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ABSTRAK

Controlled/slow-release fertilizers (CSRF) terus dikembangkan karena adanya kebutuhan untuk
meningkatkan produktivitas pertanian dan mengurangi dampak ekonomi, sosial, dan lingkungan akibat pencucian
pupuk konvensional ke alam. Selain itu, penggunaan polimer biodegradable sebagai bahan CSRF terus menjadi
prioritas dalam pengembangan CSRF. Oleh karena itu, tinjauan ini mensintesis penelitian terkini tentang CSRF
berbasis lignin dan polisakarida, dengan menekankan kompatibilitas dan kinerjanya dalam aplikasi pertanian.
Lignin, biopolimer yang berlimpah dan terbarukan, dievaluasi efektivitasnya sebagai agen pelepasan lambat
dalam CSRF. Penelitian telah menunjukkan potensi lignin untuk meningkatkan profil pelepasan nutrisi dan
kelestarian lingkungan bila digunakan sendiri atau dikombinasikan dengan polimer lain. Polisakarida, yang
dikenal karena biokompatibilitas dan biodegradabilitasnya, juga telah dieksplorasi. Memasukkan lignin ke dalam
CSRF berbasis polisakarida telah disorot, khususnya dalam matriks pati, selulosa, kitosan, dan natrium alginat.
Komposit ini menawarkan sifat mekanik yang lebih baik, pelepasan unsur hara yang terkontrol, dan peningkatan
retensi air tanah. Tantangan dan arah masa depan terkait CSRF berbasis lignin dan polisakarida juga ditinjau.
Temuan-temuan ini menggarisbawahi pentingnya pengembangan teknologi pupuk berkelanjutan untuk memenubhi
kebutuhan pangan di masa depan sekaligus memitigasi dampak lingkungan.

Kata kunci: lignin, matriks komposit, pupuk terkontrol/pelepasan lambat, polisakarida, urea
ABSTRACT

Controlled/slow-release fertilizers (CSRF) continue to be developed because of the need to increase
agricultural productivity and reduce the economic, social, and environmental impacts of conventional fertilizers
leaching into nature. Additionally, the use of biodegradable polymers as CSRF materials continues to be a priority
in CSRF development. Therefore, this review synthesizes the current research on lignin- and polysaccharide-based
CSRFs and emphasize their compatibility and performance in agricultural applications. Lignin, an abundant and
renewable biopolymer, was evaluated for its effectiveness as a slow-release agent in CSRF. Studies have
demonstrated the potential of lignin to improve nutrient release profiles and environmental sustainability when
used alone or in combination with other polymers. Polysaccharides, which are known for their biocompatibility
and biodegradability, have also been explored. The incorporation of lignin into polysaccharide-based CSRFs has
been highlighted, particularly in starch, cellulose, chitosan, and sodium alginate matrices. These composites offer
improved mechanical properties, controlled nutrient release, and enhanced soil water retention. The challenges and
future directions regarding lignin- and polysaccharide-based CSRF are also reviewed. These findings underscore
the importance of developing sustainable fertilizer technologies to meet future food demands while mitigating
environmental impacts.

Keywords: controlled/slow-rele ase fertilizer, composite matrix, lignin, polysaccharide, urea

INTRODUCTION 2022). However, the misuse of conventional
) ) ] ) fertilizers has led to elevated nitrogen levels in the
With the global population projected to rise to soil, resulting in environmental, societal, and

nine billion by 2050, future food demand is expected economic issues due to nitrogen leaching (Zulfigar et
to increase significantly (Vermoesen et al., 2024). al., 2019). Environmental damage includes harmful
Nitrogen fertilizer has proven effective in boosting algal  blooms, eutrophication, and  water

crop yields over the past six decades (Tiwari and Pal, contamination (Bibi et al., 2016). Socially,
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contaminated water sources can cause health
problems, including methemoglobinemia, in children
(dos Santos et al., 2024). Economically, the cost of
mitigating fertilizer leaching damage is substantial
(Norse and Ju, 2015). Sustainable and
environmentally friendly fertilizer management
practices are crucial for mitigating these impacts.

Controlled-release fertilizers (CSRF) release
nutrients gradually over an extended period, in
contrast to conventional fertilizers that release
nutrients quickly. CSRFs effectively enhance crop
total nitrogen (TUN) uptake and yield of crop by
synchronizing nutrient release with crop demand,
thereby reducing environmental nitrogen release
(Zhang et al., 2014). Lignin, a renewable and
relatively hydrophobic substance, has considerable
potential as a sustainable raw material because of its
abundance and role as a structural component of
lignocellulosic biomass (Maheshwari, 2018). It is
cost-effective and sustainable, given its availability as
a by-product of the paper industry and biomass
refining (Chen et al., 2020; Kumar et al., 2023).

Studies have demonstrated the effectiveness of
lignin as a reinforcement agent in composite matrices
owing to its slow-release properties (Abbas et al.,
2022). Most natural biopolymers, such as
polysaccharides, within plant cell walls, exhibit high
hydrophilicity, whereas lignin is predominantly
hydrophobic (Zhao et al., 2016). Therefore,
compared to other reinforcing biomaterials, lignin is
a particularly promising solution for creating
controlled slow-release fertilizers (CSRF). Lignin has
been used as a biocoating material to improve the
slow nutrient release profile of fertilizers, both alone
and in combination with other polymers (Jiao et al.,
2018; dos Santos et al., 2021; Elhassani et al., 2023).
It significantly extends the nitrogen release time and
can also slow the release of phosphorus when used to
coat phosphate fertilizers (Fertahi et al., 2024).
Additionally, lignin-incorporated chitosan-based
coatings and lignin-clay nanohybrid composites have
shown promise in extending the life of coated urea
fertilizers and in controlling nitrogen release while
increasing soil water retention (Elhassani et al., 2023;
Zhang et al., 2020).

Owing to their long carbohydrate chains,
polysaccharides are promising candidates for
sustainable composites because of their non-toxic,
biocompatible, and biodegradable properties (Shah et
al., 2022). However, the variability in natural fiber
properties poses a challenge in developing high-
performance natural fiber-reinforced composites
(Saravanan and Ganesan, 2017). CSRFs made from a
single type of natural film-forming coating polymer
often exhibit both desirable and undesirable
properties. Consequently, mixing biopolymers with
biocomposite materials is an alternative approach to
improve CSRF coatings (Firmanda et al., 2024).

Given the extensive research on lignin and
polysaccharide mixtures, a literature review focusing
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on the CSRFs from these materials is necessary,
particularly regarding the interactions between lignin
and different polysaccharides. This paper reviews the
current knowledge and research on lignin and various
polysaccharides as CSRF composites and analyze
their compatibility, properties, and challenges to
optimize CSRF performance.

MATERIAL AND METHODS

An exploratory literature review was
conducted using articles from national and
international journals, sourced from databases such as
Scopus, Science Direct, PubMed, Google Scholar,
and Research Gate. The keywords employed included
controlled-release fertilizer (CRF), lignin, urea,
material, composite matrix, slow-release fertilizer
(SRF), and polysaccharides. The search spanned from
August 2023 to May 2024. The collected articles
facilitated a detailed discussion of CSRF, lignin as a
reinforcement material in CSRF, and lignin-
polysaccharide-based CSRF.

Previous studies have investigated the
incorporation of lignins into  polysaccharide
composites for various applications, such as
biodegradable materials and drug delivery systems.
However, a significant gap remains in understanding
their specific impact on the CSRF performance
requirements. Existing studies have primarily focused
on mechanical properties and general
biodegradability, often neglecting how lignin
incorporation affects nitrogen release kinetics, water
retention, and hydrophobicity. A comprehensive
examination of these factors could optimize lignin-
polysaccharide interactions and enhance the CSRF
efficiency, sustainability, and functionality.

This article provides an in-depth examination
of CSRF and their types. Initially, the role of lignin in
CSRF formulations was explored, followed by an
analysis of the properties of various polysaccharides,
including starch, cellulose, chitosan, and alginate.
These polysaccharides serve as matrices in CSRF,
with lignin acting as a reinforcement agent. The
characteristics of each polysaccharide composite and
their corresponding CSRF properties, such as
hydrophobicity, water retention, and nitrogen release,
offer a holistic understanding of their interactions and
potential optimization.

RESULTS AND DISCUSSION

Controlled/Slow-Release Fertilizer (CSRF)
Slow-release fertilizers release nutrients
gradually, aligning with the plant's nutritional needs
and improving the application efficiency. The release
mechanism is influenced by environmental factors
such as temperature, pH, humidity, and microbial
activity, as well as the characteristics of the composite
material (Firmanda et al., 2023). Slow-release and
controlled-release  fertilizers are often used
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interchangeably but differ primarily in their nutrient-
release mechanisms. Slow-release fertilizers depend
on natural processes, whereas controlled-release
fertilizers use engineered solutions for precise
nutrientrelease (Dave et al., 1999; Rajan et al., 2021).

Commercially, two main methods are used to
produce slow- and controlled-release fertilizers:
encapsulation and hydrophobicity (Purnomo and
Saputra, 2021). Encapsulation involves coating
fertilizer granules with a low-solubility layer of
organic and inorganic materials to regulate nutrient
dissolution by slowing water penetration and
dissolution rates. Techniques such as pan, rotary
drum, and fluidized-bed coating have been employed
to produce controlled-release urea, with the fluidized-
bed process yielding high-quality, uniformly thick
layers (Behin and Sadeghi, 2016; Tzika et al., 2003).
The hydrophobic method uses a solid material matrix
mixed and molded with fertilizer powder, which is
commonly wused in underdeveloped countries
(Purnomo and Saputra, 2021). This method involves
chemically modified slow-release fertilizers, in which
chemical reactions between nutrients and active
groups in the matrix and filler regulate the nutrient
release (Lu et al., 2022).

Lignin as a Reinforcement Material in CSRF

Lignins are complex phenolic and organic
polymers essential for plant structural tissues (Kai et
al., 2017; Ebrahimi et al.,, 2024). Annually,
approximately 1.65 million tons of commercial
technical lignin is produced, with lignosulfonate
comprising ~80%, kraft lignin ~15%, and hydrolyzed
and soda lignin ~5% (Dessbesell et al., 2020). The
physical and chemical properties of lignin vary
significantly based on the type, source, and isolation
procedure and are influenced by factors such as molar
mass, polydispersity, and multi-branched structure
(Kai et al., 2017; Ariyanta et al., 2023). Technical
lignin can exhibit different structures and impurities
depending on the plant species and isolation method
used (Ruwoldt et al., 2024). Owing to its functional
aromatic  structure, which primarily includes
hydroxyl and methoxy chemical groups on aromatic
rings, lignin has significant potential applications as
an additive, coating, fertilizer, and plant growth
promoter (Ariyanta et al., 2023). The increase in
phenolic hydroxyl or sulfonated groups during the
technical processing of lignin can enhance its
reactivity and hydrophobicity, making it suitable for
slow-release fertilizers (Chen et al., 2020).

Lignin can serve as a coating agent for
fertilizers by leveraging its excellent slow-release
properties (Chen et al., 2020). Lignin-based CSRF
are categorized into  physically  impeded
(coating/encapsulation) and chemically modified
(crosslinking) types (Lu et al., 2022). Modified lignin
coatings on urea can inhibit surface biodegradability
in soil, prolonging fertility by reducing the
degradation of urinary enzymes (Majeed et al., 2015;
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Lu et al., 2022). However, the high heterogeneity,
complex structure, and low reactivity of lignin can
result in uneven coatings, large surface porosities, and
cracks (Kumar et al., 2023). Therefore, modifications
such as surface functionalization or composites with
other compounds are necessary to utilize lignin
effectively as a CSRF coating (Mulder et al., 2011).

Lignin is widely used as a reinforcement
material in composite matrices for CSRF production.
Common composite matrices include polyvinyl
alcohol (PVA) (dos Santos et al., 2021; Liu et al.,
2024), polysaccharides (Elhassani et al., 2023; Latha
etal., 2023), rubber (Boonying et al., 2023), and clays
(Zhang et al., 2020). The efficiency of lignin-coated
urea CSRF depends on the coating's percentage and
composition (Garcia et al., 1998). Although
significant progress has been made in developing
lignin-based CSRF, future efforts should focus on
applying these advancements to practical agricultural
production.

Lignin-Polysaccharide Based CSRF
Polysaccharides are complex carbohydrates
composed of long chains of monosaccharide units
that are linked by glycosidic bonds. Polysaccharides
are widely distributed in nature, found in animals,
plants, and microorganisms, and exhibit diverse
functional properties (Chen and Huang, 2017).
Different types of polysaccharides are classified
based on their monosaccharide compositions and
structural  characteristics.  The  sources  of
polysaccharides vary greatly, ranging from plant
materials, such as agricultural and forestry waste
(Mohammed et al., 2021) to microbial sources, such
as fungi, bacteria, and microalgae (Galasso et al.,
2019). Polysaccharides have wide applications in
various industries, including pharmaceutical,
cosmetic, food, and paper production (Ullah et al.,
2021). Polysaccharides have also received significant
attention in sustainable agriculture because of their
potential as controlled-release fertilizers. This
complex carbohydrate exhibits a series of
characteristics that make it suitable for these
applications, including its ability to slowly release
nutrients over time, biodegradability, and its potential
to improve soil health (Nechita and lana-Roman,
2020). Therefore, polysaccharides are an
environmentally friendly alternative to CSRF.
However, unmodified polysaccharide-based
CSRF have several weaknesses, including
hydrophilicity and relatively low mechanical
strength, which affect their performance under
various soil moisture conditions (Chiaregato et al.,
2022). Therefore, chemical modification of
polysaccharides has emerged as a promising
approach. An example of this chemical modification
is the crosslinking of starch by reaction with sodium
tetraborate, which can enhance its viscosity and
solubility because pure starch becomes a highly
branched long-chain biopolymer (Naz et al., 2014).
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In addition to chemical modification, the
incorporation of reinforcing agents, such as lignin,
into polysaccharide-based CSRF offers further
improvements (Chiaregato et al., 2022). Lignin and
polysaccharide-based CSRFs (Figure 1) have
emerged as promising solutions that offer many
benefits over conventional fertilizers (Gu et al.,
2014), as shown in Table 1. When incorporated into
fertilizers, lignin and polysaccharides can act as slow-
release agents that gradually release nutrients such as
nitrogen over time to offset plant uptake and increase
wettability or the ability of the soil to absorb water,
which is critical for effective plant nutrient uptake.
This advantage aligns with increasing demand for
sustainable and  environmentally  responsible
agricultural practices.

Lignin-Starch Based CSRF

Starch is a polysaccharide produced by
plants for energy storage and is primarily composed
of two D-glucose polymers: lightly branched
amylose, with long glucan chains, and highly
branched amylopectin, which contains many short-
chain groups (Wang et al., 2015). Most commercially
available starches are derived from grains, such as
corn, rice, and wheat, or tubers such as potatoes and
cassava (tapioca) (Jiang et al., 2020).

Starch shows potential for use in CSRF
composites owing to its several key properties. It has
excellent film-forming capabilities, which allow it to
adhere to fertilizer granules and form a continuous
barrier that controls nutrient release, providing a
gradual nutrient supply to plants (Lin et al., 2024).
Additionally, starch can retain water, enhancing the
ability of coated fertilizer granules to reduce nutrient
loss through leaching (Cai et al., 2014). Its cost-
effectiveness and availability make it an attractive
option for large-scale slow-release fertilizer
production (Jiang et al., 2020).

However, natural starch has limitations,
such as suboptimal mechanical and thermophysical

Polysaccharide Matrix
(Starch or Cellulose or
Chitosan or Alginate)

Fertilizer
.. (Ureaor
ngn'n Diammonium phosphate)

properties, reduced suitability for urea coatings, and
sensitivity to humidity (Chen et al., 2020; Jiang et al.,
2020). The wuneven layer thickness and high
biodegradation rate can affect the stability and
commercialization of slow-release fertilizers (SRF)
derived from starch (Channab et al., 2023; Majeed et
al., 2018). The addition of lignin as a filler to the
starch matrix can enhance the functional and
mechanical  properties of CSRF. Lignin's
incorporation can improve starch biodegradation and
nitrogen release properties (Majeed et al., 2013).
Nanotechnology can further enhance the performance
of lignin and starch coatings in slow-release
fertilizers, making them biodegradable and
environmentally friendly (Chen et al., 2020). The role
of lignin in protecting starch morphology has been
confirmed through optical microscopy, which
showed fewer changes in the starch particle structure
(Majeed et al., 2018).

Research has demonstrated that lignin in the
starch matrix positively affects nitrogen release,
water absorption, biodegradability, and plant growth
in CSRF. The urea release efficiency of CSRF is
improved by chemical crosslinking and hydrogen
bondings between alkaline lignin (AL), polyvinyl
alcohol (PVA), and corn starch (CS), as well as the
aggregation properties of AL (Yang et al., 2023).
Lignin-modified tapioca starch films can function as
effective soil conditioners and slow-release systems
(Man et al., 2014). Increasing the lignin content
enhances the hydrophobicity of urea-cross-linked
starch-lignin  composite films, reducing water
absorption (Sarwono et al., 2018; Ariyanti et al.,
2013). The slow mineralization in these films
indicates that lignin controls the biodegradability of
starch (Majeed et al., 2016). Rapid plant growth trials
have shown that CSRF from composites of AL, PVA,
and CS can significantly reduce fertilizer application
rates by up to 70% (Yang et al., 2023).

Polysaccharide Matrix
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Figure 1. Illustration of lignin-polysaccharide based CSRF with physically impeded method (coating) (a) and

chemically modified method (crosslinking) (b).
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Table 1. Performance of CSRF with lignin as reinforcement material and various polysaccharides as matrix

Tgi%erfi r?f Matrix Type Fe.'l’_t;géer Performance Source
Alkaline PVA and Corn Urea The cumulative release of urea was Yang et al.
Lignin Starch 70.63% in 30 days (2023)
Alkaline Poly acrylicacid ~ Urea Simultaneously, more urea molecules Lietal.
Lignin (PAA), were released from the single-layer and  (2023)

Polyacrylamide double-layer fertilizers over a period of
(PAM), PVA, more than 30 days, with cumulative
and release rates of 92.36% and 85.10%,
Methylcellulose respectively.
Lignin Chitosan and Urea Lignin extended the shelf life of CSRF  Elhassani et
Nanoparticles PVA to 18 days, in contrast to just 5 days for  al. (2023)
pure Chitosan/PVA fertilizer.
Organosolv Chitosan Urea The release of urea from CSRF in water Latha et al.
Lignin was extended to 72 days and saturated (2023)
from the 75th day
Alkaline Sodium Alginate  Di- Increasing lignin content has a El
Lignin (SA) ammonium  significant impact on slow-release Bouchtaoui
Phosphate behavior, exceeding one month before  etal.
(DAP) the nutrient is completely released in (2022a)
the soil
Alkaline Methylcellulose Di- The release of nutrients from coated El
Lignin ammonium  DAP extended for over 30 days Bouchtaoui
Phosphate etal.
(DAP) (2022b)
Alkaline d k-carrageenan Triple super  Coating agents decrease phosphorus Fertahi et al.
Lignin phosphate release from 100% within 3 days for (2020)
(TSP) uncoated TSP to 55-69% within 30
days for coated TSP
Alkaline Hydroxyapatite Urea The best slow release of urea occurred  Elhassani et
Lignin (HAP) and in urea-coated mesoporous HAP al. (2019)
Lignocellulose encapsulated by lignin for 60 days
Alkaline d k-carrageenan TSP The release test showed the influence Fertahi et al.
Lignin of the TSP/biopolymer mass ratio, and  (2019)
the slowest P release was obtained with
the CSRF formulation composite
within 3 days
Alkaline Urea-Crosslinked  Urea Nitrogen diffusivity was effectively Majeed et
Lignin Starch retarded 0.66-0.94 times by lignin in al. (2016)
the composite films
Lignin Kraft Tapioca Starch Urea Almost 80% of the urea in CSRF is Man et al.
released into the soil within 8 days (2014)
while pure urea granules are completely
released within 2 days while
Lignin Kraft Tapioca Starch Urea It was found that lignin inhibited urea Sarwono et
release in CSRF al. (2013)

Lignin-Cellulose Based CSRF

Cellulose is a commercially important
polysaccharide. Cellulose is the most abundant,
water-insoluble,  bio-derived, fibrous polymer
(Ranjha et al., 2023). Cellulose is in growing demand
because of its renewability, non-toxicity, economic
value, biodegradability, exceptional mechanical
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properties, high surface area, and biocompatibility

(Chen et al., 2023).

Cellulose is an excellent film-forming material
as it can form hydrocolloids in suitable solvent
systems (Khalil et al., 2017). Currently, these
composites are used in most engineering fields
because they strengthen the polymer matrix, as
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demonstrated by mechanical characterization (Chen
et al., 2023).

The use of cellulose in slow-release fertilizer
(SRF) coatings offers several advantages. Cellulose is
hydrophilic, meaning that it absorbs and retains water
(El Bouchtaoui et al., 2022b). This property enables
the gradual release of water into the fertilizer core,
facilitating the dissolution and subsequent release of
nutrients. Its high hydrophilicity helps to maintain
soil moisture and promote plant growth (Firmanda et
al., 2022). Additionally, the large surface area and
high porosity of cellulose enhance its ability to absorb
and retain nutrients (Voon et al., 2016). Cellulose is
also resistant to chemical degradation, providing
long-term protection to the fertilizer core (Rinaldi and
Schiith, 2009).

Methylcellulose (MC) is a significant
cellulose derivative formed by replacing hydroxyl
groups with methoxy groups (Viera et al., 2007).
However,  because of its  hydrophilicity,
methylcellulose alone has a limited barrier capacity,
making it less suitable for slow-release systems (EI
Bouchtaoui et al.,, 2022b). To address this,
methylcellulose must be combined with other
biopolymers. Incorporating lignin as a filler with
cellulose creates a lignin-cellulose layer for the SRF,
forming a robust, long-lasting barrier that controls
nutrient release (El Bouchtaoui et al., 2022b).

Several studies have examined the effects of
lignin in the cellulose matrix on CSRF, including
nitrogen release, water absorption, biodegradability,
and plant growth. The methylcellulose/lignin
(MC/LGe) coating layer effectively delayed fertilizer
release for over 30 days (El Bouchtaoui et al., 2022b).
Urea fertilizer coated with lignocellulose from
sugarcane bagasse showed slower nitrogen release
than pure urea fertilizer, even after 60 days (Elhassani
etal., 2019).

The MC/LGe film layer also increased the
mechanical resistance of the fertilizer, thereby
enhancing the water retention capacity of the soil.
This is evidenced by the increased contact angle of
the MC/LGe composite film with a higher lignin
content, indicating improved wettability of the outer
surface (EI Bouchtaoui et al., 2022b). This
methylcellulose/lignin-based CSRF fertilizer
significantly increased wheat leaf area, chlorophyll
content, biomass, root architecture, and fertilization
efficiency (El Bouchtaoui et al., 2022b). Improved
soil structure due to the addition of CSRF with a
methylcellulose/lignin-based coating benefits air
circulation and nutrient absorption (Li et al., 2023).

Lignin-Chitosan Based CSRF

Chitosan (CS) is a biodegradable and
biocompatible polysaccharide derived from fungi,
crustaceans, and insects (Roman-Doval et al., 2023).
As a highly deacetylated derivative of chitin, chitosan
is a natural polymer that has significant agricultural
applications (Wu and Liu, 2008). Its biocompatibility,
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biodegradability, non-toxicity, and drug adsorption
ability make chitosan an effective carrier for the
controlled delivery of agrochemicals and genetic
materials in agriculture (Virmani et al., 2023).

Chitosan enhances root growth and exhibits
antimicrobial, antifungal, and antiviral properties,
thus benefiting horticultural plants (Roméan-Doval et
al., 2023). As a coating material for slow-release
fertilizers, chitosan offers advantages such as
biodegradability, biocompatibility, and non-toxicity.
Its amino groups allow chitosan to form complexes
with other compounds, although it is difficult to
dissolve in water or acidic solutions (Riseh et al.,
2023). Chemical modification of the reactive amino
groups of chitosan can improve its physicochemical
properties, enhancing its applicability in various
agricultural contexts (Virmani et al., 2023).

The polymer compound of chitosan can bond
with other natural polymers, enhancing fertilizer
effectiveness by meeting plant nutrient needs and
improving soil texture (Riseh et al., 2023). The
combination of lignin and chitosan in fertilizer
coatings offers several benefits. This combination
improves the hydrophobic-hydrophilic balance,
reduces water vapor permeability, and enhances
nutrient release efficiency (Wu and Liu, 2008). Both
lignin and chitosan exhibit chelating properties,
enabling them to bind and release nutrients in a
controlled manner, thereby preventing nutrient loss
and ensuring efficient uptake by plants (Chen et al.,
2020).

Furthermore, lignin- and chitosan-based
coatings provide additional stability against urease
hydrolysis and nitrification by microorganisms after
fertilizer is applied to the soil. This results in
improved nutrient utilization, reduced environmental
impact, and increased crop yield. Research on a CSRF
fertilizer formulation with chitosan, polyvinyl alcohol
(PVA), and 3% lignin demonstrated favorable
physicochemical properties, including a balanced
hydrophobic-hydrophilic nature, enhanced elasticity
tolerance, and reduced water vapor permeability
(Elhassani et al., 2023). Studies on chitosan-lignin
nanocomposite fertilizers have indicated a slow
release of 30—35% total nitrogen over 15 days in the
soil (Latha et al., 2023). Urea granules were coated
with a chitosan-PVA-lignin formulation using
controlled spraying and drying conditions to achieve
optimal adhesion between the fertilizer and coating
(Elhassani et al., 2023). This study demonstrated that
lignin and chitosan effectively serve as molds for
retaining and releasing nitrogen in a controlled
manner, thereby improving the nitrogen use
efficiency (Latha et al., 2023).

Lignin-Alginate Based CSRF

Alginate is a salt of alginic acid and a naturally
occurring hydrophilic anionic polysaccharide (Taib et
al., 2022). With a relative molecular mass of
approximately 106, alginate is a long-chain polymer
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consisting of (1-4) cross-linked D-mannuronic acid
and (1-4) cross-linked guluronic acid (Taib et al.,
2022).

Alginate is extracted from brown seaweed and
has been widely used in various applications,
including food, pharmaceutical, and biomedical fields
(El Bouchtaoui et al., 2022a). Sodium alginate has
outstanding features, such as high biocompatibility,
biodegradability, renewability, and abundant
hydroxyl and carboxyl groups with high adsorption
affinity towards heavy metal ions (Gao et al., 2020).
These characteristics make it an ideal coating material
for slow-release fertilizers. However, the mechanical
strength, stability, and heat resistance of sodium
alginate are relatively low (Gao et al., 2017).

These studies have shown that the lignin-
alginate layer creates a uniform and compact polymer
layer on the fertilizer surface, correcting any
irregularities and ensuring controlled release of
nutrients over a long period (ElI Bouchtaoui et al.,
2022a). Additionally, increasing the lignin content in
the CSRF coating formulation improved the slow-
release behavior, resulting in a release period of over
one month in the soil compared to only four days for
the uncoated fertilizer (El Bouchtaoui et al., 2022a).
This research was also supported by the release rate
of a controlled-release formulation (CRF), which can
be controlled by mixing activated carbon in alginate-
based CRF with kraft lignin (Fernandez-Pérez et al.,
2011). In addition, biodegradability was also proven
by the new green hydrogel synthesized by connecting
lignosulfonate, sodium alginate, and konjac flour,
which has good degradability and can be degraded by
20% when buried in soil for six months (Song et al.,
2020).

Future Challenges

The  development of lignin  and
polysaccharide-based coatings for controlled-release
fertilizers (CSRF) is a promising area of research
because of the favorable physical and chemical
properties, biodegradability, renewability, and low
cost of these materials. However, several challenges
must be addressed to fully realize their potential.
Polysaccharides, for instance, exhibit high
hydrophilicity, which can affect the performance of
coatings. Additionally, lignin dispersion within the
polysaccharide matrix is problematic, necessitating
further investigation to identify the most
economically feasible polysaccharide materials for
CSRF production. The complex and expensive
process of modifying lignin and the inherent
mechanical and thermophysical limitations of natural
polymers such as starch further complicate the
development of effective coatings (Chen et al., 2020).
Research efforts must also focus on optimizing the
timing of nutrients release to match plant growth
requirements. For lignin-cellulose and lignin-alginate
coatings, achieving optimal layer thickness,
homogeneity, and stability is essential to ensure
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controlled nutrient release and prevent issues such as
cracking or peeling (El Bouchtaoui et al., 2022a; El
Bouchtaoui et al., 2022b). For lignin and chitosan-
based coatings, standardization and evaluation
methods are crucial for improving the preparation
process and overall performance of fertilizers
(Boarino and Klok, 2023). Establishing uniform
evaluation protocols and emphasizing CSRF testing
in agricultural applications will provide valuable data
on fertilizer efficiency, potentially reducing reliance
on conventional fertilizers. Overall, the continued
exploration and development of lignin- and
polysaccharide-based coatings hold significant
promise for advancing sustainable agricultural
practices.

CONCLUSIONS AND RECOMMENDATION

Conclusions

The increasing global population necessitates
innovative solutions to sustainably meet future food
demands. The overuse of conventional nitrogen
fertilizers has led to environmental, social, and
economic challenges due to nitrogen leaching. CSRF
particularly ~ those incorporating lignin  and
polysaccharides, are promising solution to these
issues. Lignin, arenewable and abundant biopolymer,
has demonstrated significant potential as a
reinforcing agent in CSRFs, owing to its slow-release
properties and environmental benefits.
Polysaccharides such as starch, cellulose, chitosan,
and sodium alginate contribute to the sustainability
and efficiency of CSRFs by improving their nutrient
release profiles, water retention, and
biodegradability. Combining lignin with these
polysaccharides enhances the functional properties of
CSRFs, making them more effective and
environmentally friendly. However, challenges such
as high polysaccharide hydrophilicity, lignin
dispersion issues, and complex, costly modification
processes must be addressed to optimize the timing of
nutrient release and ensure coating stability and
effectiveness. This review highlights the need for
continued research on lignin-polysaccharide
interactions to optimize the performance of CSRFs,
ultimately contributing to sustainable agricultural
practices and food security for the growing global
population.

Recommendation

Future research should focus on addressing
the challenges identified in this review to advance the
development and application of CSRF incorporating
lignin and polysaccharides. Innovative approaches to
enhance the hydrophilicity of polysaccharides and
improve lignin dispersion within polymer matrices
are critical. Additionally, research on cost-effective
and scalable polysaccharide modification techniques
is essential to make CSRFs viable for widespread
agricultural adoption.
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