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Food waste presents a major opportunity for bioenergy production. Anaerobic digestion (AD) is effective but
limited by low biogas yields. This study enhances biogas and biomethane generation by immobilizing anaerobic
sludge (AS) within a polyvinyl alcohol/chitosan (PVA/Ch) cryogel matrix and incorporating silver doped

Eo‘adrglva:itse zinc oxide nanoparticles (Ag@ZnONPs) as a catalyst. The highest biogas and biomethane production were
In}é cu]uym immobilization achieved in R4-(FW+cryogel+NPs) at 534 mL/gVS and 252 mL/gVS, respectively, showing a 56.6% increase
Zn0/Ag NPs in biogas yield compared to R1-(FW). The methane content improved from 40.64% (R1) to 60.15% (R4),

while substrate degradation efficiency also increased, with total solids (TS) reduction reaching 66.34% and
volatile solids (VS) reduction at 74.8% in R4. The synergistic effect of cryogel and nanoparticles (NPs) enhanced
microbial retention, improved substrate biodegradability, and stabilized the digestion process. These findings
demonstrate the potential of advanced AD techniques for efficient waste-to-energy conversion and sustainable

waste management.

1. Introduction

Many nations are implementing the strategy of recycling
organic waste as an alternative energy source in response to severe
environmental challenges like climate change and energy scarcity [1].
The world is prioritizing meeting the growing demand for food and
energy to support a projected population of over 10 billion by 2050
while reducing environmental harm. This includes reducing reliance
on conventional energy sources, fossil fuel emissions, and solid
waste. The daily 23.7 million tons of agricultural produce stresses
ecosystems, affecting public health and ecosystem resilience [2]. The
two main organic waste sources that need proper processing are food
waste (FW) and sewage sludge (SS). In China, food waste accounts for
approximately 30% to 60% of the entire municipal solid waste (MSW).
Meanwhile, in Japan, Europe, and the United States, the proportion
of food waste within the total MSW stands at around 23%, 15-25%,
and 12%, respectively [3]. Global waste management is increasingly
challenged by economic activities and population growth, necessitating
innovative solutions. Current methods include landfill disposal and
incineration, but effectiveness is being evaluated. Biological processes
like anaerobic digestion, aerobic composting, bioethanol fermentation,
and feed fermentation are being explored [4,5].

Due to its effectiveness in degrading complex organic elements,
Anaerobic digestion (AD) appears as a particularly suited technology
for the treatment of FW. Additionally, the biogas produced by AD may
be easily separated and put into a variety of applications [6]. The largest
potential for FW recycling is one of the benefits that AD provides,

along with a simplified process flow, increased reactor efficiency, less
pollutant load, and significant economic benefits. For AD applications,
FW is regarded as a high-quality feedstock [5,7]. FW organic material
undergoes AD conversion, primarily methane, which can be utilized
as energy, but lag periods and low methane generation rates limit its
use [8]. AD is a multistep biochemical process involving acidogenesis,
acetogenesis, and methanogenesis, which hydrolyzes complex organic
materials. The initial acidification phase converts organic waste
into volatile fatty acids (VFAs), methane, or a mixture of both. The
methanogenesis phase converts hydrogen and VFAs into methane,
while the first phase involves acidogenic and acetogenic bacteria [9].
AD is an effective technology for food waste treatment and
biogas production. However, challenges such as slow hydrolysis, low
methane yield, and process instability hinder its efficiency. Various
strategies, including bioaugmentation, enzymatic hydrolysis, co-
digestion, and thermal pretreatment have been explored to enhance
AD performance. Several techniques, including mechanical, thermal,
chemical, and biological pretreatment methods, have been developed
to improve the effectiveness of methane fermentation using FW
substrates [10]. By raising the specific surface area, mechanical
pretreatment, for instance, enhances the anaerobic process and
increases the substrate's accessibility for microbial activity [11].
Thermal pretreatment in FW degrades organic content, causing
protein breakdown stagnation and increased gas generation, but may
require substantial financial investments for specialist facilities and
therapies [12]. Ethanol pre-fermentation, a biological pretreatment
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technique, enhances methane output by stimulating methanogenic
bacteria development and reducing fermentation lag periods [13].

Recent developments in waste valorization and bioenergy recovery
have investigated several bioconversion methods to extract high-value
biomolecules and biofuels from organic waste. A possible method
involves the extraction of arabinoxylans, a category of hemicelluloses
sourced from agro-industrial byproducts, which have garnered interest
for their use in food formulations and biofuel generation [2]. Research
has shown that arabinoxylans can be efficiently extracted via enzymatic
and physicochemical methods, presenting potential uses in prebiotic
development and fermentation-based bioenergy systems (Arabinoxylans:
A review on protocols for their recovery, functionalities, and roles in
food formulations). These biomolecules provide fermentable sugars,
facilitating microbial metabolism and enhancing biohydrogen and
biomethane production [14]. Concurrently, dark fermentation has
arisen as a feasible method for hydrogen (H,) generation from organic
waste streams. This approach utilizes anaerobic microbial consortia to
transform carbohydrates into hydrogen (H,) and volatile fatty acids
(VFAs), hence reducing dependence on fossil fuels. Recent studies
indicate that undiluted tequila vinasse, concentrated wastewater
from ethanol distillation, can function as a substrate for hydrogen
fermentation without requiring external nutrient supplementation [15].
Additionally, the use of NPs in anaerobic fermentation has been seen
to augment microbial electron transfer and increase biofuel production.
Iron (magnetite) NPs have demonstrated the ability to enhance direct
interspecies electron transfer (DIET), thereby expediting hydrogen and
methane production from lignocellulosic hydrolysates [16].

AD operations face challenges like complex substrate characteristics,
insufficient productivity, ineffective biodegradability, and poor stability,
hindering the generation of biogas and biomethane [17]. Immobilization
methods provide a viable way to overcome these difficulties and
produce advantageous outcomes in many areas of contemporary
biocatalysis [18]. To address the aforementioned issues and drawbacks,
a variety of techniques involving the immobilization of microorganisms
have been devised to transform pre-treated lignocellulose waste into a
variety of products [19]. Anaerobic sludge immobilization using carrier
materials has been unsuccessful due to premature biodegradation and
physicochemical deterioration, primarily due to pressure from gaseous
metabolites [20]. Polyvinyl alcohol (PVA) cryogel, a macroporous
matrix, can be used to immobilize anaerobic sludge cells, preventing
carrier breakdown under anaerobic conditions. It resists excess pressure
from gases produced by anaerobic microbes, such as CO, and H,, and
facilitates nutrient passage into producer cells without hindering the
overall biofuel production process [21].

A trend that is rapidly developing in the field of wastewater treatment
is the use of NPs in AD processes to increase biogas production [22].
Similar benefits have been shown in accelerating substrate degradation,
improving AD performance, and speeding up the bioconversion
process [23]. These advantages result from nanoparticles' particular
properties, which include their large surface area, profusion of active
sites, specificity, and increased reactivity [24]. Recent studies reveal
NPs additions significantly impact anaerobic digesting procedures [25].
Ag@ZnONPs' catalytic properties, due to their large surface area and
reactivity, accelerate the breakdown of complex organic molecules
during anaerobic digestion, increasing biogas output [26].

This study introduces a new method for AD to degrade pollutants
and extract bioenergy from food waste. It uses Ag@ZnONPs and
cryogel matrix to improve digestion efficiency. The main goal is to
increase biogas production and improve waste material breakdown
in AD reactors. This innovative approach aims to revolutionize waste
management by utilizing energy recovery techniques for a sustainable
and efficient AD system.

2. Materials and Methods

2.1. Materials

Soluble starch, silver nitrate (ACS reagent, =99.0%), high
molecular weight chitosan (Ch), and sodium hydroxide were purchased
from Merck KGaA, Darmstadt, Germany. Zinc acetate dihydrate was
purchased from Molekula GmbH, Schwarzmannstr. 8, Miinchen,
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80798, Germany. Polyvinyl alcohol (PVA, M  89,000-98,000, 87-89%
hydrolyzed) was purchased from Sigma-Aldrich (USA). Glutaraldehyde
(25% (v/v), aqueous) was purchased from Thermo Fisher Scientific Inc.

2.2. Methods
2.2.1. Preparation of Ag@ZnONPs

ZnONPs were formed and followed by the preparation of AgNPs.
For this preparation, 1 g of soluble starch was dissolved in 50 mL of
H,O with continuous stirring for 10 mins. Then, 2 g of zinc nitrate in
10 mL of H,0 was added to the dissolved soluble starch. After that,
NaOH (2 g/40 mL H,0) was dropwise added to the previous solution.
The prepared white precipitate was attributed to the formation of zinc
hydroxide, which converted to ZnONPs upon calcination at 550°C for
2.5 hrs. On the other side, AgNPs were prepared using soluble starch,
in which, soluble starch plays the dual role of reductant and stabilizing
agent. The preparation was performed by grinding 0.5 g of soluble
starch with 0.05 g of NaOH and 0.05 g of AgNO, The grinding was
carried out using a ball milling device for 20 mins at 50 rpm. The color
of soluble starch changed from white to brown at the end of the AgNO,
addition. The stabilized AgNO, (soluble starch-coated AgNPs) was
mechanically grinded with ZnONPs using a ball milling device. AgNPs
(0.1 g) was added to 0.5 g of ZnONPs and mechanically grinded for 15
mins. After completing the two processes of addition and mechanical
grinding, it was noticed that the dark color of AgNPs was reduced, and
this is due to the presence of white ZnONPs.

2.2.2. Preparation of PVA/chitosan cryogel

Ch (1 g) was dissolved in 100 mL of 1% acetic acid solution while
being magnetically stirred to create a Ch solution (1% w/v). For 3
hrs, PVA solution (1% w/v) was dissolved in deionized water at 80°C
with continuous mechanical stirring. The PVA and Ch solutions were
blended in order to produce an admixture with a volume ratio of 1:0.5
using mechanical stirring. After complete dissolution and the formation
of a homogeneous solution, 50 mL of the Ch/PVA admixture was
obtained. Under continuous mechanical stirring, a crosslinking agent
(glutaraldehyde, 1 mL) was gradually added to the formed mixture.
After being placed in the freezer, the Ch/PVA admixture solution was
incubated for 24 hrs. The frozen solution was then freeze-dried at -80°C
for 48 hrs.

2.2.3. Characterization

Transmission electron microscopy (TEM, JEOL, 2100, Japan) was
used to study the particle shape of Ag@ZnONPs. Prior to TEM analysis,
Ag@ZnONPs sample solution was sonicated for 15 mins, during which,
0.01 g of the prepared NPs were dispersed in 10 mL of H,O. Field
emission scanning electron microscopy (FESEM, Quanta FEG 250,
Czech) was used to evaluate the surface morphology of Ag@ZnONPs
and the Ch/PVA cryogel. Field emission scanning electron microscopy
(FESEM) was combined with energy dispersive X-ray (EDX) to do the
elemental analysis of the formed NPs.

2.2.4. Food waste feedstock and inoculums

In Saudi Arabia, fruit stores and restaurants provided the FW for
the tests. First, the pericarps of FW, non-biodegradable materials, and
inactive things (including seashells and bones) were obtained. The FW
was uncontrolled and included cooked meat and other proteins along
with carbs such as cooked rice, legumes, plant roots crops, and fruits.
The FW was left for several days for drying at 60°C. After that, the
dried FW was manually prepared by using a sharp knife to chop it
into small fragments. After that, the chipped FW was mixed using an
electric mixer to reduce the particle diameter and make it easier for the
anaerobic microbe to break down the FW. Prior to blending, 100 g of
pretreatment FW was mixed with 1 L of distilled water (DW) to create
a FW slurry. This was accomplished by diluting FW with 10% (w/v)
distilled water. Chemical pretreatment was carried out on the FW by
H,SO, (1 %, w/v). The mixtures were then autoclaved at 121°C for 15
mins. The seeding anaerobic sludge (AS) was taken from a full-scale
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Table 1. Experimental biogas AD reactors groups used in this study.
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SN | Code Specifications

R1-(FW)

AD reactor 1 contains 500 mL of pretreated FW slurry which mixed with seeding AS (mixture FW slurry) with in volumetric ratio of 1:1.

R2-(FW+cryogel)

AD reactor 2 contains 500 mL of pretreated FW slurry which mixed with immobilized seeding AS in cryogel material with in ratio of 1:1.

R3-(FW+NPs)

AD reactor 3 contains 500 mL of mixture FW slurry which mixed and incorporated with 50 ppm of bimetallic Ag@ZnONPs.

AW N |-

of bimetallic Ag@ZnONPs.

R4-(FW+cryogel+NPs) | AD reactor 4 contains 500 mL of pretreated FW slurry which mixed with immobilized seeding AS in cryogel material and incorporated with 50 ppm

anaerobic treatment unit in Municipal wastewater treatment plant,
KSA. The harvested AS was initially sieved to remove the debris and
unwanted materials, and then stored in closed bottles for a week to
stimulate anaerobic conditions. The main characteristics of the sludge
have been presented in Table 1. The FW was then mixed equally with
AS (adding ratio: 1-1 v/v in the four groups of AD experiments), where
250 mL of FW slurry was blended with 250 mL of AS to be utilized as
inoculum in anaerobic digestion reactors.

2.2.5. AD fabrication and operational conditions

As laboratory-scale AD for the generation of biogas, graded serum
bottles were used in this investigation. The total volume capacity of
the four different AD units, each having a capacity of 500 mL, was
operated in batch mode. Each AD had a section of its top 50 mL
purposefully left empty to provide room for by-product reactions.
A digestive chamber, intake and output tubes, a mechanical stirring
mechanism, and a biogas collecting tube were all part of each AD
unit's specific construction. Seeding AS was immobilized inside a
cryogel matrix in an attempt to improve the productivity of biogas
production in the AD reactor. This immobilization technique shields
the methanogenic bacteria against adverse circumstances such as low
pH, high temperatures, and the presence of poisonous substances.
The seeding AS suspension was used to immerse disc-shaped cryogel
carriers during immobilization. This was followed by a week-long
incubation phase at 37°C under anaerobic conditions. During this
time, the methanogenic bacteria developed a protected and hospitable
environment inside the small pores of the cryogel carriers, enabling
prolonged biogas and biomethane production. Figure 1 shows an
illustration of the experimental procedure's schematic depiction and
water displacement method for biogas measurement.

To assess the biogas generation from the fermentation of FW, which
was infected with bimetallic Ag@ZnONPs and integrated inside cryogel
matrices, a series of batch anaerobic test procedures were rigorously
carried out in triplicate. The (AD) reactors used had a coding system,
which has been described in Table 1. The AD reactors were hermetically
sealed and kept at a constant temperature of 37°C while being agitated
at a speed of 60 rpm before the tests began to get rid of any extra air.
For these trials, the hydraulic retention time (HRT) lasted up to 40 days.
A set of regular sample intervals was developed, and different critical
parameters were monitored during these times. The water displacement

g«-' Mechanical and 5§ S
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pre-treatment £ +

Food waste
hydrolysis
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&\éb}' ‘:JE ¢ N
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1 N purging
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Figure 1. Schematic sketch for food waste pretreatment and the biogas measuring
method using water displacement system in biogas AD reactor.

method was used to calculate daily biogas generation. It is noteworthy
that the gases were produced quickly, which might be related to the
increased biodegradability of the feedstock used in the tests.

To ensure uniform contents within the digesters and confirm
even temperature distribution throughout the digestion chamber,
mechanical stirrers were installed in each digester. Additionally, a
heated water bath was employed externally to maintain a constant
digestion temperature of 37°C + 2.

2.3. Analytical methods

The study monitored the physicochemical characteristics of the
pretreated FW slurry, seeding AS, and mixture of FW slurry with seeding
AS samples in AD reactors. These characteristics included pH, total solid
(TS), total volatile solid (TVS), total chemical oxygen demand (tCOD),
and soluble COD (sCOD) [27]. The TSs remaining after evaporation
were measured using TS measurement. The oxygen required to oxidize
organic matter in food waste was estimated using tCOD. Standard
protocols by American Public Health Association (APHA) were used
to ascertain Soluble COD, total phosphorus (TP), ammonia, and total
Kjeldahl nitrogen (TKN) [28].

2.4. Biogas output determination

Measurements using the gas displacement technique were used
consistently to quantify the output of biogas. The contents of the
produced biogas, which included methane, carbon dioxide, and trace
gases such as oxygen and hydrogen sulfide, were measured using a
portable gas analyzer (BIOGAS 5000, GeoTech).

2.5. Statistical analysis

The results of the anaerobic digestion experiment were presented
together with the mean values and standard error (SE) after three
sets of observations. The statistical significance of the experimental
components was assessed using a one-way multifactor analysis of
variance (ANOVA).

3. Results and Discussion

Fermentation plays a fundamental role in bioenergy production
and waste valorization, particularly in the transformation of organic
substrates into high-value products such as biofuels, bioactive
compounds, and functional ingredients. Traditionally, fermentation
has been widely applied in the food industry, contributing to food
preservation, flavor enhancement, and nutritional improvements [29].
However, its application has expanded to waste valorization and biogas
enhancement, where microbial fermentation facilitates the conversion
of complex organic waste into biohydrogen, methane, and other
bioproducts [30].

TEM for Ag@ZnONPs has been demonstrated in Figure 2. It was
observed that Ag@ZnONPs formed with two different phases (different
colors; faint and deep black). The two different phases may be
attributed to the presence of AgNPs coated with ZnONPs. The NPs were
formed with small size as proven from the TEM scale. In addition, the
faint color can be related to the stabilizing agent (soluble starch). The
formation of particles in a nanoform demonstrated the capability of
soluble starch for reducing Ag ions and acting as a stabilizing agent for
the formed ZnONPs coated AgNPs.

From the SEM images shown in Figure 3, both AgNPs and ZnONPs
were well distributed on the surface of soluble starch. Also, using
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Figure 2. TEM image of AgNPs-doped ZnONPs.

Figure 3. SEM images of AgNPs-doped ZnONPs at four different magnifications.

different magnifications of SEM image it was found that the size is
considered small to some extent, which confirms that the process of
preparing the catalyst was successful.

To confirm the presence of NPs loaded soluble starch and the
distribution of these NPs, the material as a whole was analyzed using
EDX and mapping for all elements of the material, and the results
obtained have been recorded in Figure 4. From Figure 4(a), it is clear
that the material in its elemental composition consisted of carbon,
oxygen, zinc, and silver. The percentage of each element has been
represented in the table attached to the EDX image. The presence of
carbon and oxygen may be due to the presence of soluble starch. The
elements of zinc and silver are mainly due to the presence of zinc oxide
and silver nanoparticles. In Figure 4(b), the distribution of each element
for the sample evaluated by SEM-EDX analysis has been illustrated.
As shown in Figure 4(b), it was ensured that all the elements of the
material that will be used as a catalyst are well distributed and that
the preparation process and the use of soluble starch to prepare NPs is
considered effective material and has the power to prepare both AgNPs
and ZnONPs.

Transitioning to the assessment of the cryogel generated from
a combination of PVA and Ch through SEM analysis (Figure 5), it
becomes evident that the resultant cryogel manifests a porous structural
composition. These porous structures of PVA/Ch cryogel were formed
owing to the effect of crosslinking agent and freeze-drying step. As
shown, the surface structure of PVA/Ch was demonstrated at four
different magnifications (Figures 5a-d). The interconnected network
was formed due to the interaction between PVA and Ch.

3.1. Characteristics of feedstock used for anaerobic digestion

To assess the potential biogas yield from the substrates intended
for anaerobic digestion, the fundamental attributes of the pre-treated
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Figure 4. (a) EDX and (b) mapping SEM of AgNP-coated ZnONPs.

Figure 5. (a-d) SEM of PVA/Ch cryogel at four different magnifications.

FW slurry, the AS used as inoculum, and the composite mixture of FW
biomass inoculum were investigated and have been documented in
Table 2. The pre-treated FW slurry exhibited distinctive characteristics,
featuring a notably low pH of 3.3 and elevated values of total chemical
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Table 2. Physicochemical properties of pretreated FW slurry, seeding AS and
inoculum mixture FW biomass.

Parameters Unit FW slurry | Seeding AS | Mixture FW
biomass
pH 3.3+0.42 6.8+0.85 7.8+0.62
Total solids (TS) mg/L 13600+215 528475 921+152
Volatile solids (VS) mg/L 5421+124 72.6+59 247+92
Total dissolved solids (TDS) mg/L 4265+351 12514195 2982+251
Total phosphorus (TP) mg/L 2531+165 735+85 1692+127
Total Kjeldahl nitrogen (TKN) | mgN/L | 4592+351 1825+154 2482+231
Ammonia (NH,-N) mgN/L | 1074+121 1892+248 1325+148
Total COD (tCOD) mgO0,/L | 21752+410 | 3525+268 16521+317
Soluble COD (sCOD) mgO,/L | 4375+135 958+94 3621+115

oxygen demand (tCOD) at 21752 mg/L, total solids (TS) at 13600 mg/L,
total volatile solids (TV) at 5421 mg/L, total phosphorus (TP) at 2531
mg/L, and total Kjeldahl nitrogen (TKN) at 4592 mg/L. In contrast, the
pH of the FW biomass-inoculum mixture registered a higher value of
7.8, potentially attributed to its elevated NH,+ content at 1325 mgN/L.
Conversely, the AS exhibited a neutral pH of 6.8 and a comparatively
lower COD content of 3525 mg/L in comparison to the FW slurry. As
delineated in the tabulated data, these three waste materials—FW
slurry, seeding AS, and FW biomass-inoculum mixture—manifest
discernibly distinct attributes. However, the mixing of materials
with varying characteristics can synergistically address deficiencies
present in one constituent by supplementing it with complementary
attributes from other constituents. Specifically, the equimolar mixture
of FW slurry and seeding AS strategically provides a balanced nutrient
composition, leveraging the AS's reservoir of anaerobic methanogenic
microorganisms. This harmonized nutrient balance within the digested
materials collectively contributes to enhanced biogas production yields.

Higher organic load generally leads to increased biogas production.
The organic matter in the feedstock serves as a substrate for the
anaerobic microorganisms that produce methane as a metabolic
byproduct [31,32]. The value of TS, VS, and COD are good parameters
to indicate the ability of biodegradation of the substrate; the higher the
initial VS and COD, the more organic matter in it. Thereby, the bacteria
were more accessible to the substrate; the hydrolysis degree was
enhanced, resulting in high solubility organic matter converted into
biogas production under anaerobic conditions [33]. The efficiency of
organic matter conversion to methane is influenced by the organic load
[34]. The increasing the organic load from 2.5 to 15 g VS/L (volatile
solids per liter) resulted in increased biogas production. However, at
organic loads greater than 15 g VS/L, the methane production rate
decreased due to process inhibition [35].

3.2. Specific biogas production and methane potential

The findings of the experiment presented the biogas production
outcomes for different configurations of anaerobic digestion reactors
(R1 to R4). These reactors were operated with varying combinations
of substrates and materials, namely FW, cryogel, and NPs, to evaluate
their impact on biogas generation. The results highlight that the reactor
labeled as R4, which employed a combination of FW, cryogel, and
NPs, exhibited the highest biogas output among all configurations. In
this reactor, the biogas produced reached 534 mL/gVS. Following R4-
(FW+cryogel+NPs), the next highest biogas outputs were observed in
R3-( FW+ NPs) with 489 mL/gVS, R2-( FW+cryogel) with 415 mL/gVS,
and R1-(FW) with 341 mL/gVS (Figure 6a). Additionally, a consistent
pattern emerged across all the AD reactors regarding their biogas
production behavior. As shown in Figure 6(b), the cumulative biogas
production represented the total volume of biogas collected throughout
the 40-day digestion period. The total amount of biogas produced over
time indicates how well the AD process can convert organic feedstock
into biogas. The digestive process and the microbial population impact
this process, which progressively converts complex organic compounds
into simpler gases. The efficiency is shown by trends in the rate of
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Figure 6. (a) Biogas production rate and (b) cumulative biogas production in four AD
reactors over a 40-day digestion period at a constant temperature of 37°C.

biogas generation and cumulative output; variations may point to
changes in the composition of the substrate and microbial dynamics.

Recent studies have demonstrated that fermentation-based
technologies can enhance the recovery of valuable nutrients from
food and seafood waste while improving substrate biodegradability
for energy production. For instance, the fermentation of seafood
processing by-products has been explored as an efficient strategy to
extract proteins, lipids, and bioactive peptides [36]. Concurrently,
strengthening waste digestibility for biogas and biomethane generation
is being done (Implementing fermentation technology for the complete
valorization of seafood processing by-products: A critical evaluation on
recovering important nutrients and optimizing use). The data indicate
that incorporating fermentation into anaerobic digestion systems may
substantially improve substrate hydrolysis, augment microbial activity,
and elevate methane production [37].

The shift toward renewable energy production has increasingly
relied on biotechnological systems, particularly microbial fermentation
and AD, to convert organic waste into biofuels such as biogas and
biohydrogen (H,). Dark fermentation has emerged as a promising
approach for biohydrogen production, offering the advantage of
substrate flexibility and low energy input. However, several challenges,
such as low hydrogen yields, process inhibition, and inefficient electron
transfer, limit its large-scale feasibility. Recent studies have highlighted
lactate metabolism as a crucial factor influencing dark fermentative
hydrogen production, as it serves as both an intermediate and an inhibitor
depending on microbial interactions and operational conditions [38].
Despite the progress in biogas and biohydrogen production, several
drawbacks persist in biotechnological energy systems. These include
slow hydrolysis rates, poor substrate conversion efficiency, and reactor
instability due to fluctuations in pH and intermediate accumulation.
Additionally, traditional anaerobic digestion processes suffer from low
methane content and long retention times, limiting their commercial
viability [39]. To address these limitations, nanoparticle-assisted AD
and microbial immobilization have gained attention for their ability
to enhance substrate degradation, electron transfer, and microbial
stability. Studies show that incorporating metallic NPs can accelerate
microbial metabolism and improve hydrogen and methane yields,
while cryogel matrices provide a protective environment for microbial
retention, ensuring process efficiency and stability.
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Figure 7. (a) Biomethane production rate and (b) cumulative biomethane production
in four AD reactors over a 40-day digestion period at a constant temperature of 37°C.

Data represented in Figure 7(a) displays the amount of generated
methane produced by the reactors under investigation as 161.6, 188.5,
205.5, and 252 mL/gVS, for R1-(FW), R2-(FW+cryogel), R3-(FW +NPs),
and R4-(FW+cryogel+NPs), respectively. The cumulative value of
biomethane pointed out the sum of methane gas generated at each time
point during the 40-day period, showcasing the overall methane yield
over the entire duration of the experiment. It serves as a crucial metric
for assessing the effectiveness of the AD process and the efficiency
of methane production from the given substrates under the specified
conditions (Figure 7b).

Specifically, the highest production rate of biogas and biomethane
was consistently observed around the 30-day mark since the start of
the operation. The digestion process takes time to optimize, leading
to increased biogas generation after initial adaptation. A 10-day
adjustment period is crucial for the microbial community to adjust
to the digestion environment, promoting efficient biogas production.
The presence of methanogens accelerates the breakdown of complex
organic compounds, releasing methane and carbon dioxide gases as
byproducts, thereby increasing biogas production. Methanogenic
bacteria collaborate with other microbial communities involved in the
degradation of organic substrates, fostering a balanced ecosystem within
the reactor [40]. Moreover, bioaugmentation techniques involving
the deliberate introduction of enriched methanogenic cultures can be
employed to enhance the performance of AD reactors. This approach
ensures that the necessary microorganisms are present in sufficient
numbers to effectively carry out the methane-producing reactions. As a
result, the AD process becomes more robust and capable of generating
higher volumes of biogas from the same input materials [41].

The effects of nanoparticles on the performance and stability of
AD for biogas production were investigated. Some of the nanoparticle
materials utilized include metal iron, copper, ZnO, cobalt, silver, and
nickel [42]. These NPs can influence the microbial community structure
and metabolism within the AD system. Some studies suggest that
NPs can stimulate the growth and activity of certain microorganisms
involved in methanogenesis, the process of methane production. This
can lead to more efficient methane generation and improved overall
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biogas production [43]. In the current study, the bimetallic Ag and ZnO
nanoparticles were applied as catalysts, accelerating the breakdown
of complex organic molecules in the substrate. They provide active
sites on their surfaces that facilitate the enzymatic reactions carried
out by microorganisms during anaerobic digestion. This catalytic effect
speeds up the degradation process and enhances the release of biogas
precursors. The combination of bimetallic AgNPs and ZnONPs may lead
to synergistic effects, where their individual properties work together
to create a more conducive environment for biogas production. For
instance, ZnONPs could assist in promoting substrate degradation,
while AgNPs might exhibit antimicrobial properties, potentially
reducing unwanted microbial competition [44]. Due to the conductive
nature of metal NPs, their incorporation could potentially be utilized to
improve DIET, thereby promoting the proliferation of biofilms within
the AD system. Recent studies have indicated that the incorporation of
electrically conductive materials can elevate DIET among electroactive
microorganisms [45].

Furthermore, immobilizing the inoculum within a cryogel matrix
helps to retain the microbial population within the anaerobic digestion
system. The cryogel matrix provides a supportive structure that
prevents the loss of microorganisms during the operation of the reactor.
This enhanced microbial retention ensures a stable and consistent
microbial community, promoting the resilience and efficiency of the
anaerobic digestion process. The cryogel matrix acts as a physical
barrier that protects the microorganisms from shear forces and changes
in environmental conditions, such as pH fluctuations or temperature
variations. This protection helps to maintain a more stable microbial
activity, reducing the risk of process imbalances and potential system
failures. Overall, immobilizing the inoculum within a cryogel matrix in
the anaerobic digestion process can provide benefits, such as improved
microbial retention, enhanced process stability, increased reactor
performance, extended operational lifespan, and scalability. These
advantages contribute to the optimization and efficiency of anaerobic
digestion, promoting sustainable waste management and bioenergy
generation [46].

3.3. Biogas composition

The valorization of agro-industrial by-products through fermentation
has gained increasing attention in biofuel production and circular
economy strategies. Among these, brewery spent grain (BSG), a major
by-product of the brewing industry, represents a valuable feedstock for
biohydrogen, carboxylic acids, and methane production via microbial
fermentation and anaerobic digestion [47].

Recent studies have demonstrated that BSG hydrolysis releases
fermentable sugars and organic acids, which can serve as precursors
for biohydrogen production through dark fermentation, followed
by methane generation from residual biomass (Brewery spent grain
valorization through fermentation: Targeting biohydrogen, carboxylic
acids, and methane production). This two-stage bioconversion process
enhances overall energy recovery and optimizes substrate utilization
[48].

The maximum yield of biogas and biomethane produced from each
reactor and biogas composition are illustrated in Figure 8. As shown
in Figure 8(a), the biogas and biomethane production was found to
be in R4-(FW+cryogel+NPs) followed by R3-(FW+NPs), and R2-
(FW+cryogel). The lowest production rate was recorded for R1-(FW).
Furthermore, in the reactor nominated R1-(FW), results displayed that
the biogas composition in this reactor consists of approximately 40.64%
methane, 28.5% carbon dioxide, 17.5% nitrogen, and 13.35% other
gases. This indicates that methane is the predominant component of
the biogas, followed by carbon dioxide. The presence of nitrogen and
other gases suggests the presence of impurities or non-methane gases.
Likewise, In R2-(FW+cryogel) reactor, the biogas composition shows
an increase in methane content compared to R1. It contains around
47.83% methane, 19% carbon dioxide, 18.2% nitrogen, and 14.97%
other gases. The addition of the cryogel matrix might have contributed
to improved methane production, resulting in a higher methane
percentage in the biogas. The biogas composition in R3-(FW-+NPs)
reactor exhibits a further increase in methane content. It consists of
approximately 54.25% methane, 12.5% carbon dioxide, 14% nitrogen,
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Figure 8. (a) Maximum biogas and biomethane yield in four reactors, (b) biogas
composition analysis at four reactors (gas produced other than the methane, carbon
dioxide, and nitrogen are included in the “others gases), (c) Balloons size of biogas
compositions %.

and 19.25% other gases. The introduction of Ag@ZnONPs might
have enhanced the anaerobic digestion process, leading to a higher
methane yield. On the other hand, the notable biogas and biomethane
production could be found in R4-(FW-+cryogel+NPs), where this reactor
shows the highest methane content among all the reactors. The biogas
composition (Figure 8b) includes about 60.15% methane, 9.5% carbon
dioxide, 11% nitrogen, and 19.35% other gases. The combined effects
of the cryogel matrix and Ag@ZnONPs in R4 likely contributed to
the significant increase in methane production compared to the other
reactors.

As shown in Figure 8(c), the biogas composition can be represented
using balloon diagrams, where the size of each balloon corresponds
to the percentage of a specific gas in the biogas mixture. The larger
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the balloon size indicated, the higher the percentage of that gas. The
balloon size of methane had the largest percentage compared with
other gases. Generally, the biogas composition analysis reveals that
the addition of the cryogel matrix and Ag@ZnONPs in the reactors
has a positive impact on methane production. The highest methane
content is observed in R4, where the cryogel matrix and NPs are used
together. These findings suggest that the utilization of these additives
can enhance the anaerobic digestion process and improve the quality of
biogas generated, which is beneficial for bioenergy production.

The research highlights an interesting result: Ag@ZnONPs and the
PVA/Ch cryogel matrix work in concert to improve biogas output during
anaerobic digestion. The research demonstrates the increased biogas
output from this combination, although it did not precisely explain the
precise mechanism behind their synergistic impact. This phenomenon
likely arises from the combined attributes of Ag@ZnONPs and the
cryogel matrix, which individually possess unique characteristics. Ag@
ZnONPs exhibit catalytic properties that potentially accelerate the
breakdown of recalcitrant compounds present in the substrate, thereby
enhancing biogas yield. Meanwhile, the PVA/Ch cryogel matrix might
serve as a supportive environment for the immobilized anaerobic
sludge, promoting microbial activity and providing a favorable
microenvironment for digestion processes. The intricate interplay
between these components, potentially involving increased surface area
for catalytic reactions, improved substrate accessibility, and enhanced
microbial activity within the cryogel matrix, could contribute to the
observed synergistic effect. However, further research and detailed
investigations are warranted to precisely delineate the underlying
mechanisms driving this synergy and its precise contributions to the
augmented biogas production observed in the anaerobic digestion
process.

Nanotechnology has transformed several scientific and industrial
fields by allowing exact manipulation of material characteristics at
the nanoscale. This methodology has markedly enhanced procedures
in medical, electronics, environmental research, food safety, building,
energy conversion, harvesting, storage, and biofuel generation.
Progress in nanomaterials and nanostructures has improved efficiency,
functionality, and sustainability in these domains, fostering innovation
and broadening applications in renewable energy, bioprocessing, and
environmental remediation [49].

AgNPs play a significant role in fermentative biohydrogen
production by enhancing substrate utilization, bacterial metabolism,
and acidogenesis. Studies have shown that AgNPs can significantly
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Figure 9. Reduction efficacy (%) for some physicochemical parameters in mixture FW substrate after inoculation in four AD
reactors (a) R1-(FW), (b) R2-(FW + cryogel), (c) R3-(FW +NPs), and (d) R4-(FW + cryogel + NPs) after digestion time of 40 days.
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increase hydrogen yields and reduce the lag phase during synthesis
[50]. Zhao et al. [51] found that 20 nmol/L Ag NPs in an anaerobic
batch reactor with Clostridium butyricum increased H, production by
67.6% (2.48 mol H,/mol glucose) and accelerated microbial adaptation.
Further, Khan et al. [52] compared AgNPs synthesized from henna and
DU-C2 actinomycete with Clostridium beijerinckii, where henna-assisted
NPs increased biohydrogen yield (1.71 mol H,/mol glucose), while DU-
C2-assisted NPs had a negative effect. Yildirim et al. [53] examined
silver oxide nanoparticles synthesized using Chlorella sp. microalgae.
When applied to Clostridium sp., 400 mg/L silver oxide nanoparticles
boosted H, production by 17% (2.44 mol H,/mol glucose). Likewise,
AgNPs improve hydrogen production efficiency by stimulating
metabolic pathways, supporting microbial activity, and enhancing
enzyme immobilization, making them a promising tool for biohydrogen
generation [54].

3.4. Degradation rate of FW

The percentage of reduction in various physicochemical parameters
after 40-day digestion period in different AD reactors is presented as
reduction efficacy values. Results illustrated in Figure 9(a-d) indicated
that the reduction percentages of TS were 51.6% (R1), 57.67% (R2),
61.9% (R3), and 66.34% (R4). Similarly, reductions in VS were 44.16%
(R1), 55.8% (R2), 73.6% (R3), and 74.8% (R4). TP exhibited reductions
of 56.2% (R1), 62.17% (R2), 66.8% (R3), and 78.02% (R4). Further,
TKN showed reductions of 49.31% (R1), 61.2% (R2), 67.3% (R3), and
69.3% (R4). Likewise, the ammonia content decreased by 73.2% (R1),
78.4% (R2), 80.37% (R3), and 83.9% (R4). Additionally, the reductions
in tCOD were 72.69% (R1), 76.6% (R2), 79.71% (R3), and 82.06%
(R4), whereas sCOD) reductions were 64.56% (R1), 68.13% (R2),
71.6% (R3), and 74.8% (R4) (Figure 9a-d).

The reduction efficacy data demonstrates the performance of the
AD reactors in diminishing the physicochemical properties of the food
waste substrate during a 40-day digesting period. The findings indicate
that including cryogel, NPs, and their combination into the FW substrate
in the anaerobic digestion reactors enhanced reduction effectiveness for
most parameters relative to the reactor using only food waste (R1).

Reduced waste volume, enhanced biogas generation potential,
nutrient recycling, and process stability are all indicated by the decrease
in total solids and volatile solids during anaerobic digestion. These
reductions are crucial for effective waste management, renewable
energy production, and sustainable resource recovery from organic
waste. Volatile solids are the principal contributors to biogas production
during anaerobic digestion. The reduction in VS signifies the effective
conversion of organic matter into biogas, which typically consists of
methane and carbon dioxide (CO,). Biogas can be utilized as a renewable
energy source for electricity generation, heat production, or as a vehicle
fuel. Therefore, a higher reduction in VS indicates a higher potential
for biogas production, leading to energy recovery and reduced reliance
on non-renewable energy sources [55]. The reduction in TS and VS is
an indicator of the stability and efficiency of the anaerobic digestion
process. A higher reduction signifies effective microbial activity and
degradation of organic matter. Process stability is crucial to maintain
optimal operating conditions, prevent process inhibition, and avoid the
accumulation of volatile fatty acids or other intermediates that could
hinder the digestion process. The reduction in TS and VS indicates a
well-functioning anaerobic digestion system capable of sustaining the
degradation of organic waste over an extended period [56].

Stacked bar charts can be an effective graphical representation
to illustrate the reduction percentages of various physicochemical
parameters in conjunction with biogas and biomethane production
data from the reactors. These physicochemical parameters can
include TS, VS, COD, pH, NH,-N, phosphorus, etc. The percentage
reduction or change in the values of the physicochemical parameters
and production of biogas and biomethane have been represented in
Figure 10(a). Each bar in the chart represents a reactor or a specific
condition being studied. The height of the bar corresponds to the
reduction percentage achieved for a particular parameter. By using a
stacked bar chart, the reduction percentages of various physicochemical
parameters can be visually compared and analyzed alongside biogas
and biomethane production data. This graphical representation allows
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Figure 10. (a) Stacked bars representing the reduction percentages of various
physicochemical parameters alongside biogas and biomethane production from the
reactors. This visual representation enables a comparative analysis of reduction
efficiencies and gas production across different experimental conditions, (b) a
correlation coefficient plot, illustrating the relationship between the physicochemical
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for a comprehensive understanding of the relationship between process
performance, reduction efficiencies, and biogas/biomethane production
in the studied reactors.

Figure 10(b) indicates a strong correlation between the efficacy of
AD reactors in degrading organic compounds and biogas production,
suggesting that as the degradation of organic compounds improves,
there is a corresponding increase in biogas production. This finding
implies that the efficiency of the AD process in breaking down organic
compounds directly influences the generation of biogas. The correlation
coefficient provides a quantitative measure of the strength of this
relationship. A high positive correlation coefficient value close to +1
would indicate a strong positive correlation between organic compound
degradation and biogas production.

The observed synergistic impact of Ag@ZnONPs and the cryogel
matrix in augmenting biogas generation may be ascribed to several
mechanistic interactions during the anaerobic digestion process.
Ag@ZnONPs serve as electron mediators, promoting DIET between
syntrophic bacteria and methanogenic archaea, thereby enhancing
methane synthesis. Furthermore, ZnONPs augment the enzymatic
activity by facilitating hydrolytic and fermentative enzymes, hence
enhancing the degradation of complex organic materials into accessible
substrates. AgNPs preferentially inhibit non-methanogenic bacteria,
diminishing microbial competition and promoting methanogenic
communities, hence enhancing the efficiency of the biogas conversion
process. Moreover, the elevated surface area of Ag@ZnONPs facilitates
microbial adhesion and promotes substrate accessibility, hence
augmenting the efficiency of organic matter breakdown. The cryogel
matrix enhances this process by maintaining microbial retention,
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providing a safe habitat for methanogens, and inhibiting biomass waste.
Collectively, these processes enhance biogas output, methane yield, and
the overall efficacy of anaerobic digestion in the R4-(FW+cryogel+NPs)
reactor.

4, Conclusions

This study demonstrates the potential of food waste as a viable
bioenergy source through advanced AD techniques. The integration
of Ag@ZnONPs catalyst and cryogel-immobilized AS significantly
improved biogas and biomethane production, with the highest yield
observed in R4-(FW+cryogel+NPs). The synergistic effect of NPs
and cryogel enhanced substrate degradation, microbial retention,
and process stability, leading to higher methane content and better
conversion efficiency. The findings suggest that this approach can
be scaled for industrial applications, particularly in municipal waste
treatment plants and agro-industrial facilities, where enhanced AD
performance can contribute to sustainable waste management and
renewable energy generation. These advancements align with global
efforts to develop environmentally friendly waste-to-energy solutions
and promote circular economy principles.
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