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Abstract

This study was conducted to investigate the effect of hydrogen peroxide (H,O,) pretreat-
ment on the anaerobic digestion performance of dairy wastewater. Initial physicochemical
characterization revealed that the substrate is highly enriched in volatile solids (approxi-
mately 90.67%), indicating its strong potential for anaerobic biodegradation. Given this
favorable composition, biochemical methane potential (BMP) assays were performed un-
der mesophilic conditions (37 °C) to quantify biogas and methane generation from the
untreated and pretreated dairy effluent. To enhance substrate biodegradability and increase
methane yield, an oxidative pretreatment using various doses of H,O, was applied. This
pretreatment aimed to disrupt the complex organic matter and promote the solubilization of
chemical oxygen demand (COD), especially in its soluble form (sCOD), which is more read-
ily assimilated by methanogenic microorganisms. The experimental results demonstrated
a significant improvement in biogas production efficiency. While the untreated sample
yielded approximately 100 mL CHy/g VS, the pretreated substrate achieved a maximum of
168 mL CHy/g VS, marking a substantial enhancement. Gas composition analysis further
revealed that methane accounted for nearly 45% of the total biogas produced under optimal
conditions. The dosage of 0.2 g H,O, per g of volatile solids (VS) resulted in the highest im-
provement in methane production after thermal treatment C1, followed by 1.35 g H,O,/g
VS, and then 0.5 g H,O, /g VS. Furthermore, the kinetics of methane production were
assessed by fitting the experimental data to the modified Gompertz model. This model
enabled the determination of key parameters, such as the maximum specific methane
production rate and the duration of the lag phase. The high coefficient of determination
(R?) values obtained confirmed the excellent agreement between the experimental data and
the model predictions, highlighting the robustness and reliability of the modified Gompertz
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model in describing the anaerobic digestion process of dairy waste subjected to oxidative
pretreatment.

Keywords: biodegradability; renewable energy; biogas oxidation; anaerobic digestion

1. Introduction

In recent years, the global urgency to address climate change has prompted numerous
countries to commit to reducing greenhouse gas (GHG) emissions. This shift has intensified
the search for cleaner and more sustainable energy alternatives capable of mitigating
environmental degradation while meeting rising energy demands [1].

Among the various renewable energy sources that have garnered increasing attention
are hydrogen, methane, biomass, wind, and solar energy, each offering unique advan-
tages in terms of environmental sustainability and energy yield [2,3]. In this context,
biogas production through anaerobic digestion has emerged as an economically viable and
energy-efficient solution, capable of simultaneously treating organic waste and generating
renewable energy [4,5].

Anaerobic digestion is a multi-step biochemical process facilitated by a complex con-
sortium of microorganisms that operate under oxygen-free conditions [6,7]. This process
comprises four successive stages: hydrolysis, acidogenesis, acetogenesis, and methanogen-
esis [8-10]. During these stages, complex organic compounds are progressively broken
down into simpler molecules, culminating in the generation of energy-rich biogas [11,12].
The biogas produced predominantly contains methane (CHy4) and carbon dioxide (CO5),
with methane concentrations typically ranging from 50% to 75%, and CO, comprising 25%
to 50%, along with minor quantities of hydrogen sulfide (H,S), ammonia (NH3), hydrogen
(Hy), and other trace gases [13,14].

Despite its widespread application and benefits, the efficiency of anaerobic digestion is
frequently limited by the initial hydrolysis step. During hydrolysis, complex organic matter
such as proteins, carbohydrates, and lipids is solubilized into simpler monomers suitable
for microbial uptake. However, this step is often slow and inefficient, particularly when
the feedstock comprises substrates that are structurally complex or resistant to biological
degradation [15,16].

As a result, enhancing the hydrolysis stage is crucial for improving the overall per-
formance of anaerobic digestion systems [11,17]. One promising strategy to overcome the
limitations associated with the hydrolysis phase involves the application of pretreatment
techniques aimed at increasing substrate solubility and biodegradability.

Thermal, chemical and physical pretreatments are commonly employed to disrupt
the physical structure and modify the chemical composition of organic matter, thereby
improving its accessibility to microbial enzymes [6,11,12,18].

Among chemical methods, oxidative pretreatments are particularly effective in break-
ing down recalcitrant compounds, converting them into forms more amenable to microbial
degradation [19]. Hydrogen peroxide (H,O,) has been widely studied as an oxidizing agent
in pretreatment processes due to its strong oxidative potential and environmentally benign
by-products [20,21]. In aqueous environments, HyO, decomposes into water and oxygen,
avoiding the introduction of toxic residues into the treatment system. When applied to
organic waste, HyO, can induce cell lysis, solubilize intracellular contents, and fragment
complex molecules, leading to increased levels of soluble chemical oxygen demand (sCOD)
and enhanced substrate availability for anaerobic microorganisms [22]. Several studies
have demonstrated the effectiveness of HyO; in improving the biodegradability of various
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substrates, including sewage sludge and industrial effluents. Its application can signif-
icantly enhance the yield of methane by facilitating a higher degree of organic matter
conversion. Moreover, HyO,-based pretreatments are relatively simple to implement
and operate under mild conditions, making them suitable for integration into existing
wastewater treatment infrastructure [23].

Notably, this approach has proven particularly beneficial when dealing with waste
streams containing slowly biodegradable or bio-recalcitrant components, such as those
found in dairy industry effluents and purification sludge [24]. Dairy wastewater is char-
acterized by high concentrations of organic matter, including proteins, fats, and carbo-
hydrates, which pose challenges for biological treatment processes due to their complex
nature. Pretreatment using oxidizing agents like HyO, can enhance the degradation of these
compounds by increasing solubilization and reducing particle size, ultimately improving
the efficiency of anaerobic digestion. For example, oxidative disruption of phthalates and
similar pollutants in sludge has been shown to increase their bioavailability, facilitating
their further degradation by anaerobic consortia [25]. In addition to H,O,, other oxidants
such as ozone (O3) have also been utilized in pretreatment processes to achieve substantial
rates of organic matter disintegration at ambient temperature and pressure [26].

While ozone is highly reactive and effective, it is often associated with higher
operational costs and technical complexity. Conversely, H,O, provides a more practi-
cal and cost-effective alternative for small- to medium-scale facilities. Furthermore, in some
cases, HyO, treatment has been reported to result in partial mineralization of the organic
content, potentially reducing the residual organic load and improving effluent quality [27].
Numerous studies have shown that thermal pretreatment at high temperatures promotes
the biodegradation of effluents with high organic loads. Temperature values around 100 °C
are often cited in the literature as being effective in improving the bioavailability of organic
matter. The objective is to evaluate the impact of various concentrations of H,O; on the
solubilization of organic matter, methane yield, and the efficiency of volatile solids and
COD removal [28]. Previous research has indicated that such pretreatments can boost
biogas production by up to 60%, underlining their potential to significantly improve the
performance of anaerobic digestion systems when appropriately optimized [29]. This
investigation contributes to the growing body of knowledge on the integration of chemical
pretreatments in biological waste treatment processes [30]. By systematically evaluating the
influence of H,O, on key parameters such as soluble COD, methane yield, and digestion
kinetics, the study aims to identify optimal operating conditions that could be applied
in real wastewater treatment plants to improve energy recovery and waste stabilization.
This research makes a unique contribution to the energy recovery of agro-food effluents by
exploring an innovative thermochemical approach based on a moderate thermal treatment
combined with an environmentally friendly oxidizing agent. Numerous studies have
shown that thermal pretreatment at high temperatures promotes the biodegradation of
effluents with high organic loads.

The combinations of heating at 100 °C and varying doses of hydrogen peroxide (0.2,
0.5, 0.9, and 1.35 g HyO;) have been designed to enhance the bioavailability of organic
matter in wastewater from the dairy industry, characterized by its high organic load and
complexity. This targeted coupling aims to overcome the limitations often observed during
the hydrolysis stage in anaerobic digestion, promoting a more effective disintegration of
recalcitrant organic compounds. Unlike many previous studies focused on urban sludge or
agricultural waste, the proposed protocol has been applied to a specific effluent derived
from milk processing, which has rarely been studied in this form. This sector-specific
focus addresses the needs of industries facing complex waste that are difficult to treat
using conventional biological methods. With its high reactivity and absence of toxic



Water 2025, 17, 2844

40f 15

by-products, hydrogen peroxide allows for increased solubilization of organic matter while
maintaining ease of implementation. The value of this strategy also lies in identifying
favorable operating conditions for the effective transformation of the material without
compromising microbiological activity. By refining the dosage of the oxidant, the work
underscores the importance of a trade-off between advanced solubilization and maintaining
the biodegradability of the substrate.

This differentiated approach, adapted to the characteristics of the targeted waste,
represents a methodological advancement that improves the profitability of anaerobic
digestion processes while remaining compatible with existing infrastructure. Finally, the
study is distinguished by the integration of an in-depth kinetic analysis to describe the
dynamics of methane production.

Modeling according to a sigmoid law (Compertz model) is an approach that gives the
work as a whole predictive and technical-scientific value that is likely to promote its transfer
to larger-scale applications in the context of sustainable management of agro-industrial
effluents.

2. Materials and Methods
2.1. Source of Substrate and Inoculum

The inoculum used in this study was sourced from the Hamma Bouziane Wastewater
Treatment Plant (WWTP), located in Constantine, Algeria. The sludge sampling point was
situated after secondary treatment at the return line. The substrate was dairy industry
wastewater, also obtained from a local dairy plant in Constantine that processes various
dairy products including milk, cream, and cheese. Upon collection, the samples were
immediately stored at 4 °C to prevent any unwanted biological activity or physicochemical
alterations prior to experimentation. The samples will be used within one week.

2.2. Treatment and Preparation of Substrate

To enhance substrate biodegradability and facilitate the hydrolysis phase of anaerobic
digestion, a combined thermal-chemical pretreatment was applied. Specifically, the sub-
strate was treated at 100 °C for 1 h [31,32] in the presence of different hydrogen peroxide
(H,0,) concentrations: 0.2, 0.5, 0.9, and 1.35 ¢ H,O, per gram of volatile solids (g~! VS). A
control condition without H,O, was maintained at ambient temperature (20 °C). Following
pretreatment, a comprehensive physicochemical characterization of the liquid phase was
performed, including measurements of pH, total solids (TS), volatile solids (VS), alkalinity
at pH 6 (TA), total alkalinity at pH 4 (TAC), volatile fatty acids (VFA), total chemical oxygen
demand (TCOD), soluble chemical oxygen demand (SCOD), total suspended solids (TSS),
and volatile suspended solids (VSS). All the analyses were carried out in accordance with
the Standard Methods for the examination of Water and Wastewater Analysis (1998). The
initial characteristics of the dairy waste and inoculum are provided in Table 1.

Table 1. Initial Physicochemical Properties of Dairy Waste and Inoculum.

Parameter Inoculum Dairy Waste
pH 7.69 4.75
TSS (g/L) 9.47 15.05
VSS (g/L) 9.20 13.21
TS (g/L) 11.50 42.03
VS (g/L) 6.419 38.65
DCOr (gO2/L) 8.10 12.54
TA (pH =6) 280 0.00

TAC (pH = 4) 460 440
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2.3. Biochemical Methane Potential (BMP) Assay

The anaerobic biodegradability of the treated and untreated samples was evaluated
through BMP tests, as outlined in prior studies [33,34]. Each 140 mL batch reactor was
filled with an equal ratio of inoculum to substrate (1:1, v/v). To ensure the availability
of micronutrients and avoid nutrient deficiencies during the digestion process, 10 mL of
a nutrient solution containing essential trace elements was added to each reactor. The
nutrient concentrations are listed in Table 2. All experiments were performed in triplicate
using serum bottles. The pH in all reactors was adjusted to neutrality (pH ~ 7) using
a sodium hydroxide (NaOH) solution. To establish anaerobic conditions, the headspace
of each reactor was purged with pure nitrogen gas (N;) for several minutes. Distilled
water was added to standardize the working volume across all bottles. Control reactors
(inoculum only) and positive tests (inoculum + substrate) were included. The reactors
were then incubated under mesophilic conditions (37 °C) for a period of 34 days. The daily
volume of biogas produced was monitored by liquid displacement in a column of acidified
water (pH = 2). The experiment was terminated once biogas production became negligible.

Table 2. Nutrient and Trace Element Composition Added to BMP Reactors [35].

Component Concentrations (g/L)
HyKPO4 0.0135
KyHPO, 0.056

NH,4CI 0.026
MgCl,-6H,O 0.025
CaCl,-2H,0 0.0037
FeCl3-6H,0 0.001

2.4. Biogas Measurement

Biogas production was measured daily using the water displacement technique in
acidified water (pH = 2) [15]. During the incubation, all reactors were manually agitated
once per day to ensure homogeneity and reduce the risk of stratification. Methane yield
was calculated by subtracting the gas production in control reactors (inoculum only) from
that of test reactors (inoculum + substrate). To determine the methane and carbon dioxide
content in the biogas, a potassium hydroxide (KOH) absorption method was used [6,29].
A known volume of the headspace gas (V1) was extracted with a syringe and injected
into a secondary serum bottle containing 20 g/L of KOH solution. The bottle was shaken
vigorously for 3-4 min to allow complete absorption of CO; and H,S. The residual gas
volume (V), which primarily consisted of CHy (>99.9%), was then quantified. This method
enabled the estimation of methane concentration in the produced biogas.

3. Results and Discussion
3.1. Physicochemical Characterization of the Substrate Following H,O, Pretreatment

The effect of hydrogen peroxide (H,O,) pretreatment on the physicochemical prop-
erties of the substrate was assessed and summarized in Table 3. The pretreatment was
carried out using different H,O, doses (0.2, 0.5, 0.9, and 1.35 g H,O, /g VS) combined with
a thermal treatment at 100 °C for 1 h. The untreated sludge (C0) was maintained at room
temperature (20 °C) and served as the control. The pH values showed a slight acidification
with increasing HO, concentration, indicating the possible generation of acidic oxidation
by-products during pretreatment. The total solids (TS) values fluctuated among the treated
samples, with the highest TS content (12.00 g/L) observed at 1.35 g H,O,/g VS (1.35),
suggesting a concentration effect or incomplete hydrolysis at higher doses. Conversely,
volatile solids (VS) did not follow a clear trend, although a slight reduction was observed at
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intermediate concentrations. The VS/TS ratio, indicative of the organic fraction in the sub-
strate, dropped from 78% (C1, thermal treatment alone) to 57.5% (1.35), reflecting organic
matter mineralization due to oxidative cleavage. Suspended solids parameters (TSS and
VSS) exhibited a significant decline in the early treatments, particularly at 0.5 g H,O,/g VS
(0.5), where TSS dropped to 5.3 g/L. This indicates an efficient disruption of particulate
matter and solubilization into the liquid phase. However, VSS levels remained relatively
high, especially at higher doses, suggesting partial degradation of organic particles. The
alkalinity at pH 6 and 4 decreased with increasing H,O, concentration, potentially due to
consumption of buffer compounds or release of acidic intermediates. COD measurements
revealed a clear trend: total COD (CODt) decreased by approximately 12-18% following
pretreatment. This decline is attributed either to the reaction of organic matter with the
oxidant or to losses during handling, as some material may adhere to the reactor walls [36].
More importantly, the soluble COD (CODs) increased with H,O, addition, rising from
5.11 g/L in the untreated sample to 6.42 g/L at 0.5. This enhancement in CODs reflects the
successful breakdown of complex molecules into smaller, soluble fractions, improving sub-
strate bioavailability [33]. These findings are in agreement with previous studies reporting
the release of intracellular contents (e.g., N, P, carbohydrates) following cell wall disruption
under oxidative stress [34,37].

Table 3. Effect of the oxidizing agent (H,Oy) on the solubilization of the substrate.

Without Heat Treatment Treatment at 100 °C for1 h
Parameters C0 (0.0 C1 (0.0) C2(0.2) C3(0.5) C4 (0.9 C5 (1.35)
(g H,0,-g71VS) (g H,0,-g71VS)

pH 7.70 7.51 7.40 7.40 7.11 7.33
TS (g Lfl) 11.50 10.00 10,10 8.31 9.70 12.00

VS (g L1 6.11 7.80 5.40 6.00 6.00 6.92
VS/TS (%) 53.04 78 53.46 72.28 61.85 57.50
TSS (g Lfl) 9.50 8.12 10.11 5.30 10.91 10.20
VSS (g Lfl) 9.20 6.29 9.30 3.71 9.41 9.13
Alcalinity pH=6 280 240 200 180 120 100
Alcalinity pH=4 460 480 400 440 360 380
CODs (g O, L71) 5.11 / 5.50 6.42 5.81 5.62
CODt (g Oy L1 8.10 / 6.41 6.63 6.82 7.30

These adjustments allow for a better understanding of the complex dynamics between
H,0O; concentrations, variations in TSS and VSS, as well as the mechanisms of volatile
solids degradation. Our results indicate that managing H,O, concentrations is crucial for
optimizing the degradation of organic matter while maintaining a balance between the
oxidative disintegration of solids and the preservation of microbial activity essential for
effective biodegradation.

For the COD, we can say that the decrease in total COD can be attributed to handling-
related factors, while the increase in soluble COD indicates a successful degradation of
complex compounds, thereby facilitating their bioavailability. These results, supported by
previous references, enhance our understanding of the processes involved and highlight
the importance of rigorous sample management to obtain reliable data.

3.2. Effect of HyO, Concentration on Solubilization Indices

To quantify solubilization efficiency, the ratios TSS/TS (equivalent to the proportion of
particulate matter), CODs/CODt, and VSS/TSS (an indicator of the quality and biodegrad-
ability of organic matter) were calculated (Table 4). The use of hydrogen peroxide (H,O,) in
wastewater treatment has significant effects on the degradation of organic matter. The sus-
pended solids (SS) ratio, which estimates the particulate fraction of total solids, decreased
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with the increase in H,O, concentration, dropping from 82% in untreated sludge to 63%
and 55% for the respective dosages of 0.2 and 0.5. This indicates a pronounced release of
soluble organic matter [37]. Similarly, for the pretreated samples, this ratio significantly
decreased, particularly at the lower doses (0.2 and 0.5), falling from 97% in the control
to approximately 69.81%. This trend suggests partial oxidation or conversion of organic
matter into non-volatile compounds, likely due to increased mineralization [27,37,38]. At
an intermediate concentration of 0.5 g H,O,/g VS, effective solubilization of volatile solids
(VSS) can lead to a decrease in the VSS/TSS ratio, thereby improving the bioavailability
of soluble organic compounds [38]. However, at higher concentrations (0.9 and 1.35), it
has been observed that incomplete oxidation and reaggregation of organic fragments can
occur, which may explain the increase in the VSS/TSS ratio at these levels [38] These results
underscore the importance of managing HyO, concentrations to optimize the degradation
of organic matter in wastewater treatment processes.

Table 4. Substrate characterization after HyO, pretreatment.

Quantity HO, g/VS Ratio% TSS/TS Ratio (%) CODgo1uble/CODTota1 (%) VSS/TSS Ratio (%)
C0=0.0 0.0 82 60.34 96.84
C2=02 0.2/C0 55 82.44 92.07
C3=05 0.5/C0 63.00 96.96 69.81
C4=09 0.9/C0 70.53 85.29 86.23
C5=1.35 1.35/C0 75.00 76.71 89.21

Regarding CODs/CODt, the highest ratio (96.96%) was observed for the C3 treat-
ment (0.5 g HyO, /g VS), indicating maximal solubilization of total organic matter into
the liquid phase. This confirms the effectiveness of intermediate H,O, dosing for max-
imizing bioavailable carbon. At lower (0.2) or higher concentrations (0.9 and 1.35), this
ratio declined, suggesting either insufficient solubilization or secondary reactions leading
to recalcitrant by-products. These results align with observations by other researchers
who noted the optimal solubilization window depends on the balance between oxidation
intensity and substrate concentration.

In conclusion, intermediate doses of H,O,, particularly at 0.5 g H,O, /g VS, maximize
the solubilization of total solids and the bioavailability of carbon, as evidenced by the
increase in CODg/CODy ratios and the decrease in TSS/TS and VSS/TSS ratios.

3.3. Biogas and Methane Production Performance

Figure 1 illustrates the total biogas production during the 34-day anaerobic digestion
period for all pretreatment conditions. The thermal treatment alone (C1) achieved the
highest biogas yield (154.1 mL/g VS), surpassing both untreated and pretreated samples
with HyO,. The thermal treatment alone (C1) yielded a higher biogas production than
some high-dose oxidative treatments. This is due to the fact that high oxidant doses can
generate inhibitory by-products (phenolic compounds, furfurals, and excess organic acids)
and increase the redox potential, which are unfavorable conditions for methanogenic
microorganisms. In contrast, heating alone releases biodegradable substrates without
producing such inhibitors. Among the HyO,-treated groups, the test at 0.9 g HyO,/g
VS (C4) produced 152.6 mL/g VS, followed closely by C2 (0.2), C3 (0.5), and C5 (1.35)
thus produced (142, 137 and 127.2 mL/g VS successively. The lowest biogas production
(120 mL/g VS) was recorded for the untreated control (CO0), highlighting the benefit of
pretreatment. The trends in methane production, illustrated in Figure 2, reveal a similar
pattern. The maximum methane yield of 90 mL/g VS was observed for both C1 and C4,
corresponding to a methane yield of 11.30 m3/g COD. This yield is closely followed by
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C2(0.2), C3(0.5), and C5 (1.35), which produced 142, 137, and 127.2 mL/g VS, translating
to 15.94 m*®/g COD, 12.80 m3/g COD, and 12.76 m?®/g COD, respectively. The lowest
methane production of 120 mL/g VS (9.20 m3/g DCO) was recorded for the untreated
control (C0), highlighting the clear advantages of pretreatment.

180

—— (0 (0.0gH:02/g VS)room T° —e— C1(0.0gH-0-/g VS) —+— (2(0.2gH:0./g VS)

1604+ C3(0.5gH:0:/g VS) —x— C4(09gH:0x/g VS/) —e— C5(1.35gH:04/g V'S)

1404

1204

1004

80

60

40

201

Biogas production (ml/gVS)

0 1 2 3 4 7 9 11 11 15 16 18 21 22 31 32 33
Digestion periode (Days)

Figure 1. Accumulative biogas produced in mesophilic phase.

120
o4 00 (0.0gH:0+/g VS)room T° —+— C1(0.0gH:0/g VS) —— C2(0.2gH:0Jg VS)
— C3(0.5gH:04/g VS —— C4(0.9:0/g V'S)) —— C5(1.35gH:04/g VS

100

80

“ Ee====

40

CH, PRODUCTION (ml/gVS)

20

0 1 2 3 4 7 9 11 12 15 16 18 21 22 31 32 33 34
Digestion periode (Days)

Figure 2. Accumulative methane produced in a mesophilic phase.

While C2 and C3 also showed favorable results, it is particularly noteworthy that
C5(1.35 g HyO, /g VS), despite demonstrating enhanced solubilization, experienced a
plateau in methane production. This phenomenon is likely due to the formation of
inhibitory by-products at elevated oxidant dosages, such as organic acids and other
toxic compounds resulting from excessive oxidation [11] All treatments exhibited a com-
parable lag phase, indicating no significant impact of pretreatment on microbial ac-
climatization. However, the rate of methane generation post-lag phase increased with
H,O, dose up to 0.5 g/g VS, confirming the role of HO, in enhancing hydrolysis and
subsequent methanogenesis.

3.4. Enhancement of Methane Production Through HyO, Pretreatment

During the incubation period, the average percentage of methane in the produced
biogas from different tests was 50%, 56%, 41%, 60%, 43%, and 50%, corresponding to CO
(0.0 g HyO,/g VS) room T°, C1 (0.0 g HyO,/g VS), C2 (0.2 g HyO, /g VS), C3 (0.5 g HyO, /g
VS), C4 (0.9 g HyO,/g VS) and C5 (1.35 g HyO, /g VS), respectively.
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The effectiveness of hydrogen peroxide (HyO,) as a pretreatment agent was further
evaluated by comparing the methane production of pretreated dairy waste samples to that
of untreated ones. The enhancement in methane yield was quantified using the following
expression [34]:

Volume of biogas produced by the pretreated dairy waste
Volume of biogas produced by dairy waste not pretreated

A = Improvement = 1)

Among the different HyO, dosages investigated—mnamely 0.2, 0.5, 0.9, and 1.35 g
H,0, /g VS—the latency phase revealed that the most significant increases in methane
production were observed at doses of 0.9 and 1.35 g HyO,/g VS. These experimental
conditions resulted in methane yields approximately 1.7 to 2 times higher than those
of the untreated control (see Figure 3). The observed improvements are attributed to
an increased solubilization of organic matter, as well as an enhanced bioavailability of
biodegradable components, a phenomenon resulting from the oxidative breakdown of
complex molecular structures. Regarding the exponential phase, it was found that the
thermal pretreatment alone, as well as the pretreatment corresponding to the dose of
0.9 g HyO,/g VS, produced the most favorable results. These observations align with
previous research that has highlighted the positive impact of oxidative pretreatment on
enhancing anaerobic biodegradability by increasing the accessibility of organic substrates to
microbial attacks [33,34].

—— A1=C1/CO —*— A2=C2/C0 —=»— A3=C3/CO0
—%— A4=C4/C0 —*— A5=C5/CO0

8]
o

xduct Biogas
(8]
1

—
n
1

—
1

o
n
I

Improvement of Prc

=}

1 2 3 4 5 6 7 8 910111213 141516 17 18
Digestion periode (Days)

Figure 3. Improvement in biogas with different conditions.

3.5. Post-Digestion Characterization of Digestate

To assess the effectiveness of anaerobic digestion after pretreatment, the physicochem-
ical characteristics of the digestate were evaluated in terms of solids removal and chemical
oxygen demand (COD) reduction.

3.5.1. Removal Efficiency of Total and Volatile Solids

The digestion performance was first assessed through the removal of total solids (TS)
and volatile solids (VS). Across the different pretreatment conditions, TS removal efficiency
ranged from 9% to 11%, indicating the degradation of suspended solids during anaerobic
digestion. In parallel, the VS removal efficiency varied significantly from 34.61% to 62.18%,
with the highest degradation observed for the sample pretreated at 0.9 g HyO,/g VS. This
outcome supports the hypothesis that HyO;, enhances hydrolysis and subsequent microbial
conversion of organic fractions to biogas.
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3.5.2. COD Removal Performance

Substantial reductions in both total COD (CODy) and soluble COD (CODg) were
recorded post-digestion. As shown in Table 5, the COD; removal reached up to 80.87%,
whereas COD; removal peaked at 80.46%. These results demonstrate the effectiveness
of oxidative pretreatment in improving substrate biodegradability. In comparison, the
untreated control showed COD; and CODs removals of 77.16% and 68.88%, respectively,
underscoring the enhancement introduced by pretreatment. These improvements are
attributed to the oxidative breakdown of complex macromolecules into simpler, more ac-
cessible intermediates, which facilitate subsequent microbial degradation during anaerobic
digestion.

Table 5. Characterization of the liquid phase (substrate + Inoculum) of reactors after incubation.

Parameters H,O, treatment, before incubation

T=20°C T=100°C
C0 (0) Cl=0 C2=0.2 C3=05 C4=09 C5=1.35
pH 6.40 6.30 6.20 6.00 6.01 6.10
TS 18.87 17.89 14.88 16.76 17.68 14.34
VS 14.40 15.50 13.90 14.30 19.25 14.92
CODt 8.10 / 6.44 6.59 6.83 7.32
CODs 5.11 / 5.50 6.45 5.77 5.66
Parameters H,O, treatment, after incubation
pH 6.20 6.20 5.90 6.10 5.50 5.60
TS 11.30 11.52 11.78 11.79 9.46 12.43
VS 8.22 8.33 10.07 9.35 7.28 9.03
CODt 1.85 1.49 1.52 1.44 1.50 1.40
CODs 1.59 1.32 1.50 1.26 1.47 1.29
Removal efficiency of VS and DOC
VS 4291 46.77 38.03 34.61 62.18 39.48
CODt 77.16 76.63 78.14 78.03 80.87
CODs 68.88 72.72 80.46 74.52 77.20

3.6. Kinetic Modelling

To better understand the methane production dynamics during anaerobic digestion of
pretreated dairy waste, a kinetic study was performed by fitting experimental data from
biochemical methanogenic potential (BMP) tests using the modified Gompertz model. This
empirical model, widely used to model microbial processes, allows predicting cumulative
methane production as a function of time and extracting key kinetic parameters. Three
key parameters were determined by this model: (i) the maximum methanogenic potential
(Vinax), expressed in mL of CHy per gram of volatile matter (g VS); (ii) the maximum
methane production rate (Rmax), in mL CHy-g~! VS-day~!; and (iii) the lag phase duration
(A), which represents the time required for microorganisms to adapt before significantly
producing methane. These parameters were calculated using OriginPro 2021 software,
according to the modified Gompertz model equation:

Mt=Vyax * explexp(Rmax.e.Vmax A —1+1)) (Modified form of the model)  (2)

y = a.exp(—e(—k(x — xc))) (Original form of the model) 3)

where M(t) is the cumulative methane production at time t, e being the base of the natural
logarithm (~2.718), Vmax is the methane production potential, Rmax is the maximum daily
methane production rate, and A is the lag phase duration (t).
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The model follows a typical sigmoidal shape, characteristic of growth-limited biologi-
cal processes. The cumulative methane production data were fitted to the above equation
for each pretreatment condition applied. The parameters estimated from these fits are
presented in Table 6, while the fitting curves are illustrated in Figure 4. The excellent corre-
lation between experimental data and calculated values (R? > 0.98) confirms the relevance
of the Gompertz model to describe biogas production kinetics.
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Table 6. Comparison of experimental data and Gompertz estimate of the kinetic parameters.

Cumulated Volume of CHy Estimate of the Parameters of Modified Gompertz Model
mL/gTVS mL/gTVS mL/gTVS.d-1 Day

Reactor Conditions Vimax exp Vimax Rmax A R2
C0=0(T°=20°C) 52.25 53.46 8.58 0.07 0.984
C1=0(T° =100 °C) 92.46 94.30 14.78 0.43 0.985
C2=0.2(T°=100°C) 79.52 79.12 15.36 0.93 0.996
C3=0.5(T°=100°C) 59.12 58.09 11.42 0.35 0.990
C4=0.9(T°=100°C) 52.152 48.56 12.36 0.10 0.983
C5=1.35(T° =100 °C) 63.6 59.19 13.95 0.03 0.983

Analysis of the results reveals that the sample subjected only to heat treatment at
100 °C without the addition of hydrogen peroxide (C1) has the highest methanogenic
potential (Vmax = 94.3 mL/g VS). This indicates that the effect of temperature alone is
sufficient to improve the bioavailability of organic matter by promoting hydrolysis and
cell disintegration, often limiting steps in anaerobic digestion. The highest methane pro-
duction rate (Rmax = 15.36 mL/g VS-d) is observed for condition C2 (0.17 g HyO,/g
VS), suggesting that moderate oxidative pretreatment combined with heat optimizes the
accessibility of solubilized substrates by methanogenic microorganisms. In contrast, when
the H,O, concentration is increased (C4 and C5), a slight decrease in Vimax and Rmax is
observed, probably due to excessive mineralization or the formation of toxic by-products
partially inhibiting the active biomass [37,38]. Regarding the lag phase (A), it remains
overall short under all conditions, ranging from 0.03 to 0.93 days. This rapid biological
activation demonstrates the good adaptation of microbial consortia, particularly when the
substrates are adequately pretreated. The sample that received the highest dose of H,O,
(C5) shows minimal latency (A = 0.03 days), which could be explained by an early release of
readily biodegradable compounds following oxidation. Overall, these results highlight the
importance of an optimal balance in pretreatment intensity. A moderate dosage of HyO,
effectively improves the solubility and digestibility of the substrate without degrading the
usable organic fraction. Low-concentration thermal-oxidative coupling therefore proves
promising for maximizing both the yield and the kinetics of methane production from
organic waste from the dairy industry.

4. Conclusions

The experimental investigation aimed to evaluate the anaerobic biodegradability of
sludge sourced from the Ibn Ziad wastewater treatment plant through mesophilic anaerobic
digestion, with a particular focus on the effect of oxidative pretreatment using hydrogen
peroxide (H,O;) combined with thermal treatment at 100 °C. The primary objective was
to enhance biogas production and improve the solubilization of organic matter. The
results clearly demonstrate that the integration of HyO; as an oxidizing agent with thermal
activation significantly enhances the anaerobic digestibility of the sludge. Indeed, biogas
yields increased by a factor of 1.7 to 2 compared to untreated sludge during the first 9 days
of digestion. Among the different concentrations tested, the dosage of 0.2 g HyO, per g
of volatile solids (VS) resulted in the highest improvement in methane production after
thermal treatment C1, followed by 1.35 g HyO,/g VS, and then 0.5 g H,O, /g VS. Regarding
substrate solubilization, the treatment with 0.5 g H,O, /g VS achieved the best balance be-
tween organic matter disintegration and microbial compatibility, reaching a solubilization
efficiency of approximately 45%, without excessive mineralization or potential inhibitory
effects. Furthermore, kinetic modeling using the modified Gompertz equation provided an
excellent fit to the experimental data, with coefficients of determination (R?) consistently
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exceeding 0.98 across all experimental conditions. This strong correlation confirms the pre-
dictive reliability of the model in describing methane production dynamics and highlights
the effectiveness of the applied pretreatment strategies.

In conclusion, it was observed that thermal treatment alone is the most effective
method for valorizing sewage sludge, surpassing the use of hydrogen peroxide (H,O,)
in terms of solubilization and methane recovery under mesophilic conditions. Although
hydrogen peroxide may have positive effects, the doses studied in this manuscript did not
show the same advantages as thermal treatment. It is possible that its effectiveness could
be improved at lower doses. However, it is important to recognize certain limitations of
this study. The results are based on laboratory tests, and their applicability to large-scale
systems needs to be confirmed. Additionally, the long-term effects of using HyO, on the
anaerobic microflora and the environment should be examined in more detail. Therefore,
further research aimed at optimizing this approach, including studies on energy balance
and economic feasibility, would be beneficial for large-scale applications.
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