methane production
was between pH 10 and 13.

Interestingly, methane was not detected using the control condition, pH 5.45. It
might be due to the strong bonds of entrapped starch in the secondary cell wall consisting
of hemicellulose, lignin, and cellulose, which are extremely hard to release without any
external treatment [75]. The purpose of alkaline with abundant [OH-] was to break the alkyl
aryl linkages that can be disrupted under pH 10 or above [18]. Without breaking bonds,
only a small amount of starch would be available. The low concentration of available starch
and other saccharides could create insufficient concentration for methanogens. It has been
reported that commonly pH pretreatment was used to release the hydrogen bonds in the
polysaccharides to the monomers to ease the microorganisms and proceeded to generate
methane [75].

The addition of ZVI was found to increase the cumulative methane production in the
optimized value of alkaline pretreatment. After using pH 10 for alkaline pretreatment,
adding 50 g ZVI kg TVS~! of ZVI in the anaerobic digestion showed consistent methane
production throughout the experiment (Figure 4b). The effect of ZVI was shown to elongate
the biogas production process instead of bursting the methane generation at the same pro-
duction time. This result was similar to Abdelsalam et al.’s [76] result, which emphasized
the difference in the cumulative biogas production with the slight increase in daily biogas
production. The performance of ZVI was related to the enhancement of biological processes
in the substrate and the cells of microorganisms [62]. Thus, the main effect detected would
be the continuous conversion of substrate to methane.

On the other hand, other concentrations of ZVI did not positively affect the methane
production compared with the control (non-ZVI substrate with optimum alkaline pre-
treatment). Cumulative biogas production in the control condition was only lower than
50-60 g ZVI kg TVS~!, while the higher concentrations tended to have detrimental effects
on methane production. High concentrations of ZVI were reported to have an inhibitory
activity on the methanogens in the system. In contrast, the lower concentration possessed
subtle effects on the cell lysis and the activity of methanogens [6].
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Figure 4. Cumulative methane yield from several pretreatment and treatment conditions on methane
production of cassava wastewater. (a) Effect of pH, (b) effect of ZVI concentrations (g ZVI kgTVS_l),
and (c) effect of the duration of heat pretreatment at 100 °C (min). Different letters indicate significant
differences among treatments using Duncan’s multiple range test (DMRT) with « = 0.05 and n = 3.

Heat pretreatment is often used to enhance the effectiveness of alkaline pretreatment.
It is common to have these two pretreatments combined (Table S1). Increasing the pH
pretreatment was reported to positively correlate with the heat to produce higher methane
production with the heat as the complementation in this concept [9]. The result revealed
that 30 min of heat at 100 °C treatment in the cassava wastewater with the condition
of pH 10 showed significantly higher biogas production (significance using DMRT with
o = 0.05) up to more than 3-fold higher than the substrate with no heat pretreatment
(Figure 4c), followed by 20 min of heat pretreatment and the rest of treatment. It was higher
than most of the alkaline-heat combination pretreatments (22-97% increase) [17]. The
duration of the heat application becomes crucial to the suitability of the substrate to the
methanogenesis process. Conversely, a highly long period of heat exposure, longer than
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30 min heat pretreatment, can initiate the formation of inhibitors due to continuous harsh
conditions [77].

It is also important to note that the wastewater was not suitable for any methane
production at the rate only with ZVI addition with no alkaline and heat pretreatment. It is
similar to the control condition in the alkaline pretreatment, proving that the unavailable
substrate for digestion can cause failure in methane production even though the microbial
factors were already enhanced by adding ZVI [77,78].

3.4. ZVI Characterization

The XRD pattern of the irons was analyzed after the production. Most ZVI ions were
oxidized to iron oxides in the form of Fe3* and Fe?* which consisted of siderite (FeCO3)
and FeO, which are essential factors in rusting iron; therefore, it can react with carbonate as
in Equations (2)-(4).

Fe’™ + CO3~ — FeCOs )
3Fe;O3 + CO — 2Fe304 + CO» (3)
Fe304 + CO — 3FeO + COZ (4)

The formation of carbon dioxide from the process can cause the abundance of the
increased level of CO, from which the significant factor of CHy precursor can be obtained.
In the optimum condition, where most of the ZVI ions were employed in the production
of CHy, iron oxides would be found mainly in the form of Fe3* as an indication that the
oxidation process took place to enhance the biogas production [79]. Moreover, excess
available Fe?* could act as the SCODs removal agent and thus limit biogas production [80].
It has also been reported that even in the natural environment, excess Fe3* can activate
iron-reduction microorganisms, which further inhibit methanogens [81].

It is found that ZVI with the concentration of 50 g ZVI kg TVS~! had an Fe?* percentage
of 5.67% (Figure 5) as the highest percentage of oxidized Fe*?, indicating the successful
process of enhancing methane production. In the usual production of methane from
VFA, bicarbonate was often formed as the typical intermediate product before producing
methane from hydrogen and carbon dioxide (Equations (5)—(9)):

CH3CH,COO™ + 3H,0 — HCO; + CH3COO™ + H* + 3H, (5)
CH3CH,CH,COO~ +2H,0 — 2CH3;COO~ + H* + 2H, (6)
4H, + CO, — CH4 + 2H,0 (7)

4H, + 2CO, — CH3COO~ + H* + 2H,0 (8)
CH3COO™ + H" — CHy + CO, 9)

Apart from the usual reactions of methane production, ZVI also acted in several
intermediate products such as hydrogen ions, carbon dioxide, and fatty acids (10-12).

8H* + 4Fe® + CO, — CH, + 4Fe?* + 2H,0 (10)
4Fe’ 4+ 5HCO; + 2H,0 — 4FeCO; + CHy + 5HO™ (11)
Fe® + VFA — CH, + 4Fe** + CO, (12)

Different from the direct interaction of ZVI with the substrate to enhance the for-
mation of CHy [63], several indirect enhancements through the biological process were
also involved. Methanogens often depend on metal ions such as Fe for their enzymatic
system [78]. Theoretically, methanogens are also under the advantageous condition when
ZVlis available and abundant in the system, more than the acetogen group [82,83]. On
the other hand, the excess accumulation of Fe in the form of ZVI, Fe?*, or Fe** potentially
reached the toxic level for anaerobic activities in the system [84]. The excess amount of these
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ions can also cause the switch from methanogenesis activity to iron reduction agent in some
microorganisms [85]. This iron reduction process could also explain the low concentration
of Fe** in 100 g ZVI kg TVS~! than in the 90 g ZVI kg TVS~! (Figure 5).

100% N == . =

75%

50%

25%

0%._____-_-j_l

40 50 60 70 80 90 100
ZVI concentration
(gr ZVI kg TVS™)

mFeO OFeCO3 OFe3C OFeS2 mFe203 mFeOOH

Fe?* Fes*
Figure 5. Forms of iron in the different initial concentrations of ZVI.

Observation of the microstructure in the different concentrations of ZVI added to
the substrate was conducted to clarify the results in biogas and ionic compounds of ox-
idized ZVI. It was found that the structure of ZVI was different under different initial
concentrations, as is shown in Figure 6. The microstructure of ZVI was found to be smooth
in 40 g, 70 g, 80 g, 90 g, and 100 g ZVI in g of ZVI kg of TVS~!. Pore-like structures
were only evident in 50 g and 60 g ZVI in g of ZVI kg of TVS~L. Xi et al. [86] explained
that the pore-like form indicated the reaction product of oxidized ZVI. In line with that,
Wang et al. [87] also reported that the assimilated and oxidized ZVI is often characterized
by the change from a smooth structure to a smaller granule-like structure after successful
digestion in the AD system. Liu, Tong, Li, Wang, Liu, and Zhang [79] also explained the
transition from the ball-like forms, which consists of transitioning from a smooth surface
structure to a coarse-like structure after precipitation, which can indicate the unsuccessful
change of ZVI through oxidation and other reaction processes [88].

3.5. Continuous System

Using the optimized condition of alkaline and heat pretreatment with ZVI addition
in the system, a continuous-stirred tank reactor (CSTR) consisting of 6 reaction tubes was
operated using two different HRTs (20 and 60 days). It is important to note that the ZVI may
exhibit different effects under semi- and continuous systems [89]. Thus, the switch of the
system to continuous was conducted. The wastewater was digested under two conditions
to evaluate the effect of the pH and heat pretreatments with ZVI on the system. It has been
shown that there were two different patterns of the impact of ZVI in the pretreatment under
continuous reactors. In the 20-day HRT, the significance of the ZVI addition only showed in
the first 20-day period, while, in the 60-day HRT, the noticeable increase could be observed
for up to 30 days. The rise of methane production also varied from a slight increase on
almost all days of the continuous system to an increase up to five times higher than the
treatment with only pH adjustment (alkalinity) and the control (without any additional
treatment). This pattern has been previously reported by Dong, Kyung Choi, and Woo
Lee [89] and Calabro, Fazzino, Folino, Scibetta, and Sidari [24]. It was explained as the effect
of ZVI accumulation that can be an inhibition factor for the methanogens [62]. However,
this result differed from Calabro et al. (2019), who displayed methane production stability
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after adding ZVI. The instability of the biogas production after the 20- and 30-day period in
HRT of 20 and 60 days, respectively, may also be resulted from the accumulation of Fe?*
and Fe3* ions in the system. Iron ions could not be removed after oxidizing in a continuous
AD system, potentially inhibiting more methanogenesis than homoacetogenesis [90,91].
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Figure 6. SEM images of different concentrations of ZVI in cassava wastewater. The number below
indicates the concentration of g ZVI in g of ZVI kg of TVS~!. Green arrows indicate the pore-

like structure.

Significant decreases in methane in the presence of ZVI were also found in the early
stage of the continuous system with the 20-day HRT (Figure 7a). Similarly, methane produc-
tion fluctuated before it went down to a similar product with the CTRL and pH treatments
on day 20 in the HRT of 60 days. These patterns were previously reported in several stud-
ies [92,93]. The dramatical decrease in methane production at the early stage was found in
the previous research caused by the different compositions of organic matter loaded into
the digestion with different pretreatments that possibly reduced the methane production
capacity in the continuous system [93]. Lower HRT was also reported to result in an early
decrease in methane production compared with the higher HRT. The high flowrate in low
HRT possibly caused the dramatic change in the microbial community and reduced its
capacity to produce optimum methane even under the optimized treatment/pretreatment
condition [94]. A severe decrease in methane production between day 20 and day 25 was
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observed in the 60-day HRT (Figure 7b). The direct decrease may be explained as the
accumulation of ZVI that directly inhibits methane generation. Methanogens have been
reported to be very sensitive to excess ZVI. The increase in ZVI accumulation eventually
reached a sufficient concentration for the methanogens to significantly decrease methane

production [95].

3.00

¢ CTRL BpH ©pH and ZVI

CH, production
(m3 kg TVS™)

0.70

0.60
¢CTRL @pH ©pH and ZVI

o o
5 8
HQr
T
o0,
|—.—|

(m? kg TVS)
o
&

CH, production

0.20 o ®

0.10

0.00

Time
(days)

(b)

Figure 7. Methane production from continuous reactors using a combination of alkaline and heat
pretreatment with additional ZVI. (a) HRT 20 and (b) HRT 60.

In the two HRTs, cumulative methane production from the wastewater showed a
significant increase after alkaline and heat pretreatment with and without the addition of
ZVI (Table 2). It showed that overall removal of COD and VFAs were affected by the alkaline
and heat pretreatments; meanwhile, the addition of ZVI did not raise the cumulative
methane production. It proved that the ZVI mainly involved the late methanogenesis
stage instead of the hydrolysis and acidogenesis phases. It is in line with the finding of
Puyol et al. [96] that even though the iron ions can enhance the hydrolysis of substrates,
methanogens enhancement is the most affected part in the addition of ZVI. The higher
methane production from similar substrate removal (VFAs and COD) can also indicate an
increase in the methanogenesis rate to balance the hydrolysis and acidogenesis rates [97].
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Table 2. Methane production and substrate removal efficiencies of cassava wastewater by two
different HRTs.

(l})lalgl;) Parameters CTRL pH pH and ZVI
20 COD removal efficiency (%) 66.67 € 75.61b 78.052
VFAs removal efficiency (%) 87.02 ¢ 92.17° 94.78 2
Methane (m3 kg TVS™1) 0.45¢ 0.58b 0.902
60 COD removal efficiency (%) 82.11b 89.522 90.27 @
VFAs removal efficiency (%) 81.51P 90.70 2 89.102
Methane (m® kg TVS~1) 0.11¢ 0.19b 0.242

Notes: Different letters indicate significant differences using ANOVA with the DMRT test (« = 0.05).

Overall, each pretreatment and addition of ZVI showed better methane production than
in the literature using similar pretreatments and ZVI applications (Table S2). This study also
highlighted the critical finding of ZVI and alkaline-heat pretreatments. It has been found that
ZVI addition in the pretreated wastewater enhanced the acetogenesis—-methanogenesis more
than the hydrolysis—acidogenesis. Here, the results indicate that pretreatments entirely
focused on the hydrolysis process. On the other hand, ZVI, which was reported to have
versatile advantages in hydrolysis-methanogenesis, mainly affected the methanogens in
the physiological function after the heat and alkaline pretreatments.

This enhancement showed the promising application of ZVI with alkaline and heat
pretreatments. However, several limitations shall be highlighted for further experiments.

e Removal of nutrients in the cassava pulp and cassava wastewater was still low, es-
pecially in N and P elements. Although the complete removal of these nutrients is
infrequent by anaerobic digestion [98], these contaminants are still essential to consider
as they can be significant causes for eutrophication if the effluents are discharged [99].

e The specific concentration of ZVI addition (50-60 g of ZVI kg of TVS~!) showed the
application’s vulnerability to enhancing methane production. If there is a slight change
in TVs of the substrate, the result may be lower than the absence of ZVI [100].

e  Accumulating the oxidized products of ZVI can be inefficient in the process, and later
it can negatively affect the total costs [101]. It is essential to control and change the
system periodically with the new inocula for the continuous advantage of the ZVI.

e  Combining ZVI addition with alkaline and heat pretreatments is a promising method
for increasing methane production. However, an exact calculation for a larger scale
must be conducted to ensure the capital and operational costs are still lower than the
benefit from the combination of the pretreatments and ZVI addition [102].

e  The continuous system successfully confirmed the positive effect of ZVI addition with
heat and alkaline pretreatments using two different HRTs based on the reactor in the
field. It is important to note that the performance of several HRT experiments was not
conducted in this study. However, it may be necessary to develop this combination
of pretreatment with optimization of HRTs to ensure a broad application of substrate
and robust confirmation of the effect in the continuous system [103].

e  Although ZVI is considered a non-toxic substance, contamination in the effluent can
negatively impact the label of green energy from biogas. Thus, the control of ZVI and
its derivatives must be considered [104].

4. Conclusions

The combination of alkaline and heat pretreatments increased methane production in
the batch and semicontinuous systems. Alkaline pretreatment at pH 10 with 30 min of heat
exposure at 100 °C showed the highest methane production from the substrate. During the
anaerobic digestion process, after the optimum pretreatment, an additional 50 g of ZVI kg
of TVS~! resulted in the most increased methane production up to 4.18 m3 CH, kg TVS~1.
According to the removal results, only COD, including the VFAs that were greatly removed
from the substrate, consisted of cassava wastewater and cassava pulp. Thus, the alkaline
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pretreatment and addition of ZVI yielded promising results. In light of the results, the
pretreatments play essential roles in degrading complex and robust bonds of saccharides
that are important as primary biogas substrates. Meanwhile, the addition of ZVI at a
sufficient concentration can enhance the methanogenesis of the degraded substrates.

Nevertheless, nutrient removal shall be considered to be complete in the other process
apart from the biogas generation as the pulp contains a sufficient amount of N and P to
trigger detrimental effects to the environment.
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