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Abstract

The rapid growth of agro-industrial activities has led to the generation of substantial quantities of effluent sludge, posing serious environmental
and waste management concerns. Despite these challenges, agro-industrial sludge contains significant amounts of organic matter and plant
nutrients, making it a valuable resource for agricultural applications when properly treated. This review explores the conversion of agro-industrial
effluent sludge into biofertilisers as a sustainable strategy for waste valorisation and nutrient recycling within a circular bioeconomy framework. It
discusses the characteristics of sludge, associated environmental risks and the treatment processes required to ensure safe agricultural use. Major
bioconversion approaches, including composting, vermicomposting, microbial inoculation, anaerobic digestion and thermochemical methods,
are critically evaluated. The review also highlights the role of beneficial microorganisms in nutrient transformation and recovery, as well as
emerging technologies such as biochar-based fertilisers, electrochemical nutrient recovery systems and integrated sludge biorefineries. Findings
from laboratory and field studies demonstrate that sludge-derived biofertilisers can enhance soil fertility, improve microbial activity, increase
nutrient availability and support crop productivity while reducing dependence on synthetic fertilisers. However, issues related to heavy metals,
organic contaminants, pathogen removal, product quality and regulatory compliance remain important challenges. Overall, the bioconversion of
agro-industrial sludge into biofertilisers offers a promising pathway for sustainable waste management, resource recovery, environmental
protection and resilient agricultural development.
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Introduction sustainability assessment tools are identifying composting and
similar options as optimal circular strategies for managing sludge.
Effluent sludge from agro-industrial sources can be effectively
bioconverted into bio-fertilisers through various methods such as
composting, microbial inoculation, digestion and biochar/
encapsulation, which benefits soil health and helps close nutrient
cycles. Several technological approaches such as composting,
microbial inoculation, anaerobic digestion and thermochemical
conversion have been explored for sludge valorisation (Table 1). In
particular, Fig. Lillustrates a typical pathway of sludge bioconversion
through composting. Agro-industrial residues generated during food
and dairy processing are treated in effluent treatment facilities,
where sludge is generated as a by-product. Although several reviews
have examined sludge management, nutrient recovery, composting
technologies and biosolid reuse, most have focused on specific
treatment methods, contaminant risks or fertiliser applications. In
contrast, the present review provides an integrated assessment of
agro-industrial effluent sludge valorisation by combining microbial
and biochemical conversion mechanisms, circular bioeconomy
principles, environmental risk assessment and emerging green
technologies within a single framework. Particular emphasis is
placed on the role of microbial consortia, nutrient mineralisation
pathways and advanced.

Effluent treatment plants in agro-industrial and food processing
sectors produce nutrient-dense sludges that are costly to manage
but potentially beneficial for agriculture. Bioconversion technologies
are designed to stabilise these residues, eliminate or immobilise
pollutants and convert them into safe and effective bio-fertilisers as
part of a circular, low-waste system. Sludges from agro-industrial,
food and dairy sources contain high levels of organic matter and
nitrogen, phosphorous and potassium (NPK) nutrients, making
them strong candidates for fertiliser production (1). Utilising these
resources diminishes the need for landfilling, incineration and
dependence on mineral fertilisers, which is consistent with circular
bioeconomy and climate objectives (2). Amendments made from
bioconverted sludge enhance soil organic matter, improve water
retention and increase crop yields, even in semi-arid and nutrient-
poor sails (3). However, the variable composition, presence of heavy
metals, organic pollutants, microplastics and pathogens necessitate
stringent stabilisation, oversight and guideline-based application
rates (4). Globally and nationally, regulatory frameworks increasingly
advocate for the land application of appropriately treated biosolids
but stress the importance of contaminant thresholds, hygiene and
standardisation of products (5). Emerging systems-based and rapid

Plant Science Today, ISSN 2348-1900 (online)


http://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://crossmark.crossref.org/dialog/?doi=10.14719/pst.14999&domain=horizonepublishing.com
https://doi.org/10.14719/pst.14999
mailto:jothimani@tnau.ac.in
https://doi.org/10.14719/pst.14999

MUTHAMUZH ET AL

Table 1. Major technological pathways for converting sludge into bio-fertilisers and their functional roles

Pathway / Technology Main role in sludge » Bio-fertiliser Citations
. . . Stabilises organics, reduces pathogens and odour, produces mature compost/

Composting/vermicomposting vermicompost (6)

Microbial inoculants and “bio-organic” Targeted consortia (e.g., lignocellulolytic, chitinolytic microbes) enhance waste 7)

fertilisers degradation and plant growth.

Anaerobic digestion Produces biogas, reduces volume; digestate used as fertiliser/soil amendment (8)

Biochar/pyrolysis, encapsulation Converts sludge into carbon-rich, slrcg\éve—;%lgﬁse fertilisers and improves nutrient )
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Fig. 1. Overall processes of bioconversion of agro-industrial effluent sludges.

Materials and Methods
Review design and scope

A systematic and multidisciplinary literature review was
conducted to synthesise current knowledge on the bioconversion
of agro-industrial effluent sludge into bio-fertilisers and its role in
sustainable waste management. The review integrates
perspectives from environmental engineering, microbiology, soil
science, waste management and circular bioeconomy
frameworks. The approach was designed to capture both
fundamental principles and recent technological advancements,
including biological, physicochemical and thermochemical
conversion pathways, as well as associated environmental and
regulatory considerations.

Literature search strategy

A comprehensive literature search was performed using major
scientific databases, including Scopus, Web of Science,
ScienceDirect, Google Scholar and PubMed. The search focused
primarily on peer-reviewed articles published between 2000 and
2025, with earlier foundational studies included where necessary
to support key concepts. Search keywords were systematically
combined to ensure broad coverage of the topic, including: “agro-
industrial sludge,” “effluent sludge valorisation,” “biofertiliser

production,”  “sludge = composting,”  “vermicomposting,”
“anaerobic digestion sludge,” “biochar from sludge,” “nutrient
recovery,”  “circular  bioeconomy  sludge,”  “microbial

bioconversion” and “sludge contaminants.” This strategy enabled
the identification of studies addressing sludge characteristics,
treatment technologies, microbial mechanisms, agronomic
performance and environmental risks.

Study selection and inclusion criteria

Studies were selected based on predefined inclusion and
exclusion criteria. Included studies met at least one of the
following criteria: (i) investigation of physicochemical properties
and nutrient composition of agro-industrial or sewage sludge; (ii)
evaluation of bioconversion technologies such as composting,
vermicomposting, microbial inoculation, anaerobic digestion, or
thermochemical processes; (iii) assessment of microbial pathways,
enzymatic mechanisms or nutrient mineralisation processes; (iv)
analysis of environmental risks, including heavy metals, pathogens
and organic contaminants; or (v) evaluation of agronomic
performance and soil health impacts of sludge-derived
biofertilisers. Only peer-reviewed journal articles, review papers
and high-quality conference publications were considered.
Studies lacking methodological clarity, non-scientific reports and
those unrelated to sludge valorisation or biofertiliser production
were excluded.

Thematic categorisation and synthesis

Selected studies were systematically organised into major
thematic domains to facilitate structured analysis: (i)
characteristics and composition of agro-industrial sludge; (ii)
contaminant profiles and environmental risks; (iii) stabilisation and
hygienisation processes; (iv) microbial and biochemical pathways
in sludge bioconversion; (v) technological approaches for sludge-
to-biofertiliser ~ conversion, including  biological  and
thermochemical methods; (vi) circular bioeconomy frameworks
and resource recovery systems and (vii) agronomic performance
and soil impacts of sludge-derived products. This thematic
framework enabled integration of experimental, field-based and
modelling studies to identify trends, technological efficiencies and
research gaps.

https://plantsciencetoday.online


https://plantsciencetoday.online

Data extraction and comparative analysis

Key data were extracted from each study, including sludge type
and source, physicochemical properties (e.g., pH, organic matter,
NPK content), treatment method, microbial or enzymatic
mechanisms, contaminant levels and agronomic outcomes such
as crop yield and soil health indicators (e.g,, microbial biomass,
enzymatic activity, soil organic carbon). Comparative analysis was
conducted to evaluate the effectiveness of different bioconversion
pathways, assess nutrient recovery efficiency and examine
variations in environmental safety and regulatory compliance
across studies. Particular attention was given to identifying
consistent findings, technological limitations and context-specific
performance differences.

Limitations of the review approach

Despite adopting a comprehensive and multidisciplinary
approach, several limitations were identified. Variability in sludge
composition, treatment processes and analytical methods across
studies complicates direct comparison of results. Inconsistent
reporting of contaminant thresholds and lack of standardised
quality criteria for sludge-derived biofertilisers remain significant
challenges. Additionally, long-term field studies assessing
environmental impacts and nutrient dynamics are limited,
particularly in developing regions. These constraints highlight the
need for standardised methodologies, harmonised regulatory
frameworks and integrated assessment tools to support the safe
and efficient valorisation of agro-industrial sludge within circular
bioeconomy systems.

Characteristics of agro-industrial effluent sludges

Physicochemical and nutrient characteristics of agro-industrial
sludges

Agro-industrial and sewage sludges exhibit complex
physicochemical characteristics and contain considerable
amounts of plant nutrients, although their properties vary widely
depending on the source, treatment process and seasonal
variations. These factors ultimately influence their suitability for
applications such as agricultural land use, nutrient recovery and
other valorisation pathways. Typically, sludges contain high
moisture content and their drying behaviour is largely determined
by the initial moisture level and composition, with higher moisture

content leading to slower drying rates (10). In terms of chemical
properties, many industrial and municipal sludges are close to
neutral, although pH values can vary depending on the source and
treatment process. Municipal wastewater sludges generally exhibit
pH values within the neutral range, whereas certain industrial
sludges may be slightly acidic or alkaline due to the nature of
industrial effluents. Sludges rich in organic matter, particularly
those derived from municipal wastewater treatment plants,
typically contain volatile solids representing approximately
70-80 % of total solids. In contrast, industrial sludges exhibit
greater variability in volatile solids content depending on the
industry type, with food-processing and dairy sludges often
showing similarly high organic fractions, while textile, paint and
other industrial sludges may contain lower organic matter levels
and higher proportions of inorganic constituents. These
differences influence sludge stabilisation requirements, nutrient
recovery potential and suitability for agricultural applications. This
high organic fraction facilitates biological treatment processes and
enhances soil conditioning properties when applied as soil
amendments, although it may also contribute to odour generation
during storage or processing (11). In addition to organic matter,
these sludges generally contain significant quantities of plant
macronutrients, particularly N, P and K, which contribute to their
potential value as bio-fertiliser resources. The suitability of agro-
industrial effluent sludge for agricultural use depends on balancing
its nutrient and organic matter benefits with potential
environmental risks (Fig. 2).

Municipal wastewater treatment plant (WWTP) sludges
typically contain around 2-6 % N, 1.5-2.7% P and 0.5-0.8 % Kon a
dry weight basis, along with high organic matter content and
relatively low concentrations of heavy metals (12). Similarly, dairy
industry sludges may contain relatively high N levels (about 4-7 %)
and P concentrations ranging from approximately 1.5-6.5 %,
although their composition may vary depending on feedstock and
treatment processes. Food-processing sludges and brewery
wastes are also known to contain significant N levels, typically
between 2 % and 7 %, which can improve soil N availability and
enhance crop productivity (13). Total P concentrations in these
sludges can range from approximately 1-8 %, while K levels are
generally lower but remain agronomically important.

ARE AGRO-INDUSTRIAL EFFLUENT SLUDGI
AGRICULTURAL USI

RESOURCE RECOVERY! \1'S COMPLEy PATHOGEN RISKS:
Nutrieats (N, P), o ) Bacteria, Viruses,
Organic Matter - ef Parasites

@ SOIL HEALTH: CHEAICALCONTAMINATION:
Improved Structure, Heavy Metals,
Carbon Sequestration z Microplastics, PFAS
ZCONOMIC BENEFITS: § zcot.oclc.u.l::m-
Lower Fertilizer Costs Leag-Term

Fig. 2. Conceptual overview of the potential benefits and risks associated with the agricultural use of agro-industrial effluent sludges.
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Organic carbon is another important component of agro-
industrial sludge. Food and faecal sludges typically contain
between 26 % and 40 % total organic carbon, which exceeds the
minimum requirements for compost quality and contributes to
improved soil structure, water retention and microbial activity.
Secondary macronutrients such as calcium (Ca), magnesium (Mg)
and sulphur (S) are commonly present at levels of approximately
1-5%, 0.6-4 % and 0.27-1.7 % respectively, which are comparable
to those found in conventional organic manures. In addition,
micronutrients, including iron (Fe), manganese (Mn), zinc (Zn),
copper (Cu) and boron (B), are usually present in adequate
amounts for plant growth, although excessive concentrations may
lead to phytotoxic effects if application rates are not properly
controlled (14). Representative nutrient compositions of different
agro-industrial sludge types reported in the literature (Table 2).
Similarly, hydrothermal carbonisation can concentrate P and Cain
hydrochar while converting N into ammonium in the liquid phase,
resulting in slow N release characteristics when applied to soils (15).

Contaminant load in agro-industrial sludges: Heavy metals,
pathogens and organics

Agro-industrial and municipal sludges have been extensively
studied as nutrient-rich assets within circular bioeconomy models;
however, an increasing body of literature indicates that
contamination levels often limit their agronomic potential. Modern
reviews consistently stress that risk assessments should consider
not only total contaminant concentrations but also factors such as
chemical speciation, bioavailability, persistence and exposure
pathways, since these characteristics govern contaminant
mobility, plant uptake, groundwater leaching and long-term
ecological risks more effectively than total concentration
measurements alone. In various geographical regions, sewage and
faecal sludges generally display a concentration typical of heavy
metal hierarchy of Zn > Cu > chromium (Cr)/nickel (Ni) > lead (Pb) >
cadmium (Cd)/ mercury (Hg)/ arsenic (As) (17). Zinc and Cr tend to
occur in the highest concentrations, sometimes reaching several
thousand milligram per kilogram, while Cd and Ni often dominate
indices assessing ecological and human health risks due to their
heightened toxicity and mobility. Although numerous municipal
and agro-industrial sludges adhere to national agricultural limits,
certain subsets particularly those affected by industrial effluents
exceed allowable levels for Cu, Zn or Cd and show moderate to
very high contamination indices (18). Notably, sequential
extraction studies reveal that while a significant portion of metals
may be bound in relatively stable or residual forms, elements like
Zn, Ni and Cd frequently exist in exchangeable or reducible
fractions, increasing their potential for plant uptake and
groundwater leaching (19). These outcomes highlight the
importance of risk assessment based on speciation rather than

merely concentration. The microbiological aspect of sludge
contamination has received growing focus in recent years. Sewage
and faecal sludges often harbour pathogenic bacteria, viruses,
helminths and protozoa, in addition to antibiotic resistance genes
(ARGs) and heavy metal resistance genes that might contribute to
co-selection processes in soil (20).

Safe valorisation of sludge: Stabilisation, hygienisation and
contaminant control

The safe agricultural reuse of sewage and agro-industrial sludge
necessitates a comprehensive treatment approach focused on
three primary goals: (i) reducing volume and stabilising the
material, (i) eliminating pathogens (hygienisation) and (iii)
managing or eliminating heavy metals and organic contaminants
(21). Current research highlights that these processes are
interconnected and should be assessed within a risk-based
regulatory framework.

Volume reduction and stabilisation: The initial treatment often
includes mechanical processes such as thickening, dewatering
and homogenisation, which help decrease sludge volume and
enhance handling properties. These processes are typically
followed by biological stabilisation via anaerobic or aerobic
digestion, which aims to break down biodegradable organic
materials, reduce odours and improve material stability.
Anaerobic digestion is one of the most used stabilisation methods,
especially when paired with post-treatment techniques such as
thermal hydrolysis, advanced oxidation, or acidic aerobic
digestion. Such integrated systems are known to enhance
dewaterability, increase pathogen reduction and sometimes alter
the patterns of metal solubilisation (22). However, alterations in
metal speciation during these processes necessitate thorough
downstream evaluations before land application.

Hygienisation: Meeting regulatory pathogen standards: The overall
sequence of major sludge pretreatment and processing
technologies is illustrated in Fig. 3. The figure presents the
progression from raw sludge through stages such as dewatering,
digestion, composting or thermal stabilisation, alkaline
treatment and advanced chemical processing. These processes
collectively transform raw sludge into stabilised biosolids or
treated sludge products suitable for agricultural application,
energy recovery, or further resource valorisation. Untreated
sewage sludge often surpasses regulatory limits for pathogens
like Salmonella, Escherichia coli and helminth eggs, making
targeted hygienisation essential before agricultural application
(23). Anaerobic digestion combined with pretreatment methods,
such as thermal, hybrid disintegration, electrochemical, or
oxidative approaches, enhances the disruption of microbial cells
and increases the efficiency of pathogen elimination.

Table 2. Physicochemical and nutrient composition of selected agro-industrial and sewage sludges reported in the literature

Sludge type TOC (% DW) N (% DW) P (% DW) K (% DW) Notes Sources
?ﬂ%‘;@sb(isccf;‘;ﬂlﬂzd d‘;:ﬁﬁ{ery) 1.8-2.7 ~0.25-0.42 (as P,05) ~0.10-0.17 (as K,0) “F')‘r‘érc'ggsﬂr:'gczlﬁfgi (16)
Faecal/food co-compost 26-40 2-3 ~1 0.44-3.5 Higg‘a‘l’; %"égéc rfjt'rti’gr']‘tgnd (16)
Municipal WWTP sludge - 2-6 1.5-2.7 0.5-0.8 High r?q;gtzrl‘_iccor;‘f;ltigzto&e” (16)
Dairy industry sludges - ~4-7 (57-70 g kg™") ~1.5-6.5 0.3-0.7 depeigﬁ]régo\;asliﬂcéz type (16)
HTC hydrochars from _ 0.9-1.5 (organic N) 1.95-2.35 0.19-0.21 Higher C: N ratio; slow (16)

sewage sludge

nitrogen release

WWTP: wastewater treatment plant; HTC: hydrothermal carbonisation; N: nitrogen; C: carbon; P: phosphorous; K: potassium; DW: dry weight.
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valorisation.

Alkaline or lime stabilisation, employing quicklime or
alkaline industrial by-products, raises the sludge pH beyond 10-12,
creating conditions unfavourable for faecal coliforms and
Salmonella, which can often meet Class A biosolids criteria (24).
Nonetheless, while these advancements improve pathogen
inactivation, they do not address chemical contaminants,
underscoring the necessity for integrated treatment approaches.
Contaminant control and process-related considerations. In
instances where heavy metals like Cd, Ni and Cu reach or exceed
regulatory limits, alternative removal technologies or the selective
diversion of sludge from agricultural reuse may be required (25).
Source control at the point of industrial discharge remains a vital
early intervention. Various chemical and physical pretreatment
methods including alkali-thermal treatment, metabisulfite
conditioning, electrochemical disintegration, ultrasonic irradiation
and microwave-assisted processes are often utilised to improve
solubilisation and boost biogas or volatile fatty acid yields.
However, these methods can alter metal speciation and mobility,
potentially raise environmental risks if not properly assess before
application to soil. Regulatory frameworks are increasingly
requiring ongoing monitoring of nutrients, heavy metals,
pathogen indicators and more recently emerging contaminants
and antibiotic-resistant bacteria or genes before unrestricted field
application. This shift reflects a growing understanding that sludge
valorisation must reconcile the goals of a circular economy with
the imperative of environmental protection. Table 3 summarises
the key pretreatment groups used in sludge valorisation, their
primary functions and their roles in ensuring environmental safety.
Common approaches include dewatering and digestion, which
reduce sludge volume and partially stabilise organic matter.

Composting and thermal treatments further enhance stabilisation
and sanitation by destroying pathogens and producing safer soil
amendments. Chemical stabilisation methods such as lime
addition can increase pH levels to achieve effective hygienisation
and pathogen reduction. More advanced chemical and
physicochemical treatments, including thermal alkaline
processes, electrocoagulation (EC), advanced oxidation processes
(AOP) and microwave-assisted treatments are also used to
solubilise organic matter, recover energy products and reduce
contaminant levels in sludge.

Circular bioeconomy framework for sludge valorisation

Turning sewage and industrial sludge into valuable resourcesis a
central pillar of the circular bioeconomy, in which waste streams
are redirected from landfill or simple disposal toward the
recovery of energy, materials and nutrients. Contemporary
research integrates biorefinery concepts, advanced treatment
technologies and systems-level assessment tools to design
circular frameworks that maximise resource efficiency while
minimising environmental risk. Biological pathways particularly
anaerobic digestion are widely applied to produce biogas or
biomethane, often enhanced through co-digestion with food
waste and other organic substrates to improve methane yields
and process stability (27).

Policy, regulatory and socio-economic drivers of sludge valorisation

Policy, regulation and socio-economic conditions largely
determine whether sludge is managed as a waste-disposal
expense or as a circular resource. Recent work highlights that
technology alone is insufficient; incentives, standards, public
acceptance and market structure are decisive.

Table 3. Key pretreatment technologies and their functions in sludge stabilisation and safe valorisation

Pretreatment group The main purpose of valorisation Typical role in safety Citations
Dewatering, digestion Volumev, stabilisation Odourv, partial pathogenv (26)
Composting/thermal Stabilisation + sanitisation Pathogen kill to Class A (26)
Alkaline/lime/industrial CaO Hygienisation, conditioning Strong pathogens kill, odourw (26)
Advanced/chemical (thermal-alkali, EC, Solubilisation, energy products Must assess metals and by-products (26)

AOP, MS)

CaO0: calcium oxide; EC: electrical conductivity; AOP: advanced oxidation process; MS: municipal sludge.
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Policy and regulatory drivers

®Economic instruments: Renewable energy incentives, green
certificates, gate fees and subsidies increase the attractiveness of
sludge-to-energy and co-digestion routes, but their absence or
instability creates investment barriers (28).

eCommand-and-control rules: Landfill bans, tighter limits on land
application and stricter contaminant standards push utilities
toward energy recovery and advanced treatment (29).

®Regulatory uncertainty: Changing or unclear rules on land
spreading and disposal prices strongly shape utilities’ choices,
often favouring incineration and vertical integration to hedge risk.

End-of-waste criteria and product standards: Clear criteria for
biobased fertilisers, hydrochar, P-products and construction
materials are crucial to convert sludge outputs into marketable
products (30).

Socio-economic and market drivers

The financial viability of valorisation scenarios often hinges on
subsidies, as revenues are influenced by energy prices, the scale of
operations and market demand for biogas, volatile fatty acids
(VFAs), polyhydroxyalkanoates (PHAs) and fertilisers (31). In many
cases, especially within faecal sludge systems, product revenues
only cover a small fraction of the associated costs, making it
essential to recognise and support co-benefits such as
improvements in public health, environmental quality, sanitation
equity and access to safe sanitation services through public
investment and policy support rather than relying solely on market
-based revenues. Additionally, the preferences of stakeholders and
civil society play a crucial role, with citizens, municipalities and
farmers impacting the direction of waste management strategies,
whether it be agricultural reuse or incineration, alongside
determining acceptable levels of risk (32). Consumer perception
and trust are also significant factors, as skepticism regarding
“waste-derived” products and low awareness of circular economy
initiatives can hinder their acceptance; therefore, implementing
certification and information campaigns could help improve
uptake. The circular bioeconomy approach aims to promote the
sustainable management of sludge through these transformative
practices (33). The circular bioeconomy approach promotes the
sustainable management of sludge by transforming waste
streams into valuable resources such as energy, nutrients and bio-
based materials. The key elements of sludge circular bioeconomy
frameworks, including resource recovery, biorefinery concepts,
systems-based assessment tools and supportive policy and
market mechanisms (Table 4). These components collectively
support efficient sludge valorisation, promote sustainable waste
management and facilitate the transition toward circular and
resource-efficient bio-based systems. To guide this transition,
research increasingly employs circularity indicators, resource
recovery metrics, life cycle assessment (LCA), life cycle costing
(LCC) and sector-level monitoring frameworks to evaluate

environmental, economic and social performance over time.
Collectively, the literature demonstrates that sludge valorisation
within a circular bioeconomy is not solely a technological
challenge but a systemic transformation requiring coordinated
innovation, policy coherence, financial instruments and societal
engagement.

Microbial and biochemical pathways in sludge bioconversion
of agro-industrial effluents

Agro-industrial wastewater is usually abundant in biodegradable
organic materials, such as carbohydrates, proteins, lipids and
phenolic compounds, while also containing inhibitory
contaminants such as pesticides, antibiotics, synthetic dyes, heavy
metals and elevated salt concentrations that may impair microbial
processes and sludge bioconversion efficiency. In treatment
systems based on sludge, the bioconversion process relies on a
diverse range of microbial communities that function through
interconnected metabolic networks, whether in aerobic or
anaerobic environments. Recent studies emphasise that the
effectiveness of the system is influenced not by individual
organisms, but rather by syntrophic relationships, metabolic
adaptability and environmental pressures acting on the sludge
microbiome. Fig. 4 shows key microbial pathways across sludge
treatment types and processes. Table 5 summarises the major
microbial pathways involved in agro-industrial sludge treatment
and bioconversion.

Role of microbial consortia in organic matter decomposition
Division of labour and synergy

In processes like anaerobic digestion and sludge fermentation,
various microbial groups specialise in different tasks: hydrolytic
and acidogenic bacteria (e.g., Bacteroidota, Firmicutes) convert
polymers into soluble substances and volatile fatty acids, while
other microbes transform these products into methane or
additional metabolites (40). During the composting and biodrying
phases, thermophilic bacteria and fungi (e.g, Bacillus,
Actinobacteria, Aspergillus, Streptomyces) are prevalent, facilitating
the rapid breakdown of lignocellulose, lipids and polyphenols
found in sludge and agricultural wastes (41). Developed
thermophilic consortia consisting of Bacillus and Geobacillus
strains exhibit superior extracellular polymer degradation,
enhanced enzyme activities and more effective sludge hydrolysis
compared toisolated strains (42).

Enzymes and substrate range

Consortia collectively produce lipases, cellulases, amylases and
glycoside hydrolases, allowing for the breakdown of waste rich in
lipids and polysaccharides; mixed consortia have been shown to
remove greater amounts of solid waste than individual strains (43).
In the biodrying of sludge, genes associated with carbohydrate-
active enzymes (CAZyme) are predominantly found within a few key
genera (Bacillus, Tetrasphaera, Streptomyces) which are directly
associated with the degradation of lignocellulose and starch.

Table 4. Key components of sludge-based circular bioeconomy frameworks

Element Focus in sludge systems Citations
Resource recovery Energy (biogas, biofuels), nutrients (N, P), materials (biopolymers, biochar) (34)
Biorefinery concept Cascading use of sludge to multiple high-value products (35)
Systems assessment LCA, LCCA, multi-criteria and SWOT-based decision tools (36)
Policy and markets End of waste criteria, business models, SDG alignment (36)

LCA: life cycle assessment; LCCA: life cycle cost analysis; SWOT: strengths, weaknesses, opportunities and threats; N: nitrogen; P: phosphorus;

SDG: sustainable development goal.
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Table 5. Major microbial pathways involved in agro-industrial sludge treatment and bioconversion

Process [ Condition Dominant pathways and roles Typical microbes Citations

. . . Carbohydrate and amino acid metabolism; . . -
/é\feﬂrlcj)grl]ct:ctlvated sludge treating agro- nitrification-denitrification; xenobiotic Proteobacterla,c?:c:aeéglrgota, specialized (37)

degradation g
Hydrolysis > acidogenesis > acetogenesis >
Anaerobic digestion of vinasse, swine and methanogenesis; syntrophic acetate Clostridia, Syntrophomonas, (38)
meat wastes oxidation; hydrogenotrophic Methanosarcina, Methanobacterium
methanogenesis
Enzymatic hydrolysis of cell walls; . - L .
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Fig. 4. Key microbial pathways across sludge treatment types and processes.

Metabolic cross-feeding and pollutant catabolism

Consortia can break down complex organic materials and pollutants
through shared metabolic pathways (e.g., phthalic acid, benzoate,
catechol intermediates), with different consortium members
managing various stages of the degradation process (44). Cross-
feeding allows the complete breakdown of compounds such as the
antibiotic sulfamethoxazole: one microbial group cleaves the
original compound, another degrades the heterocyclic
intermediate, while non-degrading microbes enhance degradation
rates through their interactions (45). Using mixed inocula in food
waste digestion (combining cow dung and sewage sludge) results in
higher production of biogas, VFAs and soluble chemical oxygen
demand (COD) removal compared to single sources, indicating a
broader metabolic capacity.

Community-level effects on stability and maturity

Microbial community composition influences compost stability
and maturity through its effects on organic matter degradation
pathways and nutrient cycling. During sludge composting, shifts
from readily degradable substrates to more recalcitrant
compounds are often accompanied by succession from fast-
growing heterotrophic bacteria to specialised microbial groups
capable of degrading lignocellulosic materials and humic
precursors. These changes affect the transformation of dissolved
organic matter (DOM), leading to reductions in phytotoxic
organic acids and the formation of more stable humified
compounds. Network analyses have shown that highly
connected microbial communities promote carbon, N and P
cycling through complementary metabolic functions and cross-
feeding interactions, thereby accelerating compost maturation

and improving nutrient stabilisation. More diverse and
interconnected consortia (e.g., biofilms) exhibit richer networks
and functional groups for cycling carbon, N and P, which
supports effective organic matter conversion (46).

Key enzymatic mechanisms driving nutrient mineralisation

Carbon depolymerisation occurs through extracellular cellulases
and B-glucosidase that sequentially break down cellulose into
cellobiose and glucose, which are essential for carbon cycling in the
soil and the breakdown of biomass relevant to biofuels (47). For N
mineralisation, endo- and exopeptidases, aminopeptidases and
carboxypeptidases release amino acids, while urease breaks down
urea into NH,*, which is closely linked to N availability in the soil and
the turnover of N in sludge and wastewater (48). Nutrient
mineralisation in sludge-amended systems is largely mediated by
microbial enzymes that break down complex organic compounds
into plant-available forms. Table 6 summarises the major enzyme
groups involved in the mineralisation of key nutrients such as
carbon, N, P and S. Enzymes such as cellulases and amylases
contribute to carbon cycling by hydrolysing complex carbohydrates,
while proteases and chitinases convert organic N into ammonium
through ammonification. Similarly, phosphatases release inorganic
phosphate from organic P compounds and arylsulfatase enzymes
play an important role in S mineralisation. These enzymatic
processes are essential for nutrient recycling and improving the
agronomic value of sludge-derived fertilisers. The chitin pathway
involves LPMOs (lytic polysaccharide monooxygenases) that
oxidatively cleave crystalline chitin; chitinases break the chains; N-
acetylglucosamine (NAG) is released, providing easily mineralisable
carbonand N (49). The coupling of activities from phosphatases and
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Table 6. Major enzyme groups involved in nutrient mineralisation in sludge systems
Nutrient Key enzymes Mechanism of mineralisation Citations
Cellul 0 id 0 . ¢ henol Hydrolyse cellulose, starch and other polysaccharides to
Carbon (C) ellulases, B-glucosi asezdamy ase, Invertase, pneno sugars; oxidise lignin/phenolics, feeding microbial (51)
oxidase respiration and CO, release
. - Convert proteins/chitin to amino acids and amino
: Proteases, peptidases, chitinases, N- “ T - S
Nitrogen (N) P : ’ sugars, then to NH,* (ammonification) via deamination (51)
acetylglucosaminidase (NAG) and urease and urease activity
Hydrolyse organic phosphomonoesters/diesters,
Phosphorus (P) Acid/alkaline phosphatases, phytases releasing inorganic phosphate (P0,*) for plant uptake (51)
and biomineralisation (e.g. struvite)
H 2+ .
Sulfur (S) Arylsulfatase Cleaves ester sulphates, releasing SO,** from organic S (51)

esters

ureases can generate local increases in phosphate ion (PO,*),
ammonium ion (NH,") and pH, promoting the formation of P
minerals like struvite, which aids in nutrient recovery from waste
streams (50).

Technological advances in sludge-to-biofertiliser conversion
from agro-industrial effluents

Biological conversion routes

Biological pathways remain the most established route for sludge-
to-biofertiliser transformation. Composting of sewage and agro-
industrial sludges, particularly when co-composted with plant
residues and inoculated with targeted phosphate-mobilising
bacteria such as Microbacterium barkeri LP-1, has demonstrated
nutrient enrichment beyond conventional compost standards
(52). Microbial consortia-based reactor systems represent an
emerging approach for the biological conversion of agro-industrial
effluents into value-added biofertiliser products. These systems
utilise synergistic interactions among diverse microbial
communities to enhance organic matter degradation, nutrient
transformation and resource recovery. Biofilm-based and mixed-
culture reactors can facilitate the production of nutrient-rich liquid
biofertilisers  while simultaneously improving wastewater
treatment efficiency. The integration of microbial consortia into
sludge management systems offers opportunities for sustainable
nutrient recycling and the development of environmentally
friendly agricultural inputs (53). Microalgae-based systems further
broaden the scope of biological sludge conversion technologies.
By integrating microalgae cultivation with sludge and wastewater
treatment processes, these systems facilitate nutrient recovery,
organic matter utilisation and biomass production. The resulting
microalgal biomass is rich in proteins, carbohydrates and essential
nutrients, making it suitable for use as a biofertiliser or bio
stimulant. In addition to supporting nutrient recycling, microalgae-
integrated approaches contribute to sustainable wastewater
management and resource valorisation within circular
bioeconomy frameworks (54, 55). These systems align nutrient
removal with biomass valorisation, bridging wastewater
treatment and agricultural productivity.

Thermal and carbonaceous product pathways

Thermochemical technologies such as pyrolysis and hydrothermal
carbonisation (HTC) convert sludge into carbon-rich materials,
including biochar and hydrochar. Subsequent nutrient
enrichment and encapsulation strategies allow the production of
slow- or controlled-release fertilisers, improving nutrient use
efficiency while reducing leaching losses. These carbonaceous
matrices also enhance soil structure and carbon sequestration
potential, positioning sludge-derived biochar within climate
mitigation strategies (56).

Electrochemical recovery and encapsulation technologies

Emerging electrochemical processes offer promising routes for
direct nutrient recovery from sludge streams. Electrically assisted
systems can recover N and P as concentrated fertiliser salts, with
modelling studies suggesting the potential to supply up to 9% of N
and 32 % of P fertiliser demand in the United States under
optimised deployment scenarios (57). Such approaches support
the electrification and decarbonisation of sludge management.
Complementary material-engineering innovations include
polymer coating and encapsulation of sludge-derived granules.
The application of natural or biodegradable polymer coatings
enables controlled nutrient release while simultaneously reducing
contaminant mobility and metal leaching, thereby enhancing
environmental safety and agronomic precision

Process integration, economics and circularity

Beyond technical feasibility, techno-economic analyses indicate
that composting and lime stabilisation of biosolids can achieve
economic viability at biofertiliser market prices of approximately
19 €/m?, with payback periods of around three years under
favourable conditions (58). Integrated energy systems further
improve sustainability: biogas generated from anaerobic digestion
can be reused for sludge drying and plant operations, moving
toward energy self-sufficient fertiliser production facilities.

Composting and co-composting of sludge to biofertiliser

Composting and co-composting convert nutrient®rich but risky
sludges and agro-industrial residues into stabilised, safer
biofertilisers. Key advances focus on feedstock mixing, process
control and microbial inoculation to maximise nutrient retention,
humification and pathogen reduction.

These processes rely on aerobic microbial activity to
decompose organic matter, reduce pathogens and stabilise
sludge into a mature compost suitable for agricultural use. As
illustrated in Fig. 5, sludge composting involves the formation of
compost piles where organic materials undergo controlled
aeration and periodic turning for several weeks, allowing
microorganisms to degrade complex organic compounds and
produce stabilised compost.

Process control and optimisation

Critical parameters: C/N ratio (~20-30), moisture (~50-60 %),
aeration, temperature profile (clear thermophilic phase) and
turning frequency (59).

Full-scale thermophilic co-composting of algae sludge,
straw and chicken manure (C/N=20; 60 % moisture) met national
organic fertiliser standards and achieved >99.5 % toxin reduction
with high germination index and strong economic returns (60).
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Fig. 5. Schematic representation of composting and co-composting pathways for converting sewage sludge into biofertiliser.

Response surface methodology has been used to optimise
time, mix ratio and moisture for maximum NPK in sludge-sawdust-
vegetable waste composts, reaching very high nutrient levels and
demonstrating predictive process control.

Kinetic studies show composting of digestate + sawdust
follows second-order kinetics and Arrhenius behaviour, allowing
quantitative prediction of degradation and maturation (61).

Role of microbial inoculation and “microbial composts”

®  Meta-analysis across many systems: inoculants increase total
N (+30 %), P (+46 %), humification (+60 %), lignocellulose
degradation and germination index (+28 %), while
accelerating cellulose/hemicellulosey/lignin breakdown (62).

® In sludge composting, tailored inoculants suppress
denitrification, enhance ammonia assimilation genes and
raise total kjeldahl nitrogen (TKN) and humic acids, improving
fertiliser value (63).

® Microbial co-composts and “bio-organic” fertilisers
deliberately fortify compost with plant-growth-promoting
microbes, adding functions like P solubilisation, hormone
production and stress resilience (64).

® Microbial fertiliser from co-composted municipal/dairy
sludge (MK50, sludge + woodchips) achieved heavy metals
below limits and high densities of phosphate-solubilising and
cellulose-degrading  bacteria, with vegetable vyields
comparable to commercial fertilisers, though with relatively
low N content (65).

Safety, soil health and long-term performance

Properly composted sludge-based products generally meet
heavy metal and pathogen standards and are
microbiologically safe for agricultural use when process
temperatures and times are adequate (61).

Long-term field study (20 years) shows composted sludge
fertiliser markedly increases wheat yield and soil microbial
biomass and provides higher overall soil health index than
uncomposted sludge or mineral fertiliser alone, with metals
remaining below national limits (66).

Co-composting can reduce biosecurity risks relative to
composting some wastes alone; e.g., a balanced sludge-food-
waste mix (carbon-to-nitrogen (C/N) 25) lowered pathogen
risk while improving nutrient content compared with food-
waste-only compost (67).

Composting and co-composting strategies often involve
mixing sludge with various organic substrates to improve
compost stability, nutrient balance and process efficiency.
Table 7 summarises common composting configurations
used for sludge treatment, including the use of bulking
agents, food waste, agricultural residues and agro-industrial
by-products. These mixtures help optimise key composting
parameters such as C/N ratio, aeration, moisture content and
microbial activity, which are essential for effective
decomposition and pathogen reduction. The selection of
suitable co-substrates not only enhances compost quality but
also minimises environmental risks such as heavy metal

Table 7. Core composting and co-composting configurations used for sludge valorisation

Technique/mix Purpose and features Compost quality/risks Citations
. . . . . R Stable compost/biofertiliser; heavy metals
Sludge + bulking agents (woodchips, Adjust C/N, porosity, moisture; typical for and pathogens generally within standards (68)

sawdust, straw, green waste) sewage, dairy, brewery sludge

Balances low C/N sludge with high-moisture

when managed well
C/N=25 mix (T3) gave the highest nutrients

Sludge + food waste acidic food waste; improves structure > and lower pathogi?yr;reghan food- waste- (69)
Multi-residue co-composting (e.g., olive Mature, microbiologically safe compost;
Agro-residues + manures + sludges pomace, agro-sludge, artichoke wasteand  good tomato and wheat yields, especially (70)
straw) when combined with mineral N
Aerobic composting of brewery sludges or Products met nutrient and pathogen

Brewery / agro-industrial sludges

dairy/municipal sludge

standards; suitable as organic fertiliser

C: carbon; N: nitrogen.
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accumulation and odour generation, ultimately producing
stable biofertilisers suitable for agricultural applications.

Vermicomposting: Nutrient stabilisation and humification

Vermicomposting, which utilises earthworm species (e.g., Eisenia
fetida, Eudrilus eugeniae), which offers distinct advantages in
stabilising organic matter and enhancing nutrient availability
through the process of humification. The procedure involves the
breakdown of organic waste by earthworms and microorganisms,
resulting in a final product called vermicast, which is a fine, nutrient
-dense material that provides better soil conditioning properties
than standard compost (72). This bioconversion results in a
significant reduction in waste volume, while simultaneously
enriching it with plant growth-promoting compounds and stable
humic acids (73). Vermicomposting serves as an effective method
for lowering pathogen levels and enhancing the physico-chemical
attributes of various agro-industrial sludges, including dairy
effluent (74). The increased enzymatic activity within the
earthworm gut and its associated microbial communities boosts
decomposition and humification, yielding a consistent and
biologically active end product (75). This system operates
effectively within a temperature range of 10-32 °C, conditions that
favour the degradation of organic solid waste and the humification
of fertilisers (74). It is particularly suitable for agro-industrial
effluents like coconut food processing and dairy sludge, resulting
in high-quality, nutrient-rich biofertilisers (76). The vermicompost
produced is rich in essential plant nutrients, organic matter,
beneficial microorganisms and growth-regulating compounds, all
of which improve soil structure, increase water retention capacity,
enhance nutrient retention and promote microbial growth (77). In
the absence of thermophilic activity, this biological conversion
involving earthworms and microorganisms yields a fertiliser with
enhanced porosity and water capacity (78). These epigeic species
possess a remarkable ability to consume a variety of organic
wastes such as industrial and sewage sludges, transforming them
into nutrient-rich vermicompost through the shredding of larger
particles and aiding microorganisms through their synergistic
action. The resulting vermicompost demonstrates greater
microbial diversity and enzymatic activity, facilitating the
mineralisation of nutrients and the production of phytohormones
that promote plant development (79). In addition to nutrient
enrichment,  vermicomposting  significantly ~ addresses
environmental challenges and mitigates N loss compared to
traditional composting; it also reduces greenhouse gas emissions,
including nitrous oxide and methane.

Bioaugmentation and enzymatic treatment approaches

When compared to the previously mentioned methods,
bioaugmentation (i.e., the addition of specific microbial cultures to
enhance degradation processes) and the employment of enzymatic
treatments to introduce targeted enzymes into sludge represent
more advanced techniques for enhancing the transformation of
sludge into biofertiliser. These biotechnological approaches are
crucial for encouraging the breakdown of resistant organic matter
and minimising inhibitory substances that could affect the
effectiveness and safety of the biofertiliser product.
Bioaugmentation can also include the addition of specific groups of
microorganisms that can break down persistent organic pollutants
or improve nutrient cycling in sludge. Commonly referenced genera
consist of Bacillus, Pseudomonas, Streptomyces, Azotobacter and
Rhizobium, which play a role in contaminant breakdown, nutrient
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mineralisation, N fixation and P solubilisation. This would enhance
its fertilising potential while minimising environmental risks (80). This
combined approach of bioaugmentation and enzymatic hydrolysis
has been recognised as a significant advancement in converting
agro-industrial waste into higher-quality biofertilisers, promoting
sustainable waste management and agricultural productivity (81).
However, these biological processes face challenges such as lengthy
processing times and the actual choice of suitable microbes or
enzymes, especially when dealing with polymeric materials in the
flocs that obstruct substrate access (82). To tackle these issues,
various pretreatments have been utilised, including thermal,
physical and biological methods, among others, or a combination of
treatments aimed at facilitating hydrolysis and the stabilisation of
biosolids. Physical and chemical pretreatments, such as
ultrasonication, thermal treatment, NaOH and ozonation, have been
reported to improve the solubilisation of sludge and its
biodegradability by accelerating the hydrolysis step, which is the rate
-limiting stage in anaerobic digestion (82). Some of these techniques
can present challenges, such as high energy consumption, issues
related to pH fluctuations and the generation of toxic by-products,
necessitating careful optimisation. In contrast to the rudimentary
nature of physical-chemical treatments, enzymatic hydrolysis is an
eco-friendly and selective method, with potential benefits for
enhancing the bioavailability of complex organic molecules found in
sludge (83). Merging enzymatic pretreatments  with
bioaugmentation may further enhance sludge conversion by
improving the solubilisation of organic compounds and increasing
microbial activity, ultimately leading to better biofertiliser quality
and increased resource recovery. This dual-benefit approach
focuses on hydrolysis as a critical step in biological degradation,
especially in scenarios where extracellular enzymes are integrated
with sludge flocs (84). Enzymatic pre-treatments are particularly
effective for lignocellulosic waste, breaking down cellulose,
hemicellulose, lipids, proteins and starch (85).

Emerging green technologies

Economic sustainability can be enhanced through on-site enzyme
recovery and bioaugmentation, which effectively lower operating
costs associated with enzymatic biodegradation and improve the
efficiency of the process by allowing the reuse of catalysts and the
enhancement of microbial communities (86). Anaerobic digestion
plays a key role in these integrated biorefining strategies as it
significantly reduces sludge volume and produces biogas, a raw
material for renewable energy. Another crucial technology in
biorefineries is hydrothermal pretreatment, which optimises the
efficient use of biowaste for producing value-added products like
biofertilisers and biofuels, thus supporting a circular economy .
This aligns with the broader biorefinery ideology focused on
transforming agro-industrial waste into a variety of valuable end-
products, including biofuels, biofertilisers and biochemicals, while
minimising waste and maximising resource use (87). By combining
biochemical and anaerobic digestion techniques, biorefineries can
effectively convert both dry and wet biomass residues into a range
of useful co-products, thereby ensuring the efficient use of
agrochemical resources and improving energy efficiency. These
innovative biorefinery models endeavour to minimise the
ecological impact of agricultural-industrial activities while
simultaneously generating additional income through waste
valorisation (88). This approach aligns with "zero-waste" principles
by integrating systems that minimise residues while producing
valuable gas streams. Emerging green technologies, such as
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supercritical fluid extraction and membrane separation, offer
environmentally friendly methods for extracting valuable
compounds from agro-industrial sludge, reducing reliance on
hazardous solvents and energy. Green extraction technologies,
such as liquid biphasic systems, allow for the sustainable recovery
and purification of valuable compounds, including enzymes, from
agro-industrial slurries. Combining metabolomics with these
methods enhances the characterisation of metabolomic
complexity, leading to better recovery strategies for specific
bioactive compounds (89). The rise of green and sustainable
separation technologies is crucial for energy conservation and
utilising renewable sources for extractions, yielding high-quality,
safe product fractions from agro-industrial residues. Novel green
solvents, such as subcritical water and gas-expanded liquids,
broaden the potential for sustainable extraction and valorisation
of various biomolecules from complex waste streams. These
innovative extraction processes are essential steps toward
economically viable and eco-friendly biorefining of agro-industrial
sludge

Quality assessment and agronomic performance of sludge-derived
biofertilisers

Biofertilisers sourced from sludge and agro-industrial waste
streams are increasingly being endorsed within circular nutrient
management frameworks due to their ability to recycle N, P, Kand
organic carbon back into agricultural soils while decreasing
reliance on synthetic fertilisers. However, their effectiveness in
agriculture and safety for the environment largely hinge on the
quality of the product, especially regarding contaminant levels,
biological stability and reduction of pathogens. Sludge-derived
biofertilisers have been widely evaluated for their effects on crop
productivity and soil health. Table 8 summarises selected studies
reporting agronomic outcomes and soil biological responses
following the application of sludge-based fertilisers. Fig. 6 shows a
graphical abstract of the agronomic and soil impacts of sludge-
derived biofertiliser. Most field studies show composted or treated
sludge improves crop yields, biomass production and nutrient
availability due to its high organic matter and nutrient content.
Additionally, several studies report increased microbial biomass,
enzymatic activity and improved soil biochemical indicators after
sludge application. Although some sludge types may introduce
elevated nutrient concentrations or microbial contaminants,
proper stabilisation and controlled application rates generally
ensure safe use while enhancing soil fertility and crop
performance.
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Physical, chemical and biological indicators of agro-industrial sludge

Agro-industrial and  municipal sludges are inherently
heterogeneous materials whose agronomic suitability depends on
a comprehensive set of physical, chemical and Dbiological
indicators. Across brewery, textile, olive mill, food industry and
municipal sludge studies, the literature converges on a core
parameter group that determines fertiliser value, environmental
safety and regulatory compliance. From a physical perspective,
moisture content, dry solids concentration and texture govern
dewaterability, transport logistics, handling efficiency and
composability. Many sewage sludges exceed optimal composting
moisture thresholds, necessitating mechanical or electro-
dewatering; electro-dewatering technologies have been shown to
increase dry solids content to approximately 43-45 %, thereby
improving stability and reducing volume (96). Bulk density and
water-holding capacity (WHC) are critical for evaluating soil
amendment performance, as they influence soil structure,
porosity and moisture retention. Reported WHC values of
approximately 50-55 % are typical for municipal and brewery
sludges, indicating potential benefits for improving soil water
balance (97). Chemical indicators are central to risk assessment
and agronomic evaluation. Electrical conductivity (EC) serves as a
proxy for salinity stress; agro-industrial and brewery sludges with
EC values around 2-3 mS/cm generally fall within fertiliser salinity
limits, while certain liquid or anaerobically digested sludges may
exceed recommended thresholds and pose risks to salt-sensitive
crops (98). Beyond salinity, heavy metal concentrations and
speciation remain key determinants of safe land application.
Composite assessment tools such as pollution load index (PLI),
geoaccumulation index (I_geo), potential ecological risk index
(PERI) and human health risk models (dermal and ingestion
pathways) provide more nuanced classification than total metal
concentration alone (99).

Biological parameters are crucial for assessing sludge
safety. Pathogenic bacteria and helminth eggs, such as Salmonella
and faecal coliforms, often exceed regulatory limits in raw
municipal and brewery sludges, necessitating thermal or
advanced stabilisation before reuse (100). Indicators like microbial
biomass, enzyme activity, colony-forming units (CFUs) and
physiological profiles help evaluate sludge stability and its ability to
enhance soil biological processes. Ecotoxicological assays,
including germination index (GI) testing, assess chemical and
biological hazards, classifying sludges from phytotoxic to phyto
stimulant. Emerging frameworks recommend incorporating
indicators for antimicrobial resistance (AMR) genes, PFAS and

Table 8. Agronomic performance and soil biological effects of sludge-derived biofertilisers

Sludge/biofertiliser type Main agronomic outcomes Key soil/biological effects Citations
Wheat yield + 124 % vs. control; best soil health Higher microbial biomass, enzymatic
Composted sewage sludge index activity; metals below standards (90)
g Maize yield maintained; P and micronutrients Biogeochemical indicators similar to
Sewage sludge, 10-yr use fully replaced mineral fertiliser (52)
Sewage sludge biofertiliser (maize, Grain yield + 17 %, protein + 30 % at higher foliar Leaf macro/micronutrients increased; soil (92)
foliar) dose nutrients little changed
Biofertiliser + sewage sludge vy . T Higher respiration, microbial and
(banana) Not yield-focused; strong soil improvement phosphatase activity (93)
- - Cucumber biomass, photosynthesis = control;  Stronger effects on poor sandy soil than
Anaerobic sludge digestates best at mid N rate peat (94)
- Productivity and biomass increased; soil pH, CEC  No major heavy metal rise in soil; most
Sweet potato with SS and NOs-N improved; Pb still critical in tubers edible-metal levels fell (94)
HSTAD digestate (field) Maize performance similar to urea No ecotoxic risk; better stabilised OM and (95)

nutrients

N: nitrogen; OM: organic matter; HSTAD: high-solids thermophilic anaerobic digestion; P: phosphate.
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other contaminants, alongside traditional metrics, for Nutrient release and bioavailability from sludge-derived

comprehensive assessments (101). The literature emphasises
that combined physical, chemical, microbiological and
ecotoxicological indicators are essential for determining the safe
and effective use of agro-industrial sludge as a soil amendment
in circular bioeconomy systems.

Standard testing protocols for maturity and stability

Sludge- and biowaste-derived composts, the assessment of
stability (extent of biodegradable organic matter decomposition)
and maturity (absence of phytotoxicity and plant safety) reliesona
suite of standardised and semi-standardised testing protocols. The
literature consistently emphasises that no single parameter can
reliably certify compost quality; therefore, integrated evaluation
frameworks combining physical, chemical, biological and
increasingly spectroscopic indicators are recommended. Among
biological assays, the germination index (Gl) is the most widely
adopted maturity indicator. It evaluates seed germination and
root elongation commonly using cress, cucumber, or ryegrass in
aqueous compost extracts. The Gl value greater than 70 % is
frequently used as a threshold for maturity, indicating low
phytotoxicity and suitability for plant growth (102). However,
variability in seed species, extract preparation and incubation
conditions necessitates careful protocol harmonisation. Chemical
indicators complement bioassays in maturity evaluation. The C/N
ratio serves as a practical operational indicator, with values below
15 often associated with advanced composting stages.
Nevertheless, C/N alone cannot confirm stability and must be
interpreted alongside other parameters (103). The NH,/NO5 ratio
provides insight into nitrogen transformation dynamics; ratios
approximately < 1 reflect advanced nitrification and are commonly
associated with mature compost (102). More comprehensive
“maturity packages” have been proposed for agro-industrial
composts, integrating multiple criteria such as organic matter
(OM) loss greater than 42 %, C/N ratio below 15, water-extractable
carbon to organic N ratio (Cw/Norg) below 0.55, humic acid to
fulvic acid ratio (HA/FA) above 1.9, humification index (HI)
exceeding 30 %, cation exchange capacity to total organic carbon
ratio (CEC/TOC) above 1.7 and Gl above 70 %.

biofertilisers

Agro-industrial sludge applications typically produce an initial
ammonium (NH,) flush, with peak concentrations occurring
within hours of soil incorporation, followed by a gradual decline as
nitrification proceeds. Nitrate (NO;") concentrations often peak
between 60 and 100 days, indicating slower N mineralisation
compared to urea and consequently lower leaching risk. This
delayed release pattern enhances synchronisation between crop
demand and N availability. Advanced formulations further refine
release kinetics. Sewage sludge hydrogel spheres demonstrate
moisture-, temperature and pH-dependent N release profiles that
align well with diffusion and polymer relaxation models. These
systems support sustained ryegrass growth by delivering N
gradually over time (104). Similarly, iron-loaded sludge biochar
materials release approximately 28-54 % of total N under
controlled testing conditions, primarily via chemically mediated
mechanisms, qualifying them as slow-release fertilisers (105).

Phosphorus bioavailability is another key advantage of
sludge-derived amendments. Long-term field trials indicate that
sewage sludge serves as a strong source of plant-available P,
often outperforming farmyard manure (FYM) or mineral NPK
fertilisers in terms of Mehlich-3 extractable P levels. In contrast,
FYM tends to contribute relatively higher K and Mg inputs (106).
Nitrogen replacement studies further demonstrate that dairy
and municipal sludges can substitute a substantial fraction of
mineral N and P fertilisers while sustaining grass yield and N
uptake. Reported N fertiliser replacement values reach up to
approximately 54 %, highlighting their practical agronomic value
(107). Processed sewage sludge-based nutrients and bio
stimulant formulations show high extractable N and P fractions
and reported bioavailability ranging from 60-100 %, alongside
improvements in soil enzyme activity and beneficial microbial
community structure (108). Table 9 describes the P and K
dynamics. These findings suggest that sludge-derived products
may function not only as nutrient sources but also as soil
biological enhancers.
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Environmental and economic perspectives on agro-
industrial sludge valorisation

Environmental perspectives

Agro-industrial and sewage sludges contain substantial organic
matter and nutrients (N, P, K), supporting their use in biorefineries,
energy recovery and soil amendment rather than landfilling or
incineration (112). Anaerobic digestion of foodRindustrial or sewage
sludge can cut sludge volume by ~70 % and generate significant
biogas energy, reducing greenhouse gas emissions compared with
conventional disposal. Thermochemical routes such as pyrolysis,
gasification and hydrothermal carbonisation convert sludge into
biochar or hydrochar, enabling carbon sequestration and P-rich
products; pyrolysis biochar has been reported to sequester upto 3t
CO, per ton of biochar (113). Land application of sewage and
industrial sludges improves soil organic matter, nutrient status and
structure, especially in degraded or manure-scarce regions, but
must be carefully managed due to heavy metals, organic
micropollutants, pharmaceuticals and pathogens (114). Reviews
emphasise emerging contaminants (e.g, pharmaceuticals,
microplastics) as a growing constraint for agricultural reuse and a
key research gap. For some streams (e.g., tannery sludge), Cr
speciation makes valorisation particularly sensitive, demanding
robust control to avoid Cr (VI) formation (115). Overall, sludge
valorisation aligns strongly with the circular economy and SDGs on
clean water, clean energy and responsible production, but requires
stringent quality control, monitoring of long-term soil and
ecosystem impacts and updated regulatory frameworks.

Economic perspectives

From an economic standpoint, sludge is a low- or negative-cost
resource that can reduce treatment and disposal expenses through
energy and product generation. However, profitability often
depends on context and may require subsidies. For instance, a study
in Scandinavia found that none of the five sludge valorisation
scenarios were financially viable without subsidies, though biological
separation routes (like PHA production) came closest to breaking
even. Optimising sewage sludge use for carbon reduction revealed
that anaerobic digestion followed by land application is the most
cost-effective for domestic sludge, while a combination of digestion
and controlled landfilling is preferred for mixed sludge due to

Table 9. Phosphorus and potassium dynamics
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contamination issues (116). Economic viability hinges on factors like
capital costs, energy prices, policy incentives and gate fee potential.
Various valorisation strategies offer diverse revenue sources like
biogas, biofuels and fertilisers while also presenting challenges such
as high water content and complex downstream processing costs.
Key methods include anaerobic digestion (with renewable energy
benefits), land application (cost-effective but with regulatory
concemns), thermochemical treatments (higher costs but with
environmental benefits) and biorefineries (technologically complex).
Integrated assessments generally show that valorisation options are
environmentally preferable to simple disposal but require regulatory
support and public acceptance for economic viability. Fig. 7
highlights the comparison of key sludge valorisation routes and
impacts on the environment.

Although several sludge valorisation pathways offer
environmental benefits, their economic viability is often strongly
influenced by policy support. Incentives such as renewable energy
subsidies, carbon credit schemes, landfill taxes and nutrient recovery
programs can substantially improve project feasibility. The
effectiveness of these mechanisms varies across regions, with
European countries generally providing stronger support for circular
bioeconomy initiatives than many developing economies.
Therefore, future economic assessments should evaluate the
influence of regional policy frameworks and subsidy levels on the
long-term competitiveness of sludge valorisation technologies.
Different sludge valorisation strategies offer various environmental
benefits and economic considerations. Table 10 summarises key
sludge management routes and their impacts. Anaerobic digestion
with biogas recovery promotes greenhouse gas reduction and
renewable energy, often aided by subsidies. Land application as
fertiliser is cost-effective and enhances soil quality but may face
regulatory issues. Thermochemical treatments like pyrolysis provide
carbon sequestration but involve higher costs. Biorefinery methods
aim to recover valuable products, although they are technologically
complex and expensive. These trade-offs underscore the need for
integrated  assessments in  selecting sustainable sludge
management strategies. Overall, valorisation pathways are more
environmentally favourable than simple disposal but require
supportive regulations, financing and public acceptance to be
economically viable.

Product type Phosphorus (P) and potassium (K) behaviour vs mineral fertiliser Citations
Struvite-/ash-based P Often match soluble Ca(H,PO,), for plant P uptake over rotations; clearly outperform phosphate (109)
fertilisers rock; efficacy strongly process-dependent

Sewage-sludge biochars / _ . 3 . . .

; - . Meet slow-release criteria for NH,*, PO,*, K; release increases at low pH and high temperature but

|(r|1sdé1)str|al sludge biochar risks remain acceptable below certain doses (110)
K-enriched sludge biochar K release up to 77 % slower than KCl; pellets usually slowest, with more K retained in wetter, clayey (111)

(pellets/granules)

soils; reduced K leaching vs KCl

P: phosphorous; K: potassium; KCl: potassium chloride; NH,"ammonium ion; PO,*: phosphate ion; Ca(H,PO,),: calcium dihydrogen

phosphate.

Table 10. Environmental and economic trade-offs in sludge valorisation

Economic notes

Valorisation route Main environmental effects s - Citations
(typical issues/opportunities)

Anaerobic digestion + - . . Often, most cost-effective; improved by co-

biogas GHG reduction, volume reduction, nutrient reuse digestion, subsidies (117)

Land application as Soil quality improvement; risk of contaminants Low processing cost; constrained by (117)

Pyrolysis/gasification / HTC Carbon sequestration, pollutant concentration Higher CAPEX/S;EI)Q;CE{SSJG markets and (117)

Biorefinery for chemicals/ High resource recovery, reduced waste Higher complexity; downstream separation (117)

bioplastics

often cost-limiting

GHG: greenhouse gas; CAPEX/OPEX: capital expenditure / operating expenditure; HTC: hydrothermal carbonisation.
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Fig. 7. Comparison of key sludge valorisation routes and impacts.

Environmental and economic perspectives: Comparative analysis of
composting, landfilling and incineration

This section evaluates the environmental impacts and economic
viability of three primary sludge management options:
composting, landfilling and incineration. Although all these
methods decrease waste volume, their energy demands,
operational intricacies and potential for resource recovery differ
significantly.  Conventional techniques are increasingly
challenged by stricter regulations that encourage innovation in
sustainable waste management. Incineration significantly
reduces sludge volume and generates energy; however, it raises
environmental concerns related to air emissions (such as dioxins
and furans) and the complexity of managing ash residues
containing heavy metals. These issues necessitate advanced
emission control and more complex monitoring, impacting the
overall operational costs. Landfilling was historically a common
practice in regions like Russia, but recent attention has shifted
towards agricultural use and energy recovery via incineration
and biogas production (118). While landfilling may be cost-
effective in certain contexts, it poses a long-term environmental
risk due to methane emissions during anaerobic breakdown and
the potential for groundwater contamination from leachate.
Such issues demand sophisticated emissions abatement
systems and stringent monitoring, which lead to higher
operational costs and increased technical complexity.
Composting represents a more sustainable approach that
transforms sludge into stabilised organic material through
aerobic decomposition. When managed properly, ensuring
appropriate moisture levels, aeration and carbon-to-N ratios,
composting eradicates pathogens, stabilises organic content
and produces valuable soil amendments as a final product.

Challenges and knowledge gaps

Although there is acknowledged potential for recovering resources
from agro-industrial sludge, various widespread challenges and
considerable knowledge deficits hinder its broad and sustainable
application. These challenges include the natural variability in sludge
composition, which makes scaling processes more complex, as well
as significant risks related to the accumulation of heavy metals and

the survival of pathogens (119). Additional difficulties arise from the
absence of standardised processing techniques and quality
certification, which result in limited acceptance in the market and a
lack of supportive policy mechanisms. Moreover, the integration of
these processes into existing agro-industrial supply chains
introduces logistical and operational obstacles, complicating the
shift from waste disposal to resource valorisation (120). The lack of
comprehensive policies and regulatory frameworks specifically
focused on sludge management frequently results in unregulated
and improper disposal methods. Such practices not only present
environmental risks but also emphasise the critical need for a shift
towards a circular economy perspective, viewing sludge as a
valuable resource instead of waste (121). This change in perspective
requires addressing the significant gap in creating comprehensive
models that illustrate the complex interactions among treatment
technologies and different sludge components, which are essential
for both scalability and environmental impact evaluations (122). In
particular, the long-term ecological effects of repeated sludge
applications on soil health and microbial communities remain
poorly understood, necessitating deeper exploration of potential
cumulative impacts like soil compaction or nutrient imbalances.
Gaining a better understanding of these intricate interactions is
crucial for optimising treatment processes and ensuring the safe and
beneficial reuse of sludge in agricultural settings.

Conclusion

This review demonstrates that the bioconversion of agro-industrial
effluent sludge into bio-fertilisers is a promising and sustainable
approach for waste valorisation, nutrient recovery and the
advancement of a circular bioeconomy. Evidence from the literature
indicates that biological conversion technologies, such as
composting, vermicomposting, microbial inoculation, anaerobic
digestion and emerging biorefinery-based processes, can effectively
convert nutrient-rich sludge into valuable agricultural inputs while
minimising the environmental impacts associated with sludge
disposal. When properly treated, sludge-derived biofertilisers can
improve soil fertility, stimulate microbial activity, enhance nutrient
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availability and increase crop productivity, thereby reducing reliance
on synthetic fertilisers and highlighting the importance of microbial
consortia, nutrient-mineralising enzymes and advanced stabilisation
techniques in enhancing the quality, safety and agronomic
effectiveness of sludge-derived products. In addition, innovative
technologies, including biochar-based fertilisers, electrochemical
nutrient recovery systems, hydrothermal carbonisation and
integrated sludge biorefineries, provide new opportunities for
maximising resource recovery and promoting sustainable
agricultural production. Despite these advances, challenges related
to heavy metals, pathogens, antibiotic resistance genes and other
emerging contaminants continue to pose significant concerns and
require effective treatment strategies, continuous monitoring and
strict regulatory oversight. Overall, the findings emphasise that agro-
industrial sludge should be viewed not as a waste product but as a
valuable resource that can contribute to sustainable nutrient
management, environmental protection and climate-resilient
agriculture. The successful implementation of sludge valorisation
technologies can support circular economy goals by closing nutrient
cycles, reducing dependence on landfills and encouraging resource-
efficient agricultural practices.

Future research should focus on developing standardised
protocols and quality standards for sludge-derived biofertilisers, as
well as investigating the long-term impacts of their repeated
application on soil health, microbial diversity, contaminant
accumulation and ecosystem functioning. Further studies are
needed to optimise microbial consortia and bioaugmentation
approaches for enhanced nutrient recovery and contaminant
degradation. Research should also evaluate the occurrence, fate and
risks of emerging contaminants, including antibiotic resistance
genes, pharmaceuticals, microplastics and per- and polyfluoroalkyl
substances (PFAS). In addition, large-scale field trials and life-cycle
assessments are necessary to validate the agronomic,
environmental and economic performance of these products under
diverse agroecological conditions. Finally, the development of
integrated policy frameworks and market mechanisms will be
essential to facilitate the safe commercialisation and widespread
adoption of sludge-derived biofertilisers. Addressing these priorities
will play a crucial role in advancing sludge bioconversion
technologies and unlocking their full potential within sustainable
and circular agricultural systems.
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