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A B S T R A C T

Anaerobic digestion (AD) is a promising biotechnology for organic waste management, simultaneously 
contributing to sustainable bioenergy generation. Despite its potential, enhancing methane production and 
achieving process optimization remain significant challenges. The integration of nanomaterials (NMs) into AD 
systems has shown promise in enhancing biogas quality and yield, as well as stabilizing the process. Nevertheless, 
the diversity of NMs (including metallic and carbon-based) applied to various types of organic wastes leads to 
inconsistent results, highlighting the need for a more comprehensive understanding of the underling biochemical 
mechanisms when NMs are incorporated. This review examines current research challenges and opportunities 
related to the application of NMs in the AD processes. Through a systematic literature review, following a 
protocol for the selection of scientific articles and patents, 46 articles and 36 patents are identified. The majority 
of relevant studies are concentrated in developed countries, and patent analysis suggests the technology is 
evolving from the emerging stage to the growth phase, with maturity anticipated by 2037. Metadata analysis 
reveals that the application of NMs can enhance biogas production by up to 25 % compared to conventional AD 
processes, with iron-based metallic NMs demonstrating superior methane yield in the treatment of manure, 
sewage sludge, and lignocellulosic waste. In contrast, carbon-based NMs, while less effective in enhancing biogas 
yield, also face cost-related barriers that may hinder industrial scalability. This article identified seven key 
research challenges and opportunities to guide the application of NMs in AD processes and promote their large- 
scale implementation in waste-to-energy conversion.
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1. Introduction

The rapid growth in global population, industrialization, and con
sumer demand for goods and services has significantly increased the 
need for energy, which is predominantly supplied by non-renewable 
energy sources such as oil, coal, and natural gas [1]. According to Dik
shit et al. [2], approximately 88 % of the world’s energy is derived from 
non-renewable sources. The extensive use of fossil fuels has led to sub
stantial greenhouse gases (GHG) emissions, contributing to climate 
change and environmental degradation [3]. This has created an urgent 
need for alternative energy sources to reduce reliance on fossil fuels, 
supporting sustainable development in modern societies [4].

Renewable energy sources like wind, hydroelectric, solar, and 
biomass energy are increasingly being explored as viable alternatives 
[2]. Among these, biomass holds particular promise, as it can be trans
formed into biofuels, biodiesel, bioethanol, bioelectricity, and biogas 
through various conversion technologies [5,6]. Specifically, anaerobic 
digestion (AD) presents unique advantages by simultaneously address
ing organic waste management and clean energy generation. Unlike 
solar, wind, or hydroelectric systems, AD utilizes biodegradable feed
stocks such as agricultural residues, food waste, and animal manure to 
produce biogas and nutrient-rich digestate, thereby contributing to both 
energy and soil fertility systems. This dual functionality enables circular 
resource use and significantly reduces greenhouse gas emissions through 
methane capture and fossil fuel substitution [7]. Furthermore, AD sys
tems are scalable, from rural household digesters to centralized indus
trial facilities, making them accessible to off-grid communities and 
aligned with decentralized energy models. Importantly, AD contributes 
directly to multiple United Nations Sustainable Development Goals 
(SDGs), including SDG 2 (Zero Hunger), SDG 6 (Clean Water and Sani
tation), SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable 
Cities and Communities), SDG 12 (Responsible Consumption and Pro
duction), and SDG 13 (Climate Action). Its indirect benefits extend to 
SDG 1 (No Poverty), SDG 3 (Good Health and Well-being), and SDG 8 
(Decent Work and Economic Growth), reinforcing its role as a critical 
technology in achieving a sustainable and inclusive bioeconomy [8,9].

AD is a biological process in which organic waste is decomposed 
through the action of microorganisms in the absence of oxygen, pro
ducing biogas primarily composed of methane (CH4), carbon dioxide 
(CO2), and traces of hydrogen sulfide (H2S) [10]. The efficiency of AD 
depends on various factors, including substrate pH, carbon-to-nitrogen 
(C/N) ratio, temperature, and hydraulic retention time.

To optimize AD, researchers have experimented with various addi
tives and inoculants, such as microbes, enzymes, biological metabolites, 
anti-foaming agents, activated carbon, graphite, chelating agents, and 
nanoparticles, to enhance biomethane production [3]. These additives 
play a critical role in supporting the microbial consortia, particularly by 
promoting biofilm formation and facilitating electron transfer between 
species [11], which are crucial for high-quality biogas production [12]. 
However, cost constraints limit the industrial application of certain 

additives, as they may not justify their expense or effectively generate 
value-added products from the AD [3,13]. The most applicable additives 
are those with reuse potential or produced through biosynthesis pro
cesses [14].

Nanomaterial (NM) additives have gained considerable attention for 
their potential to improve AD process stability and increase biogas 
quality and yield. NMs are three-dimensional particles, typically 1–100 
nm in size [12,15], that can influence biochemical and physicochemical 
processes within AD (16). Early studies in 2006 examined NM applica
tions in AD of animal manure, but the specific effects on biogas pro
duction were not detailed. The first investigation into the impact of 
particle size of metal oxides (ZnO and CuO) on methane and biogas 
production in AD was conducted in 2011 [17]. A subsequent study in 
2014 examined the application of iron nanoparticles, assessing both 
their effects on anaerobic processes and their economic feasibility for 
future large-scale implementation [18].

NMs are generally categorized as metallic nanoparticles, carbon 
nanotubes, and metal oxides [13]. Their unique characteristics, 
including high particle concentration per unit weight, high 
surface-to-volume ratio, and confinement effects, distinguish them from 
bulk materials of the same composition, imparting distinct properties 
that can enhance AD performance [19].

The biogas yield and methane purity achieved in AD can vary widely 
depending on the type of NM used [16]. For example, metallic NMs such 
as Fe, Ni, Zn, and Mn have positively affected biogas yield and methane 
content. In contrast, NMs containing Ag and Ti may exhibit antibacterial 
properties that could inhibit the AD process [20]. Moreover, Tian et al. 
[21] found that combining metallic NMs (Fe, Ni, Co, Ni) with 
carbon-based NMs (e.g., activated carbon, graphene, and biochar) can 
enhance microbial activity across different AD stages. Thus, NMs are 
excellent electron acceptors or donors across all stages (from hydro
genotrophic bacteria to methanogenic archaea) of the AD process, 
helping to improve the quality of value-added byproducts (biogas and 
digestate) [16].

Numerous studies have investigated NM influence on AD. Recent 
reviews by researchers such as Khan et al. [22], Salehi and Wang [23], Li 
et al. [24], Ugwu and Enweremadu [25], Jeyakumar and Vincent [26], 
Hassanein et al. [27], Kong et al. [9], and Zhu et al. [28] analyse NM 
effects in AD through bibliometric, conceptual, or critical perspectives. 
These qualitative approaches, however, introduce subjectivity, poten
tially resulting in data loss. Parra-Orobio et al. [3] recommend system
atic and metadata-driven reviews using specialized software to assess 
the range of variables influencing AD, as non-systematic methods may 
produce inconsistent findings.

Current research reveals that NM use in AD still requires a deeper 
understanding of microbial diversity, the biochemical mechanisms that 
underpin NM interactions, and their impacts on AD biological and 
chemical reactions [29]. Studies have also investigated iron NM recov
ery in reactors to reduce NM presence in digestate [29] and identified 
mechanisms of NM deactivation over time [30], yet further investigation 
is required to address environmental implications of NMs post-AD. 
González et al. [31] highlight that while NMs may improve AD effi
ciency, their potential release into the environment, especially through 
digestate application to soil, could impact nutrient cycles and 
biochemical processes.

This article identifies challenges and opportunities for implementing 
NMs in AD on an industrial scale with economic feasibility in mind. 
While previous reviews (e.g. Refs. [9,22–28]) focus on specific NMs or 
AD substrates, this study offers a comprehensive analysis of NM effects 
in AD, employing statistical tools and models to assess synergistic or 
antagonistic interactions and evaluate technology maturity. Addition
ally, it includes a patent review to predict technology performance at 
full scale. The article concludes with a discussion of challenges and 
perspectives, providing insights for advancing NM-based AD applica
tions in waste-to-energy conversion.
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2. Materials and methods

2.1. Literature search

A systematic literature search was performed using major scientific 
databases, including Scopus® and Web of Science (WOS)®, with search 
strings such as “nanoparticles AND anaerobic digestion,” “nano
materials AND organic waste AND anaerobic digestion,” “nanoparticles 
AND lignocellulosic waste AND anaerobic digestion.” These databases 
were selected for their size and recognition in the scientific community 
[32]. Additionally, a patent analysis was conducted following the 
guidelines of Sinisterrra et al. [33] and Cely-Bautista et al. [34], using 
the same keywords across Google Patents®, Scopus Patents, and Lens® 
databases. The data collected was further processed using the free 
version of the Esp@cenet® software. The search covered scientific ar
ticles and patents published between January 2010 and June 2023 to 
capture current trends in NM-based AD applications. This period was 
selected as it captures shifts in research trends within a rapidly evolving 
field and aligns with the timeframes adopted in previous reviews on 
anaerobic digestion, food waste, and related topics [7,35]. This search 
retrieved a total of 136 articles and 86 patents.

2.2. Selection criteria

To focus on recent advances in NM applications in the AD of organic 
waste, a systematic review was conducted following the PRISMA® 
methodology. PRISMA® provides a structured framework for identi
fying, selecting, and analysing data from databases [3] and has been 
previously employed in solid waste management studies [36–38]. Fig. 1
outlines the stages for information retrieval and organization, incorpo
rating three filtering criteria: i) the title or abstract must contain key
words or their variants, specifically “nanoparticles,” “nanomaterials,” 
“anaerobic digestion,” “organic waste,” or “lignocellulosic waste”; ii) 
the article or patent must present data on NM application in the AD 
process of organic waste; and iii) publications included must be original 
research articles, excluding review or conference papers, with no 

duplicate patents across different databases. Following these criteria, 46 
articles were deemed relevant, downloaded in CSV format, and pro
cessed using Excel® software [3]. Additionally, 36 patents met the 
established selection protocols.

2.3. Synthesis and analysis of information (articles and patents)

The consolidated data in CSV format were exported and analysed 
using the Bibliometrix® tool (University of Naples Federico II in Naples, 
Italy). Bibliometrix is an open-source R package developed for quanti
tative research in scientometrics and bibliometrics [38]. Using this tool, 
insights was obtained on countries with the highest academic produc
tivity, research trends, and thematic maps, which categorized themes 
into four quadrants: i) driving themes, ii) basic themes, iii) emerging or 
declining themes, and iv) highly specialized or niche themes [3].

The selected articles were reviewed to extract information on the 
effects of NM use on variables such as biochemical methane potential 
(BMP), and the efficiency of reducing chemical oxygen demand (COD), 
volatile fatty acids (VFAs), and pH levels. These variables were statis
tically characterized using box plots and frequency analysis in R®, 
allowing for comparison of NM effects [39]. Additionally, the inter
quartile range was used to identify any outliers.

For patent analysis, a Technology Life Cycle (TLC) analysis was 
conducted to assess the advancement stage of the technology. The lo
gistic growth model (Equation (1)) proposed by Sinisterrra et al. [33] 
was applied to represent TLC growth over time, with model fitting 
performed using Monte Carlo simulations (1000 iterations) to minimize 
the mean squared error. The simulations were performed using Mat
lab2022b® software (MathWorks, Inc. Natick, Massachusetts, United 
States). The model fitting considers patent records from 2011 to 2023, as 
patents are typically published within 18 months after initial submission 
[40]. 

Y(t)=
L

1 + e− k(t− t0)
Equation 1 

Where Y(t) is the dependent variable representing the S-curve; L is the 

Fig. 1. Overview of the information retrieval and organization stages. (a) Search engines used for quantifying patents and scientific documents published between 
2010 and 2023; (b) Selection process for identifying relevant articles on NM application in the AD of organic waste; (c) Selection process for patents related to the use 
of NMs in AD for organic waste management, detailing the filtering criteria applied and final selection of patents.
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asymptotic (maximum) value; and t0 and k are model parameters 
automatically defined by the software, representing the midpoint and 
slope, respectively. Using these parameters, technology indices such as 
the Technology Maturity Ratio (TMR), Predicted Number of Patents 
(PPA), and Expected Remaining Life (ERL) were estimated according to 
Yoon et al. [40]. These indices were calculated with Equations (2) and 
(3), where TMR (its value ranging from 0 to 1) indicates the proximity of 
the technology to its maximum development level, and PPA forecasts 
potential patent registrations: 

TMR(t)=
Lnow

L
Equation 2 

PPA(t)= L − Lnow Equation 3 

Where Lnow represents the cumulative number of patents at time t. 
Setting t to a specific year enables estimation of TMR and PPA for that 
time. For ERL, Equation (4), estimates the remaining lifespan, assuming 
a threshold ρ where the cumulative patent count reaches of 90 % of L. 

ERL(t)=Tρ − t Equation 4 

Where Tρ is the projected year when cumulative patents reach ρ × L. 
Following Gao et al. [41], the TLC curve indicates the following tech
nology stages: i) emerging stage, with minimal competitive impact; ii) 
growth stage, marked by high competitiveness without products inte
gration; iii) maturity stage, characterized by competitive impact and 
product integration; and iv) saturation stage, indicating reduced 
competitiveness and a shift towards cost reduction [42].

To evaluate the synergistic or antagonistic effect of NM on AD pro
cesses, forest plots were created in R® using the "forestplot" package, as 
recommended by Nigussie et al. [43]. Each box in the diagram repre
sents the average effect size of NM on the examined variables, with 
horizontal lines indicating 95 % confidence intervals (CIs). The mean 
effect sizes and CIs were transformed for ease of interpretation, with the 
percentage change calculated using Equation (5). 

EB=([R − 1])*100 Equation 5 

Where EB represents the effect of NMs, and R is the mean effect size after 
inverse transformation. The effect of the NMs was considered significant 
if the p-value was <0.05 and if the CIs did not overlap zero. For sub
group analyses, a significant difference was indicated if CIs did not 
overlap.

3. Results and discussion

3.1. Trends and current status NM applications in AD

Fig. 2 presents the global trends in NM applications in the AD of 
organic waste, focusing on both academic publications and patent filings 
between 2011 and 2023 (Table 1-Supplementary). Developed countries 
dominate this area, producing 57.5 % of the publications and 97.5 % of 
patents. Notably, China stands out with 29 articles and 17 patents. Cely- 
Bautista et al. [34] attribute China’s significant output to its strategic 
focus on creating industrial clusters for NM production using low-cost 
manufacturing. This approach has enabled China to surpass developed 
countries like the United States, United Kingdom, Germany, and Japan 
in NM research and technology development. Within European Union, 
the adoption of NM technologies in AD is expected to increase in 
alignment with policies supporting renewable energy. This shift has 
already led to a 30 % rise in methane production via AD, highlighting 
the EU’s commitment to sustainable energy [44]. It is worth high
lighting the findings for Canada, where no publications were identified, 
but patents were (Table 2-Supplementary). This is possibly due to the 
significant use of nanomaterials in the Canadian market, particularly in 
the environmental and energy sectors. Moreover, patent holders appear 
to target markets with strong regulatory frameworks and advanced 

implementation of this technology, which contrasts with the situation in 
developing countries.

In contrast, while developing countries contribute 42.5 % of the in
tellectual output on this topic, they lag behind in patent production, 
limiting the practical impact of their research. Egypt’s progress is 
particularly noteworthy, as it has recently increased its academic con
tributions in NM-related AD research. This advancement can likely be 
attributed to strategic investments made in nanotechnology, which 
elevated Egypt’s rank in the field by 15 places in 2018, positioning it 
22nd out of 106 countries [45]. This progress aligns with Egyptian 
policies aimed at developing alternative energy sources, supporting the 
country’s efforts in sustainable energy initiatives [46].

3.2. Correlations and advances in NM applications in AD

Fig. 3 shows the thematic development and corrections in NM ap
plications within AD of organic waste, with a thematic map (Fig. 3a) and 
Multiple Correspondence Analysis (MCA) (Fig. 3b). In the thematic map, 
keywords are categorized by relevance and research maturity. Keywords 
such as "nanomaterials," "biogas production," "greenhouse gases," and 
"life cycle analysis" appear as motor themes, indicating well-established, 
high-impact areas in the field. Notably, while the term "biogas produc
tion" is prominent in the MCA, it differs from "methane production," 
which more directly aligns with energy yield enhancements associated 
with NM use in AD. Some studies, such as Cerrillo et al. [30], distinguish 
between biogas production and methane production, the latter of which 
improves biogas energy content and quality through in-situ 
enhancement.

The MCA further classifies "anaerobic digestion" and "methane pro
duction" as basic themes, indicating their foundational importance but 
highlighting a need for additional research to advance these topics [47]. 
While some NMs can significantly boost biogas production, other studies 
report only modest gains, focusing more on methane content [30]. This 
differentiation between "biogas production" and "methane production" 
is crucial, as the latter directly impacts energy value. As research on 
these terms develops, they may evolve into motor themes.

Emerging or declining themes, such as "nanoparticles" and "microbial 
community analysis", show low density and centrality, suggesting these 
topics are still relatively underdeveloped. According to López-Robles 
et al. [48] and Assis and Gonçalves [49], such topics may present 
cross-cutting themes in AD research but lack novelty. Fig. 3b presents 
three clusters of NM related variables in AD. The largest cluster (red) 
centres on NM applications for biogas generation, methane production, 
biohydrogen, and volatile fatty acids, along with NM-related inhibition 
processes. This cluster underscores biogas generation as a pivotal vari
able, highlighting recent advances in the effects of NMs on AD perfor
mance and microbial community structure. However, studies on 
combining NMs to simultaneously enhance biogas quality and yield 
remain limited [50]. The blue cluster in Fig. 3b focuses on NMs’ role in 
direct interspecies electron transfer (DIET) in AD, a field gaining 
attention as researchers explore how NMs influence microbial electron 
exchange [50]. The green cluster emphasizes NMs’ impact on green
house gas (GHG) emissions, with Hijazi et al. [51] asserting that specific 
NMs, like cobalt nanoparticles, can notably reduce GHG emissions.

Fig. 4 depicts the evolution of scientific publications and keyword co- 
occurrence from 2010 to 2023, based on data from WoS® and Scopus®. 
Larger circles in the cluster map correspond to years with greater pub
lication. At the same time, Fig. 4a highlights that “nanomaterials” and 
“anaerobic digestion” as consistently dominant terms, particularly in 
2021, make a surge in publications. Before 2021, “inhibition,” “inhibi
tion constants,” and “silver nanoparticles” were prevalent terms. Post- 
2021, terms such as “biogas,” “bioenergy,” and “nanomaterials” 
gained prominence, indicating a shift in focus from AD process chal
lenges to value-added products like biogas and energy. The changing 
frequency of terms over time reflects an evolving focus on optimizing AD 
through NMs. Initially, studies concentrated on the AD process itself, 
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Fig. 2. Global overview of publications and patents related to the applications of NMs in the AD of organic waste. a) Academical article production; b) Patent 
development.
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Table 1 
Overview of NM applications in AD and their effects on key response variables.

Waste Type Inoculum T 
(oC)

T. F Scale D.E 
(days)

NM Dosage CH4 production % COD VFA (mg/L) pH Kinetic study Source

Primary sludge WWTP sludge 35 Batch Laboratory – TiO2/ZnO 0, 6, 30, 
150 mg/g 
TSS

N.R N.R N.R N.R N.R [67]

Food waste/Primary 
sludge

Anaerobic 
digester 
sludge

35 Batch Laboratory 28 Mg 25, 50, 80 
mg/L

341, 478, 481 55, 78,80 500, 749, 1214 N.R Yes 
(Gompertz)

[68]

Synthetic WW Brewery 
WWTP sludge

35/ 
35

Batch/ 
SemicontinuoS

Laboratory 9/30 Fe3O4 200 mg/L 128 55 N.R 7.6 No [69]

Bovine manure Anaerobic 
digester 
sludge

36 Batch Laboratory 14 ZnO/CuO 57.3 mg/L 101 N.R N.R 6.9 No [70]

Secondary sludge Anaerobic 
sludge

35 Batch Laboratory 30 Zn 1000 mg/L N.R 76.5 1200 7.3 No [71]

WWTP sludge Anaerobic 
sludge

37 Batch Laboratory 30 Fe 0.1 g/gVS 10.4 66.2 N.R 8.5 No [72]

Bovine manure Fresh bovine 
manure

37 Batch Laboratory 40 Co, Ni, Fe, Fe3O4 1, 2, 20, 20 
mg/L

208.9, 304.1, 
234.4

N.R N.R N.R No [12]

Food waste Manure 37 Batch Laboratory 59 Fe3O4 50, 75, 
100, 125 
mg/L

136.8, 213.9, 
168.5, 84.5

N.R N.R 6.74–7.11 No [73]

Buffalo dung/banano 
waste/canola straw

Buffalo dung 37 Batch Laboratory 40 Fe3O4 81 mg/L 256 – 270 7.1 No [74]

Saccharose WWTP sludge 35 Continuous Laboratory 7.5 Single-walled 
carbon 
nanotubes

1000 mg/L N.R 68.5 100 N.R Yes (first 
order)

[75]

Brewery WWTP 
sludge

Granular 
sludge

36 Batch Laboratory 4 Multi-walled 
carbon 
nanotubes/ 
Fe2O3

1500, 750 
mg/L

10.6, 11.2 97, 96.5 1.9, 2.5 N.R No [76]

Glucose Brewery 
WWTP sludge

30 Batch Laboratory 40 CeO2/ZnO 10, 100, 
500, 1000 
mg/L

1015.2, 852.6, 
594, 542.7/900, 
948.8490.5, 146

97.4, 97, 
96.7, 96.7/ 
97.4, 97.3, 
95.7, 38.5

1300, 1100, 1150, 
1000/1250, 1250, 
1200, 4600

5.9–6.94 No [77]

Pig manure Pig manure 35 Batch Laboratory 30 Fe/Fe3O4 20, 10 mg/ 
L

317.2, 322.9 52.2, 73.9 6690, 6250 7.3–7.4 Yes (first 
order)

[78]

Secondary sludge WWTP sludge 35 Batch Laboratory 50 Fe 2400 mg/L 180 48.6 2340 7.4 No [79]
Pig manure WWTP sludge 30 Batch Laboratory 1.25 Fe 3, 7, 15, 25, 

50 mg/L
46.7,48.6, 39.3, 
32.4, 14.2

80, 82.5, 85, 
89.2, 87.5

N.R 7.6–8.02 No [80]

Sheep manure Industrial 
WWTP sludge

35 Batch Laboratory 45 Carbon 60/Sin
gle-walled 
carbon 
nanotubes

50, 500 
mg/kg

40, 50/45, 60 N.R N.R 8.7–8.8 No [81]

Pig manure Pig manure 37 Batch Laboratory 22 Graphene oxide 5, 50, 100, 
500 mg/L

250, 260, 280, 240 38.2, 41.1, 
42.6, 42.8

400 7.51–7.59 No [82]

Brewery secondary 
sludge

Granular 
sludge

36 Continuous Laboratory 72 Fe2O3/Multi- 
walled carbon 
nanotubes

750, 1500 
mg/L

8374.9, 7313.2 93, 84 1 N.R No [83]

Chicken manure Chicken 
Manure 
digestate

38 Batch Laboratory 30 Fe3O4/carbon 
nanotubes

3200, 3500 196, 201 N.R 200, 100 N.R No [84]

Glucose Anaerobic 
digester 
sludge

35 Batch Laboratory 8.3 Carbon 
nanotubes

1000, 
3000, 
5000 mg/L

144.8, 147.9152.1 N.R 245, 315, 315 N.R Yes 
(Gompertz)

[85]

(continued on next page)
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while more recent research emphasizes energy outputs and biogas 
quality. This shift indicates the field’s growing interest in enhancing the 
AD process to achieve sustainable energy production, aligning with 
emerging environmental and economic priorities.

Fig. 4 (b) presents a network analysis of the 50 most frequently used 
keywords NM applications in AD from 2011 to 2023. The map organizes 
keywords into two primary clusters based on relational strength, with a 
minimum occurrence threshold of 25. between elements, resulting in 
clusters of closely related elements. The red cluster is centred on AD 
process variables and the effect of NMs, while the blue cluster empha
sizes NM sources, generation, and broader applications. Circle sizes are 
directly proportional to keyword linkage strength, with “anaerobic 
digestion” as the central term indicating its broad relevance across 
studies. In summary, the increased diversity of keywords overtime re
flects the expansion of NM applications in AD. The trend is consistent 
with technology consolidation, as research diversifies into various sub
topics, strengthening NM integration into AD for organic waste valor
isation [3].

3.3. Technological evolution of NM applications in AD

Fig. 5 presents the CVT analysis of patents associated with NM ap
plications in AD of organic waste, based on a logistic growth model. The 
model parameters are as follows: midpoint year (t0) of 2025, growth rate 
(k) of 0.2, and asymptotic limit (L) of 92 patents, yielding a high fit with 
R2 = 0.987 and MSE = 1.254. This strong model fit confirms the reli
ability of the predictive analysis for technology development stages and 
patent growth in NM-related AD applications. Key indices, including 
TMR, PPA, and ERL, were determined for the end of 2016, offering 
insight into technology’s position in its life cycle.

The TMR for NM applications in AD was approximately 10.85 % in 
early 2016, with 10 patents registered out of the projected total of 92. 
This value indicates that approximately 89.15 % of development re
mains, consistent with the thematic map (Fig. 3a) and trends in scientific 
output (Fig. 1a), reflecting that NM integration into AD is entering a 
growth phase. The position on the S-curve provides insight into strategic 
technical focuses, guiding further Research and Development (R&D) 
efforts to optimize and expand the technology.

Following the life cycle framework by Sinisterrra et al. [33], a 
technological system progresses through conception, birth, growth, 
maturity, and decline, each with distinct goals: "make it work" in the 
conception stage, "make it work properly" in the birth stage, "maximize 
performance or efficiency" in the growth stage, "maximize reliability" in 
the maturity stage, and "minimize cost" in the decline stage [52]. Given 
the TMR level, NM technology in AD is moving from birth to growth 
phase, expected to reach maturity around 2037. Kim et al. [53] indicate 
that technologies with a TMR near 10 % are emerging, which aligns with 
findings for NM applications in AD, where early-stage research is 
focused on laboratory-scale studies to understand NM performance 
under ideal conditions. As technology enters in the growth phase, 
attention will shift to optimizing production methods and assessing 
scalability.

The PPA for NM technology in AD was estimated at 82, implying 
continued growth in intellectual property output. This suggests an up
ward trend in patent applications as technology transitions to the 
growth phase, driven by increased R&D activity. The total of 10 patent 
filings in 2016 may be a precursor to sustained innovation. According to 
Urbina-Suarez et al. [54], AD represents a mature technology in indus
trial applications, capable of temporarily mitigating impacts from 
hard-to-degrade waste contaminants. However, challenges persist, 
particularly in the disposal of additives, which are often incinerated, 
regenerated, or replaced. Current research trends thus emphasize the 
development of stable, naturally derived, regenerable additives, 
including NMs with large surface areas to enhance AD efficiency.

As indicators, TMR and PPA provide valuable foresight for directing 
future R&D in NM-based AD technologies. In early life cycle stages, new Ta
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functionalities and efficiency improvements are prioritized, whereas 
maturity emphasizes reliability and cost reduction. Based on the current 
TMR of 10.85 % (Fig. 5), research focused on new functionalities and 
efficiency optimization for NM applications in AD presents significant 
invention opportunities.

The ERL of NM technology in AD is estimated at 21 years, projecting 
that 90 % of patents will be achieved by 2037 (Fig. 5). While the model 
predicts practical ERL at 13 years, critical issues, including continuous- 
flow reactor evaluations, NM performance stability, and AD 

stabilization, need addressing within this timeframe. This aligns with 
Hollas et al. [55], who used similar models to analyse AD technologies in 
circular economy applications, such as manure management. As NM 
technology advances through the growth phase, competition among 
tech-focused companies is expected to drive innovations centred on 
reliability and efficiency, leveraging established knowledge. Therefore, 
ERL and TMR indicators underscore both immediate and extended im
plications for R&D investment in NM-enhanced AD, supporting renew
able energy production and biofertilizer generation from organic waste.

Fig. 3. (a) Thematic map showing trends in the application of NMs in AD; (b) MCA related to the use of nanomaterials in the AD of organic waste.
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3.4. Identification of operational and environmental variables affecting 
NM effectiveness in AD

Fig. 6 presents a dendrogram generated from hierarchical cluster 
analysis, illustrating keyword connections in the literature on NM ap
plications in AD. These keywords are divided into two primary groups: 
application tools and process effects, which align with the groupings in 
Fig. 3b. According to Fig. 6, the analysis identified two main groups, 
further divided into three subgroups. The blue subgroup pertains to tools 
used to assess the environmental impacts of NMs in AD, especially with 
animal manure as a substrate. This focus is consistent with the findings 
of Dikshit et al. [2] and Kumaret al. [56], who highlighted that NM 
additives in AD of organic waste enhance the technology’s viability as a 
sustainable energy alternative. Their research suggests that this 
approach could potentially reduce greenhouse gas emissions by over 80 
% in regions where the technology is effectively implemented.

Life cycle assessment (LCA) studies, such as those by Hijazi et al. 
[51], provide insights into the environmental impacts of different NMs, 
such as nickel (Ni), cobalt (Co), iron (Fe), and iron oxide (Fe3O4), on 
biogas production. Among these, Co showed the least environmental 
impact when used to enhance energy production from biogas. However, 
comprehensive LCAs on NM use in AD remain limited, particularly po
tential environmental risks posed by NMs in digestates. This necessitates 
further fundamental research into the effects of NMs in digestates on 
water or soil ecosystems. Additionally, conducting economic analyses 
alongside environmental assessments would yield a more comprehen
sive LCA. As shown in Fig. 6, this subgroup represents the least diverse of 
the three identified clusters [57].

The green subgroup focuses on the biochemical and physicochemical 
reactions influenced by NMs within the AD process, particularly 
regarding inhibition control. Verma et al. [58] emphasize that metal 
NMs significantly enhance biogas production compared to AD processes 

Fig. 4. (a) Evolution of research trends in NM applications in AD of organic waste from 2011 to 2023 (n = 46); (b) Keyword co-occurrence map illustrating thematic 
relationship in NM and AD research for the period 2011 to 2023.
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without these additives. In contrast, Wang et al. [59] found that zeolite 
NMs could reduce metabolite inhibition (e.g., ammonium) in AD 
through the Ca2+/NH4

+ pathway, improving syntrophic oxidation of 
propionate. Moreover, zeolite NMs mitigate inhibition from other 
compounds in organic waste, such as phenols and long-chain fatty acids, 
aiding in the preservation of methanogenic communities. Barrena et al. 

[29] reported that magnetite NMs significantly reduce VFAs in batch 
reactors.

The red subgroup, the largest and most diverse, focuses on the effect 
of NMs on value-added by-products in AD, notably biogas (quality and 
quantity) and by-products like biohydrogen and short-chain VFAs. This 
subgroup also includes research on optimizing NM use in the AD of 

Fig. 5. Technological evolution of NM applications in AD of organic waste, based on the CVT of patents and the logistic growth model fit.

Fig. 6. Dendrogram of hierarchical cluster analysis showing keyword connections in the literature on NM applications in AD.
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wastewater treatment plant (WWTP) sludge to increase biogas produc
tion. WWTP sludge is often used as an AD substrate due to its homo
geneity and operational feasibility. This is consistent with the findings 
from Khan et al. [22], who reported that from 2010 to 2020, NM 
research in AD, particularly methane production from sludge, grew 
significantly, making it as a central research area.

Table 1 summarizes the operational and environmental factors 
examined in NM-enhanced AD of organic waste, including waste type, 
inoculum source, methane yield, NM type, study scale, NM dosage, and 
kinetic analysis. WWTP sludge dominates as the most studied waste 
type, consistent with findings from Fig. 6. For inoculum, sources pri
marily include anaerobic biomass from domestic or industrial WWTPs 
and animal manure, particularly pig manure. Hossain et al. [60] note 
that inoculum type significantly influences the quality and yield of 
biogas, with mixed inocula increasing biogas production by 2–3 times. 
Similarly, Silwadi et al. [61] found that combining bovine, camel, and 
poultry manure positively impacts biogas production, yet research on 
the effects of NMs on these mixed inocula remains limited, particularly 
regarding microbial diversity degradation.

Temperature is a critical factor in AD, influencing microbial kinetics, 
gas-liquid transfer, and biogas quality and quantity. Most studies have 
been conducted at mesophilic conditions (35–40 ◦C), with a few at 
thermophilic conditions (55 ◦C). However, no research has addressed on 
NM effects in psychrophilic AD, despite the fact that around 88 % of the 
global population lives in psychrophilic zones. Research in this area has 
shown promising energy yields [62]. Jaimes-Estévez et al. [63] and 
Martí-Herrero et al. [64] demonstrated the potential of psychrophilic AD 
for organic waste in South America, highlighting a niche for further 
study on NM applications in cold conditions. This gap represents a sig
nificant research opportunity, as Akindolire et al. [65] pointed out, 
calling for studies on metal NMs (both individually and combined) in 
psychrophilic AD. Research in this area should document interaction 
pathways between key AD enzymes and NMs under psychrophilic con
ditions, focusing on value-added products like methane yield.

Most experiments on NM-enhanced AD have been conducted in 
batch mode at laboratory scale (BMP assays), underscoring the need to 
investigate semi-continuous and continuous operations, along with 
scale-up studies to pilot and full-scale reactors. These studies are 
essential for developing design criteria and assessing economic viability 
for real-world applications. Findings from Fig. 5 indicate that NMs in AD 
are still in early technological development, emphasizing the need for 
further investigation to refine reactor design and operation. Rossi et al. 
[66] stressed the importance of reactor configuration and operating 
conditions on by-products like VFAs, highlighting the potential for in
sights from pilot-scale studies to support industrial-scale 
implementation.

The duration of experiments in NM-enhanced AD varies signifi
cantly, ranging from 1.25 to 72 days. This extended duration in certain 
studies is likely due to the nature of BMP assays for high-solid-content 
wastes, which can span 20–100 days, with a typical range between 28 
and 30 days [93,94]. Such variation in processing times may also be 
attributed to the specific type of NM used, as metallic NMs are known to 
reduce the degradation lag phase, while carbon-based NMs may extend 
it [95].

Studies predominantly use metallic NMs, composed of metals like Al, 
Au, Fe, Pt, Ag, Ti, Cu, Zn, Mg, and Ni, typically within a particle size 
range of 10–100 nm [96]. These metallic NMs enhance AD performance 
by stimulating microbial growth and permeating cell membranes, 
facilitating the breakdown of complex macromolecules into simpler 
monomers accessible for microbial consumption. However, studies like 
those by Rocha-Meneses et al. [96] suggest that metallic NMs should be 
applied at very low concentrations (<10 mg/L) to avoid the generation 
of inhibitory substances that could compromise process stability and 
efficiency. In contrast, Devi et al. [97] reported increased biogas yields 
with NM concentrations between 50 and 70 mg/L, highlighting the need 
for further studies on dosage optimization based on specific NM types 

and the economic impact of scaling up, as higher doses may increase 
operational costs. Carbon-based NMs, including granular and powdered 
activated carbon, biochar, carbon cloth, single- and multi-walled carbon 
nanotubes, graphite, and graphene [98], are also used in AD studies. 
These NMs can be categorized based on dimensionality: 
zero-dimensional NMs (e.g., graphene quantum dots, carbon quantum 
dots), one-dimensional NMs (e.g., nanotubes, nanofibers), and 
two-dimensional NMs (e.g., graphene) [99]. In AD, carbon-based NMs 
help restructure microbial consortia and enhance methane and biogas 
production rates.

NM application in the AD has produced a wide range of methane 
yields (4.03–1200 mLCH4 gVS− 1), organic matter removal efficiencies 
(37.5 %–97.4 %), VFA concentrations (1–6690 mg/L), and pH values 
(5.9–8.3). These variations likely result from differences in waste char
acteristics, NM types, and doses used across studies. NMs are recognized 
as an emerging additive with potential economic value in AD, enhancing 
catalytic efficiency and thus improving biogas quality and yield [100]. 
However, large-scale impacts of NMs remain under debate. As of 2019, 
no universally applicable guidelines existed for implementing 
NM-enhanced AD at an industrial scale [17], and this situation remains 
largely unchanged. According to the predictive model (Fig. 5), such 
commercial guidelines may only begin to take shape around 2040.

Mathematical models are critical for optimizing AD processes, 
particularly for maximizing biogas production and evaluating economic 
feasibility [3]. Most models applied in AD are theoretical, analytical, or 
statistical, designed to explain process dynamics [101], predict methane 
yields [102], evaluate inhibition effects, and determine gas-liquid mass 
transfer [3]. The most common models applied were semi-empirical, 
such as the modified Gompertz and first-order kinetic models, fav
oured for their simplicity and limited parameter requirements. How
ever, these models only capture hydrolysis and cannot simulate critical 
anaerobic process scenarios, such as acidification or pH dynamics, VFA 
concentrations, and methane content [103]. More advanced models like 
ADM1 could improve insights into the anaerobic process, simulating 
complex conditions while reducing experimental requirements, time, 
cost, and risk [104], particularly important when analysing emerging 
additives like NMs. Model calibration would be essential, considering 
NM addition may alter microbial species and metabolic pathways.

Simulating AD process with computational tools, especially AI-based 
methods, supports large-scale technology implementation. In recent 
years, AI applications have gained prominence due to their strong pre
dictive capabilities for AD performance and biogas yields [105]. 
Compared to traditional analytical and statistical models, AI techniques 
are increasingly recognized for their effectiveness in assessing NM ef
fects in AD, accelerating the path toward industrial-scale adoption.

3.5. Analysis of the effect of NM use on key variables in AD

Fig. 7 shows the effects of NMs on methane production, categorized 
by waste type in AD. Studies using manure (Fig. 7a) found that iron- 
based NMs had a greater positive effect on methane production 
compared to copper-based NMs. Iron not only reduces redox potential, 
fostering a favourable anaerobic environment, but also enhances key 
enzyme activities, particularly in the hydrolytic phase [106], which is 
often the rate-limiting stage for many organic wastes [107]. Hassan
pourmoghadam et al. [108] reported that Fe3O4 NMs induce beneficial 
changes in microbial communities, increasing hydrolytic enzyme ac
tivity, coenzyme F420 concentrations, and DIET between bacteria and 
methanogenic archaea. In contrast, copper-based NMs tend to inhibit 
due to their toxicity to anaerobic microbial consortia, leading to lower 
biogas quality [109].

For lignocellulosic waste, characterized by its recalcitrant structure 
due to lignin-cellulose cross-linking, methane production tends to be 
lower. NMs such as Au, CeO2, TiO2, and Fe3O4 are more effective with 
this type of substrate (Fig. 7b), while Ag NMs had the least impact on 
methane production, likely due to Ag’s bactericidal effects that disrupt 
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microbial DNA and cell membranes [110]. CeO2 NMs increased methane 
yield moderately, attributed to their unique oxygen-releasing capability, 
which can impact microbial metabolism, though increases in methane 
production did not exceed 20 % [111].

WWTP sludge was the most commonly studied substrate (Fig. 7c), 
absorbing contaminants from wastewater treatment that make it chal
lenging for AD. Zero-valent iron (ZVI) showed the most positive effect, 
boosting methane production by up to 70 % compared to controls, fol
lowed by ZnO and Fe2O3. In contrast, Ag and CuO NMs had minimal 
effects, likely due to their inhibitory impacts on microbial and 

physicochemical processes AD. For example, Ag NMs can release metal 
ions that bind to and inactivate cellular proteins and nucleic acids in AD 
[112]. Additionally, CeO2, despite its effectiveness with lignocellulosic 
waste, demonstrated less consistent results with sludge, potentially due 
to its effect on functional microbial groups critical for sludge degrada
tion [113].

Fig. 8 highlights the predominant use of metallic NMs, particularly 
transition metals, in enhancing methane yields in AD, compared to 
carbon-based NMs. This analysis associated with methane performance 
was carried out for batch reactors, since these represented around 90 % 

Fig. 7. Effect on methane production by substrate type and metallic NM: (a) NMs used in manure; (b) NM used in lignocellulosic waste; (c) NM used in sludge.
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of the articles identified for this variable, thus allowing an analysis of the 
results at the same feed scale of the reactors in each study. Among 
metallic NMs, Fe is the most widely used, appearing in 42 samples, 
including alloys. Its abundance in nature and extensive industrial ap
plications make it more accessible than other metals. Additionally, 
magnetic metallic NMs, such as Fe-based materials, can be easily sepa
rated from the digestate after digestion, adding operational conve
nience. The state and form of Fe applied in AD offer various benefits. For 
example, ZVI enhances methane production by releasing hydrogen 
during corrosion/oxidation, which serves as an electron donor for 
methanogens, activating the hydrogenotrophic metabolic pathway. It 
also supports homoacetogenic pathways by facilitating acetic acid pro
duction, which acetoclastic methanogens can then convert to methane 
[30]. This hydrogen release creates a favourable reductive environment 
for methanogenesis [114]. Other Fe-based NMs, such as Fe2O3 and 
Fe3O4, dissolve in water and generate Fe (II) and Fe (III), serving as 
essential micronutrients for microbial activity or as electron donors in 
redox reactions that drive the conversion of organic matter to methane 
[115], thereby contributing to elevated methane yields (see Fig. 8).

In contrast, methane yields associated with the use of Ni-based NMs 
are the lowest among metallic NMs, likely due to toxicity issues at 
certain doses. Even low concentrations of Ni (e.g., 1 mg per g-TSS) can 
be toxic to acetoclastic methanogens, and higher doses can inhibit 
multiple phases of the AD process [116]. Therefore, understanding the 
optimal Ni concentration at the nanoscale remains essential, as Ni, in 
controlled doses, has been reported to stimulate methane production 
[117]. Further research is necessary to elucidate the mechanisms of Ni in 
AD and to optimize its application for methane yield enhancement.

The application of carbon-based NMs in AD has garnered significant 
interest due to their advantageous physical and chemical properties, 
such as high electrical conductivity and adsorption capacity. These 
properties support microbial growth by creating adaptable environ
mental conditions. However, high-cost limits widespread use in AD, 
which may explain their limited application [26]. Dosage is another 

critical factor; for instance, Baniamerian et al. [118] indicate that high 
concentrations of graphene (>2 g L− 1) can inhibit microbial activity, 
suggesting that cytotoxicity could become an adverse effect at elevated 
doses.

To address these challenges, researchers like Liu et al. [119] have 
explored the potential of metal-carbon hybrids, known as metallogenic 
hybrids, to reduce toxicity while leveraging the benefits of both material 
types. These hybrids, characterized by high porosity, multifunctionality, 
and customizable structures, hold promise for AD applications. 
Furthermore, their adaptability and scalability could be enhanced 
through machine learning techniques. However, further research is 
needed to evaluate the sustainable application of these hybrids in bio
logical processes.

A synergistic or antagonistic analysis of NM applications revealed 
that NMs could significantly enhance methane production in AD 
(Fig. 9a). Methane yield improvements ranged from − 10 % to 50 %, 
indicating variability in NMs’ ability to stimulate microbial consortia 
and initiate organic matter degradation. Ag NMs generally exhibited 
synergistic effects, increasing methane production by 15 %–20 %, 
although reductions up to 20 % were also observed. Mg NMs also 
improved yields, with methane increases of 17 %–30 %, while Fe NMs 
showed no antagonistic effects, boosting yields by up to 25 %. In 
contrast, Ni and CuO exhibited inhibitory effects, reducing methane 
production by up to 7 % and 5 %, respectively. The addition of Fe2O3, 
Fe3O4 and CeO2 improved methane yields by 5 %–63 %, with Fe3O4 
performing best. ZnO, TiO2, and NPV0 displayed considerable vari
ability, but overall demonstrated synergistic effects by enhancing bio
logical activity and methane production. NPV0 increased methane 
yields by up to 55 %, with an average increase of 27 %, followed by TiO2 
at 24 % and ZnO at 15 %. Carbon-based NMs, although generally syn
ergistic, yielded relatively low increases, not exceeding 5 %. Significant 
effects on methane production were found with Fe3O4 (p = 0.013), 
Fe2O3 (p = 0.038), CeO2 (p = 0.042), ZnO (p = 0.035), Ppy/Fe3O4 (p =
0.017), LaFeO3 (p = 0.003), as well as Ni, Mg, Co, Fe (p = 0.014), 

Fig. 8. Methane yield based the type of NM applied in AD of organic waste.
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implying that these metal-based NMs are valuable for accelerating the 
AD process and improving byproduct quality. Conversely, no significant 
effects (p > 0.05) were observed with carbon-based NMs or CuO in 
methane production.

NMs also positively impacted organic matter removal, as indicated 
by COD reduction (Fig. 9b). Ni NMs achieved limited COD reduction (10 
%–15 %), while Ag, Mg, and Fe exhibited COD removal rates of 50 %–60 
%, with Mg showing lower variability than Fe, which ranged from 28 % 
to 90 %. CuO, Fe2O3, Fe3O4, and CeO2 achieved the highest COD 
removal rates (90–98 %), consistent with their potential for high 
methane yields. ZnO had a reduced COD effect, averaging 52 %, possibly 
due to toxicity. Carbon-based NMs showed mixed results; nanotubes 
achieved up to 80 % COD removal, whereas graphene oxide reached 
only 50 %. This indicates that NMs can enhance contaminant removal in 
AD, although in some cases, the production of primary metabolites, such 
as VFAs, may elevate organic matter concentrations in the effluent. 
Significant COD reduction was observed with Fe (p = 0.043), Fe2O3 (p 
= 0.01), Fe3O4 (p = 0.01), CeO2 (p = 0.01), ZnO (p = 0.037), TiO2 (p =
0.02), NPV0 (p = 0.042), nanotubes (p = 0.01), and graphene (p =
0.016). In contrast, Ag, Mg, Ni, and CuO show no significant effects (p >
0.05) on COD reduction. Although CuO achieved high COD removal, its 
results were highly variable.

Regarding VFA production (Fig. 9c), Ag NMs increased VFA 

concentrations to levels above 2500 mg/L, with the likely average 
around 1800–1900 mg/L, which may explain lower methane yields 
observed in this review. Fe and Ni NMs led to VFA levels exceeding 3000 
mg/L, with Fe averaging 3245 mg/L and Ni 3600 mg/L, although with 
high variability depending on substrates and operational conditions. 
Fe2O3 produced VFA in the range of 100–1750 mg/L. Carbon-based NMs 
had the lowest VFA levels, consistently below 700 mg/L, though 
methane production remained low, suggesting alternative metabolic 
pathways, potentially producing CO2 instead. Overall, NMs did not 
significantly impact pH (p > 0.05) (Fig. 9d), which remained between 
6.5 and 8, except for nanotube NMs, which reached pH values close to 9. 
In AD, pH stability depends primarily on carbonic acid and VFAs. Higher 
VFA levels are neutralized by bicarbonate alkalinity, resulting in volatile 
acid alkalinity [120]. NMs influence VFA dynamics in AD; for example, 
Ziganshina and Ziganshin [84] found that Fe3O4 and nanotube NMs 
promotes earlier consumption of acetate and butyrate, hereby 
increasing methane production. NMs such as Ag (p = 0.044), Mg (p =
0.015), Fe2O3 (p = 0. 034), CeO2 (p = 0.017), ZnO (p = 0.048), nano
tubes (p = 0.001), and graphene (p = 0.001) help reduce VFA concen
trations, minimizing inhibitory effects led by these primary metabolites. 
Ni- and Fe-based NMs, however, had no significant impact on VFA 
reduction (p > 0.05).

Among the NMs studied, transition metals, particularly Fe-based 

Fig. 9. Effects of NM application on key monitoring variables during AD of organic waste: (a) Methane production; (b) COD reduction; (3) VFA concentration; and 
(d) pH levels.
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NMs, demonstrated the most positive impact on AD performance, not 
only enhancing methane yield but also improving COD removal and VFA 
reduction. This effect may be attributed to iron’s role as a beneficial 
trace element in AD. Various iron compounds, such as ferric oxide, zero- 
valent iron, and ferric chloride, are already used to improve AD effi
ciency [121]. Iron NMs are especially promising due to their strong 
reducibility and quantum size effects, which enhance reactor perfor
mance. These NMs increase yields of value-added byproducts (e.g., 
methane, hydrogen, organic acids, and others), mitigate VFA and 
ammonia accumulation, and create a favourable reductive environment 
through in situ hydrogen release, which supports biogas production 
efficiency [122].

3.6. Possible mechanisms of NM-enhanced AD

The incorporation of NMs into AD systems has emerged as a prom
ising approach to improve process performance and methane produc
tion. Based on their physicochemical nature, NMs used in AD systems 
can be classified into three main categories [56]: i) conductive 
zero-valent metals (CZVMs), such as silver (Ag), magnesium (Mg), nickel 
(Ni), cobalt (Co), and iron (Fe); ii) metal oxide, including titanium di
oxide (TiO2), zinc oxide (ZnO), ferric oxide (Fe2O3) and magnetite 
(Fe3O4); and iii) carbon-based conductive NMs, such as carbon nano
tubes (CNTs) and graphene oxide (GO). The enhancement effects of NMs 
on AD performance arise from their ability to influence microbial ac
tivity, facilitate electron transfer, and contribute to process stability. The 
specific mechanisms by which NMs improve methane production 
depend on their physicochemical interactions with microbial consortia 
and biochemical pathways [56]. Building upon current advancements, 
the possible benefits of NMs in AD can be categorized into five major 
mechanisms: i) Facilitation of electron transfer efficiency; ii) Improve
ment of hydrolysis and acidogenesis efficiency; iii) Stimulation of 
methanogenic activity; iv) Mitigation of inhibitory effects and detoxifi
cation; and v) Modulation of microbial community structure. 

(1) Facilitation of electron transfer efficiency

Electron transfer efficiency is a critical factor in syntrophic microbial 
interactions, particularly between fermentative bacteria and methano
genic archaea [123]. The diffusion capacities of key metabolites, such as 
hydrogen and formate, often limit methane production due to mass 
transfer constraints and equilibrium-related inhibition [124]. NMs have 
been shown to enhance both DIET and extracellular electron transfer 
(EET), thus accelerating overall AD performance. Conductive NMs, 
including CNTs, GO, and Fe3O4, act as electron mediators, facilitating 
rapid interspecies electron exchange between syntrophic bacteria and 
methanogens [125–128]. This process bypasses the slower hydrogen- 
and formate-mediated electron transfer pathways, leading to a more 
efficient methane production process. Additionally, metal-based NMs (e. 
g., Fe3O4, manganese oxides, and TiO2) can interact with microbial 
electron transport chains, enhancing energy flow and boosting microbial 
metabolic activities [129]. Moreover, transition metal nanoparticles (e. 
g., Ni-, Co-, and Fe-based NMs) can serve as electron sinks, providing 
additional electron donors for methanogenesis [130]. Ni, in particular, 
is a crucial component of enzymes such as F430, which plays a role in 
methanogenic archaea [131]. The presence of these nanoparticles can 
optimize energy capture from organic matter and improve the overall 
metabolic efficiency of microbial communities. 

(2) Enhanced hydrolysis and acidogenesis

As the rate-limiting step in AD, hydrolysis determines the efficiency 
of complex organic matter degradation into fermentable intermediates. 
NMs can accelerate hydrolysis through multiple pathways. Certain NMs, 
such as Fe3O4, and chitosan-based nanoparticles, can serve as enzyme 
carriers, protecting hydrolytic enzymes from degradation and enhancing 

their catalytic efficiency [132]. Immobilization on NM surfaces prevents 
enzyme autolysis and denaturation while improving enzyme rigidity. 
Magnetic Fe3O4 nanoparticles also enable enzyme recovery and reuse, 
enhancing long-term process efficiency. Beyond enzyme stabilization, 
metal oxide nanoparticles (e.g., TiO2, Fe3O4, and ZnO) improve hydro
lysis by disrupting biomass structure, exposing more surface area for 
microbial attack [133]. These nanoparticles interact with biomass sur
faces, destabilizing cell walls and accelerating substrate decomposition 
[134]. During acidogenesis, NMs can influence acidogenic microbial 
populations and enhance the conversion of hydrolyzed intermediates 
into VFAs. Certain metal oxides (e.g., Fe3O4 and ZnO) can promote 
acidogenic bacterial growth by releasing trace elements essential for 
enzymatic activity [135]. Additionally, alkaline NMs (e.g., CaO, MgO) 
buffer pH fluctuations by neutralizing excessive VFAs, preventing acid 
accumulation that could inhibit acidogenic bacteria. 

(3) Stimulation of methanogenesis

Methanogenic archaea require specific trace metals and electron 
donors to facilitate methane production. NMs enhance methanogenesis 
through multiple pathways. Trace metals such as Ni, Co, Mo, and Fe, 
serve as cofactors for key methanogenic enzymes, including methyl- 
coenzyme M reductase (MCR) and formate dehydrogenase, thereby 
increasing enzymatic activity and methane production rates [20,136,
137]. Additionally, graphene-based materials and biochar facilitate 
stable biofilm formation and improve methanogen retention by 
providing high surface area and electrical conductivity, which support 
microbial colonization [138,139]. Furthermore, NMs can shift meta
bolic pathways in favor of hydrogenotrophic and acetoclastic meth
anogenesis by facilitating DIET [140]. 

(4) Inhibition mitigation and detoxification

AD performance is often hindered by inhibitory compounds, such as 
ammonia, heavy metals, and H2S. NMs mitigate these inhibitory effects 
through various mechanisms. s ZnO, TiO2, Fe3O4, and biochar-based 
NMs effectively adsorb inhibitory substances, reducing their bioavail
ability [141]. Additionally, MgO and CaO-based nanoparticles precipi
tate ammonium and H2S as non-toxic salts, thus preventing inhibition of 
methanogenesis [142]. Some NMs, particularly Fe3O4 and 
chitosan-functionalized nanoparticles, chelate heavy metals, thereby 
reducing their toxicity toward microbial populations [143]. Chito
san-Fe3O4 composites have been shown to effectively remove heavy 
metals like cadmium (Cd2+) from aqueous solutions through adsorption 
mechanisms [143]. 

(5) Structural and functional microbial community shifts

The introduction of NMs can alter microbial community composi
tion, favoring microbial populations that enhance AD performance. 
Conductive NMs facilitate DIET, enriching electron-transferring micro
organisms such as Geobacter and Methanosaeta, which are proficient in 
electron transfer and methanogenesis [144]. Additionally, certain NMs 
can selectively inhibit sulfate-reducing bacteria (SRB), reducing 
competition for substrates with methanogens. For example, magnesium 
hydroxide nanoparticles have demonstrated antibacterial activity 
against SRB, thereby mitigating their inhibitory effects on methano
genesis [145].

These mechanisms may act synergistically or independently, 
depending on the type and concentration of NMs incorporated into the 
AD system. The enhancement effects of NMs are highly dependent on 
their physicochemical properties, as well as the operating conditions of 
the AD process. While NM-enhanced AD has shown promise in lab-scale 
studies, further research is needed to assess long-term stability, eco
nomic feasibility, and environmental implications for full-scale appli
cations. Future studies should focus on optimizing NM selection and 
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dosage for diverse substrates and reactor configurations.

3.7. Opportunities and challenges in NM applications in AD

This section discusses seven critical opportunities and challenges for 
advancing NM applications in AD of organic waste. 

(1) Exploring NM effects on microbial communities in batch and 
continuous operations

While research has primarily focused on NM characteristics and 
methane yield, recent studies increasingly examine NMs’ effects on 
microbial communities, including their abundance, diversity, and 
metabolic functions related to methane production [146]. Most studies 
have centred on iron- and silver-based NMs, with limited research on 
titanium, copper, and carbon-based NMs, generally conducted at labo
ratory scale using substrates like manure or lignocellulosic waste [147,
148]. Further studies should investigate the influence of these 
less-studied NMs on microbial community dynamics, metabolic func
tions, and DIET mechanisms. Additionally, research on NM addition 
strategies, such as single or multiple additions in continuous reactors, 
could facilitate microbial acclimation, providing insights into syntrophic 
relationships within microbial communities. 

(2) Understanding the impact of NMs on process biochemistry

A deeper understanding of how NMs influence fermentation in
termediates, particularly VFAs, is essential. This includes examining the 
types, quality, and quantity of acids produced and assessing NM effects 
on biohydrogen electron transfer, which could impact hydrogen yields 
and overall methane production [149]. 

(3) Examining the effect of NMs on digestate physicochemical 
properties

Research has predominantly focused on biogas yield improvements, 
with limited attention to digestate properties. Iron-based NMs, identi
fied as beneficial for methane production, do not seem to induce 
chemical toxicity in digestate; however, particle size may impact other 
properties, which remain unexplored. Further investigation should 
assess how NMs affect digestate quality, including nutrient release ca
pacity and agronomic potential, when applied to soils. Additionally, the 
potential for biochar production from digestate containing NM traces 
could align with biorefinery concepts, enhancing methane production or 
yielding valuable products like antioxidants and bioplastics [150]. Other 
applications, such as biopesticide production via solid-state fermenta
tion, represent promising technological extensions for valorising diges
tate by-products [151]. 

(4) Evaluating NM application in psychrophilic AD conditions

Most AD studies with NMs have been conducted under mesophilic 
(35–37 ◦C) or thermophilic (50–55 ◦C) conditions, as these temperatures 
generally yield higher methane production [30]. However, in colder 
regions where temperatures fall below 18–20 ◦C, energy efficiency can 
suffer due to additional heating requirements, which reduces process 
sustainability [62]. Studies assessing NM effects in AD under psychro
philic conditions are crucial for lowering heating-related energy con
sumption and operational costs, especially in developing regions where 
digesters are often operated at lower temperatures. Such advancements 
could significantly improve organic waste management in colder cli
mates, reducing the carbon footprint through optimized, low-energy 
alternatives. 

(5) Addressing operational and scale-up conditions in AD with NMs

Further investigation is needed on the operational conditions of AD 
(e.g., batch vs. continuous) and the scalability of NM applications, 
particularly to overcome mass transfer limitations within the reactor, 
which are prominent in dry AD where NM dynamics may be affected. 
Comparative studies evaluating methane production, microbial activity, 
and methanogenic functions under different operational conditions will 
provide essential data for technical-economic analysis at a commercial 
scale, facilitating implementation. 

(6) Using optimization tools for process enhancement

Current modelling efforts in NM-enhanced AD rely mainly on semi- 
empirical models like the first order and Gompertz models (used in 7 
studies). However, there is a need for more advanced models to capture 
NM effects across all AD stages. Machine learning tools, such as artificial 
neural networks (ANN), random forests (RF), and support vector ma
chines (SVM), could provide predictive insights, optimize parameters, 
and reduce operational costs. ANNs, for example, have effectively un
derstood AD’s complex physicochemical and biochemical interactions, 
reducing experimental needs and computational demands. Integrating 
metaheuristic optimization methods (e.g., ant colony optimization, 
particle swarm optimization) could address the limitations of local op
tima and improve overall process efficiency, guiding the design of 
innovative configurations for waste valorisation [152]. 

(7) Assessing the sustainability of NM use in AD

LCA studies and detailed economic analyses are crucial for under
standing the long-term impacts and sustainability of NMs in AD, espe
cially since many NMs originate from non-renewable resources. To the 
authors’ knowledge, no existing studies on LCA for NM-enhanced AD 
highlight a significant research gap. Such assessments are essential for 
evaluating environmental sustainability and ensuring viability at the 
commercial scale.

4. Conclusions

This review concludes the following key points regarding NM ap
plications in AD of organic waste. 

• The use of NMs in AD presents a promising approach for enhancing 
the process stability and biogas production. Studies are primarily 
concentrated in developed countries, with patent analysis indicating 
that the technology is still emerging, transitioning from the birth to 
growth stages, with maturity anticipated by 2037.

• Metadata analysis revealed that NM applications in AD can improve 
biogas production by up to 25 % compared to conventional AD 
processes. Iron-based NMs demonstrated the highest performance for 
methane production in AD of manure, WWTP sludge, and lignocel
lulosic waste, particularly when combined with other NMs such as 
Au, CeO2, and TiO2. Carbon-based NMs, while effective, tend to 
produce less biogas and may face industrial limitations due to their 
high cost.

• Seven main challenges and opportunities were identified for 
advancing NM research in AD of organic waste: (i) investigating the 
effects of various NMs on microbial communities to better under
stand syntrophic relationships and their role in organic matter 
degradation; (ii) examining NM effects on fermentation in
termediates, electron transfer processes, and biogas production; (iii) 
evaluating the impact of NMs on digestate characteristics, quality, 
potential agronomic applications, and their role in generating addi
tional bioproducts; (iv) analysing NM application in psychrophilic 
AD conditions to explore technical and economic feasibility for low- 
temperature applications; (v) addressing scale-up challenges for AD 
processes using NMs, focusing on overcoming mass transfer limita
tions in reactors; (vi) employing optimization tools such as neural 
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networks, random forests, and support vector machines to generate 
predictive insights that can enhance AD performance and guide 
technological design, configuration, and operational parameters (e. 
g., batch vs. continuous); (vii) conducting LCA and economic ana
lyses to evaluate the sustainability of NM use in AD and its associated 
by-products.
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