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Green‑synthesized iron nanoparticles 
enhance CMC/PVA coatings for biochar‑zeolite 
slow‑release fertilizers
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Abstract 

The escalating demand for sustainable agriculture necessitates innovative slow-release fertilizers (SRFs) that enhance 
nutrient efficiency while mitigating environmental impacts. This study presents a new green-synthesized nano-iron 
(tea extract iron nanoparticles, T-FeNPs) reinforced carboxymethyl cellulose/polyvinyl alcohol (CMC/PVA) composite 
coating for zeolite–biochar hybrid SRFs. T-FeNPs were synthesized using tea extract as a reducing agent and incor-
porated into CMC/PVA matrices. The nanocomposite coatings were applied to fertilizer cores comprising zeolite, 
nitrogen-phosphorus-potassium (NPK) compound fertilizer, and rice straw biochar (RSBC). Soil leaching tests demon-
strated superior nutrient retention: CMC/PVA/0.5Fe-SRF reduced cumulative N and P release to 58.47% and 15.82%, 
respectively, outperforming unmodified CMC/PVA-SRF and compound NPK fertilizers. Mechanistic investigation 
uncovered that physical barrier enhancement via pore obstruction by T-FeNPs significantly impedes water ingress 
and nutrient ion diffusion. In tomato cultivation, the CMC/PVA/0.5Fe-SRF treatment maximized plant height, bio-
mass, and water retention, attributed to sustained nutrient release. Soil analysis revealed enhanced total N, P, K, 
cation exchange capacity, and organic matter content. Economic analysis indicated a production cost of $562.02/
ton for CMC/PVA/0.5Fe-SRF, with potential global GHG reductions of 35.69 Mt CO₂e in East Asia alone via improved 
nitrogen use efficiency. Overall, this work presents a scalable, eco-friendly strategy for enhancing fertilizer efficiency 
and soil health.

Highlights 

•	 T-FeNPs/CMC/PVA boosted biochar-based fertilizer’s strength, hydrophobicity & controlled nutrient release.
•	 Optimal CMC/PVA/0.5Fe-SRF formulation reduced N/P leaching and boosted tomato growth and soil fertility.
•	 This technology offers substantial greenhouse gas reduction potential and costs an estimated 562.02 $ t−1.
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1  Introduction
The escalating global population and intensifying climate 
change have placed unprecedented demands on agricul-
tural productivity, necessitating innovative strategies to 
enhance nutrient use efficiency while mitigating envi-
ronmental degradation (Xu et  al. 2025). Conventional 
fertilizers, though pivotal in sustaining crop yields, suffer 
from rapid nutrient leaching and volatilization, resulting 
in substantial economic losses and ecological repercus-
sions such as eutrophication, groundwater contamina-
tion, and greenhouse gas emissions (Lu et  al. 2023). To 
address these challenges, slow-release fertilizers (SRFs) 
have emerged as a transformative solution, designed to 
synchronize nutrient release with plant uptake dynam-
ics (Nayak et  al. 2024). However, the efficacy of SRFs 
critically hinges on the development of advanced coat-
ing materials that balance controlled nutrient diffusion, 
mechanical robustness, biodegradability, and environ-
mental compatibility (Cheng et al. 2024).

Biochar, a carbonaceous matrix derived from pyrolyzed 
biomass, has garnered significant attention as a sustain-
able carrier for SRFs due to its hierarchical porosity, 
high surface area, and innate nutrient retention capac-
ity (Wang et  al. 2024). Its inherent ability to improve 
soil structure, enhance microbial activity, and sequester 
carbon further underscores its agronomic and environ-
mental appeal (Gao et al. 2022; Zhou et al. 2025a; Zhou 
et  al. 2026). Nevertheless, unmodified biochar-based 
SRFs often exhibit suboptimal nutrient release profiles, 
characterized by premature burst release or incom-
plete liberation, necessitating the integration of func-
tional coatings to modulate diffusion kinetics (Yang et al. 
2025). While synthetic polymer coatings (e.g., polyure-
thane, polyethylene) offer precise release control, their 

non-biodegradability and persistence in ecosystems pose 
long-term ecological risks (Tang et al. 2025). Conversely, 
biopolymer-based coatings such as carboxymethyl cel-
lulose (CMC) blended with polyvinyl alcohol (PVA)—a 
water-soluble, renewable binary system with enhanced 
film-forming ability and mechanical stability—present 
a greener alternative but are limited by inherent weak-
nesses in mechanical strength, hydrophilicity, and sus-
ceptibility to microbial degradation (Dong et  al. 2023; 
Kassem et al. 2022).

Recent advances in nanotechnology have unveiled the 
potential of nanoscale reinforcements to augment the 
performance of biopolymer matrices (Li et  al. 2025). 
In particular, iron-based nanoparticles (Fe-NPs) have 
shown promise in fortifying the mechanical integrity of 
composite materials  and improving nutrient retention 
(Lu et al. 2025). However, conventional Fe-NP synthesis 
routes often involve toxic reductants or stabilizers, con-
tradicting the principles of green chemistry (Xu et  al. 
2024). The green synthesis of nano-scale iron materials, 
especially from plants, has garnered substantial attention 
due to its ease of application, eco-friendly nature, and 
low cost (Öğütveren and Öğütveren 2017). The integra-
tion of phytogenic or microbially mediated green syn-
thesis approaches—utilizing plant extracts or microbial 
metabolites as reducing and capping agents—offers a 
sustainable pathway to fabricate eco-friendly Fe-NPs with 
tailored physicochemical properties (Xiao et al. 2025). In 
a related approach, nano zero-valent iron supported on 
Chinese medicine residue-derived carbon was fabricated 
via a green tea extract reduction method, which proved 
to be an effective and reusable material for the concur-
rent removal of Cr(VI) and Cd(II) from aqueous solutions 
(Diao et al. 2023). Notably, the strategic incorporation of 
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such nanoparticles into CMC/PVA matrices could syn-
ergistically address the limitations of zeolite–biochar 
hybrid SRFs by (1) fortifying the coating’s structural 
integrity and hydrophobicity and (2) supplying bioavail-
able iron as a micronutrient to combat widespread iron 
deficiency in calcareous soils (Tyagi and Thakur 2023). 
Despite these prospects, the design of green-synthesized 
nano-iron reinforced CMC coatings for biochar-based 
SRFs remains unexplored, with critical knowledge gaps 
persisting in nutrient release mechanisms and agronomic 
performance.

To overcome the inherent weaknesses of the pristine 
CMC/PVA coating such as its excessive hydrophilic-
ity and moderate mechanical strength and to construct 
a highly efficient slow-release system, we engineered a 
hierarchical fertilizer with a synergistic core–shell archi-
tecture. The design is premised on a functional compos-
ite core, where a zeolite–biochar hybrid matrix serves 
as a porous, adsorptive nutrient reservoir for hosting 
the NPK granules. In this configuration, biochar (with 
its high surface area and oxygenous groups) synergizes 
with zeolite (with its ordered porosity and high cation 
exchange capacity) to form a complementary structure 
for retaining NH4⁺ and PO4

3−, respectively. This core is 
then encapsulated by a primary barrier of crosslinked 
CMC/PVA membrane to control water ingress and ini-
tial nutrient diffusion. Crucially, we introduce an inno-
vative secondary reinforcement: green-synthesized tea 
extract iron nanoparticles (T-FeNPs) are incorporated 
into the CMC/PVA matrix. The T-FeNPs are expected 
to densify the coating microstructure and provide active 
sites for nutrient binding, thereby augmenting the bar-
rier function and introducing iron as a beneficial micro-
nutrient. Consequently, this work aims to: (1) synthesize 
and characterize the T-FeNPs and their nanocomposite 
coatings; (2) evaluate the N and P slow-release perfor-
mance through soil leaching experiments; (3) investigate 
the agronomic effects on tomato growth and nutrient 
uptake; and (4) analyze the impact on soil properties and 
assess the economic and environmental potential of this 
technology.

2 � Materials and methods
2.1 � Chemicals
Sodium carboxymethyl cellulose was obtained from 
Macklin Chemical Technology Co., Ltd. Glycerol 
(C3H8O3) and ferrous sulfate heptahydrate (FeSO4·7H2O) 
were purchased from Sinopharm Chemical Reagent Co. 
PVA was purchased from Shanghai Yuanye Bio-Tech-
nology Co., Ltd., China. Chemical compound fertilizers 
used in this work were purchased from Sichuan Green-
hope Co., Ltd., China. The natural zeolite powder (1250 
mesh) was purchased from Weifang Damei Bentonite 

Co., Ltd. RSBC was purchased from Henan Lize Co., Ltd., 
China. The green tea was obtained from the local farmers 
in lin’an, Hangzhou, China. The vermiculite used in the 
experiments was sourced from the Long Garden brand, 
with a pH value (water extraction) of approximately 6.53. 
Soil separation analysis revealed a composition of 32.33% 
gravel, 64.22% sand, and 2.57% clay. All the suspensions 
and solutions in this experiment were made using deion-
ized water.

2.2 � Green synthesis of iron nanoparticles
Green tea was subjected to thorough washing with deion-
ized water to remove any surface dust particles, followed 
by air-drying at room temperature. A total of 15 g of tea 
leaves was then immersed in 250 mL of deionized water 
and boiled for 1 h. The resulting extract was subsequently 
vacuum filtered and stored at 4 °C for future use (Wang 
et al. 2014).

The extract was mixed with 0.10  M FeSO4·7H2O in a 
volume ratio of 2:1 and stirred continuously at room 
temperature for 30  min. This process led to the syn-
thesis of T-FeNPs. The immediate formation of a black 
color indicated the reduction of Fe2+ ions (Devatha et al. 
2016). Subsequently, the synthesized iron nanoparticles 
were collected through vacuum filtration and washed 
three times with ethanol. The nanoparticles were then 
vacuum dried at 50 °C for 12 h and stored in a nitrogen 
atmosphere for preservation (Kumar et  al. 2021, 2023). 
The yield of the synthesized T-FeNPs, calculated as the 
mass of dried product relative to the mass of iron in the 
FeSO4·7H2O precursor, was approximately 65%.

2.3 � Preparation of slow‑release fertilizers
The zeolite, composite NPK fertilizer, and RSBC were 
mixed homogeneously in a mass ratio of 15:65:20 and 
subsequently subjected to crushing using a pulverizer 
(Fig.  1). The zeolite and RSBC used were both passed 
through a 100-mesh sieve, with specific surface areas of 
54.47 m2 g−1 and 19.60 m2 g−1, respectively, and average 
pore diameters of 6.11 nm and 10.43 nm. The RSBC con-
tains 68.39 wt % carbon (C), 1.14 wt % nitrogen (N), and 
30.48 wt % oxygen (O). The crushed mixture was then 
placed into a disc granulator set at a 45° inclination angle 
and rotated at 20 rpm to facilitate the formation of gran-
ules. After granulation, the resulting granular fertilizer 
was screened through a mesh with apertures ranging 
from 2 to 4 mm. The screened granules were then dried 
in an oven at 40 °C for 1 h to yield a dried fertilizer core. 
The core of the fertilizer involves thoroughly mixing the 
composite fertilizer with zeolite and RSBC, using zeolite 
and RSBC as nutrient reservoir for the composite ferti-
lizer to retain and slow down the release of nutrients.
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A total of 3 g of PVA was dissolved in 150 mL of deion-
ized water by stirring at 90 °C using a thermostatic mag-
netic stirrer until complete dissolution was achieved. 
After the PVA solution was cooled to 50 °C, the required 
amounts of T-FeNPs (0 g, 0.15 g, 0.3 g, and 0.5 g) were 
introduced and stirred to ensure thorough dispersion. 
The coating liquid was prepared by adding 3  g of CMC 
and maintaining a constant temperature of 50  °C for 
2  h to ensure complete dissolution of the CMC (Chan-
nab et  al. 2024). The slow-release fertilizer composite 
was synthesized by spraying the coating liquid onto the 
surface of the dried fertilizer core, followed by drying 
using a coating machine to facilitate the formation of a 
uniform coating. The resulting fertilizers were desig-
nated as CMC/PVA-SRF, CMC/PVA/0.15Fe-SRF, CMC/
PVA/0.3Fe-SRF, and CMC/PVA/0.5Fe-SRF, respectively.

2.4 � Characterization
The morphologies of the prepared hydrogel films were 
characterized using a scanning electron microscope 
(SEM, Hitachi, Japan) at a working voltage of 3.00 kV. The 
hydrogel films were affixed to copper sheets using con-
ductive adhesive and then coated with a gold layer. The 
crystal structure of the prepared T-FeNPs was analyzed 
with an X-ray diffractometer (XRD, Rigaku Ultima IV, 
Japan) at a scan rate of 2° min−1. The surface composition 
of the T-FeNPs was examined using X-ray photoelectron 
spectroscopy (XPS, Thermo Fisher Scientific, UK) with 
monochromatic Al Kα radiation (1486.6  eV, 6  mA fila-
ment current).

2.5 � Slow‑release performance of various fertilizers
The soil column leaching test was used to investigate 
the slow-release characteristics of formulated fertiliz-
ers. Briefly, 100  g of vermiculite with a moisture con-
tent of 60% was placed in each column. A 0.1  g sample 
of each fertilizer was placed 5 cm beneath the surface of 
the vermiculite (Wu et  al. 2025). Each fertilizer formu-
lation (including controls) was tested in  triplicate using 
independent soil columns (n = 3). Forty milliliters of 

deionized water was applied uniformly to the soil col-
umns at fixed intervals, and the leachate collected from 
the bottom was analyzed for nitrogen (N) and phospho-
rus (P) release. The release kinetics of the fertilizers were 
analyzed using the following kinetic models:

where q is the release ratio of N and P at different time 
intervals, and k1, kR, and n are the release rate constants.

2.6 � Water‑retention capacities of various fertilizers
First, 0.1 g of fertilizer was mixed with 40 g of vermiculite 
in a cup to study the water retention capacity of different 
fertilizers. Then, 50 mL of deionized water was added to 
the cup and the initial total weight was recorded as W0. 
All the experiments were carried out at room tempera-
ture and the weight of the cup was measured at regular 
intervals (WT). The soil water retention ratio (WR%) was 
calculated as follows (Lu et al. 2025):

where W0 is the mass of soil and fertilizer in general on 
the first day, WT is the overall mass of soil and fertilizer 
on day T, and WR% is soil water-retention ratio.

2.7 � Pot experiment
Tomato seedlings of similar size were transplanted into 
pots containing a mixture of vermiculite and peat soil, 
and maintained under natural light conditions at 25  °C 
to 30 °C. The potting experiment utilized a standardized 
and reproducible substrate, consisting of a homogene-
ous mixture of vermiculite and peat soil in a volume ratio 

(1)Zero-order kinetics : q = ax + b

(2)First-order kinetics : q = a(1− e−k1t)

(3)Ritger-Peppas model : q = kRt
n

(4)Higuchi model : q = at
1/2 + b

(5)WWR% = (W 0 ×WT )/W0 × 100%

Fig. 1  Schematic of synthesis process of CMC/PVA/Fe-SRF



Page 5 of 15Wu et al. Biochar            (2026) 8:80 	

of 2:3. This mixture provides a consistent, low-nutrient 
background growth environment with good aeration 
and water retention capacity, making it ideal for assess-
ing fertilizer effects without significant interference from 
variations in the native soil. The physicochemical prop-
erties of this formulated potting mixture are presented 
in Table  S1. Fertilization was applied twice, on the 1st 
and 30th days after transplantation, with 1 g of fertilizer 
per application (Cheng et  al. 2024). The control group 
consisted of plants without fertilization (CK) and those 
receiving a compound NPK fertilizers (NPK). The plants 
were grown for 60  days, with regular measurements of 
plant height. Each treatment was applied to  three inde-
pendent tomato plants (n = 3), arranged in a completely 
randomized design. After harvest, the plants were rinsed 
with deionized water, blotted dry on absorbent paper, 
and then assessed for fresh weight and root length. The 
plants were oven-dried at 105 °C for 30 min, followed by 
drying at 70 °C until completely dry, and dry weight was 
recorded (Dong et  al. 2025). Finally, the total nitrogen 
and total phosphorus content of the plants were quan-
titatively measured, with each measurement repeated 
three times.

2.8 � Calculation of greenhouse gas emissions
The greenhouse gas emissions (GHG) resulting from the 
nitrogen component in NPK compound fertilizer during 
its application phase can be calculated using the follow-
ing Eqs. (6)–(9).

where WN is the amount of an applied nitrogen from 
NPK compound (Mt N); 4428 is the ratio used to convert 
the mass of N2O–N to N2O (Buendia et al. 2019; Gao and 
Cabrera Serrenho 2023); and  273 is the 100-year global 
warming potential of N2O, as updated by the IPCC AR6 
WGI. In Eq. (7), FracGASF (Buendia et al. 2019) represents 
the fraction of nitrogen in the NPK compound that vola-
tilizes as ammonia (NH3) and nitrogen oxides (NOx). 
In Eq. (8), FracLEACH represents the fraction of nitrogen 
in the NPK compound that leaches as nitrate (NO3

–), 
and EF4 and EF5 represent the emission factors for N2O 
resulting from atmospheric deposition of nitrogen and 

(6)EdirectN2O = WN × EF1 ×
44

28
× 273

(7)EGASF = WN × FracGASF × EF4 ×
44

28
× 273

(8)ELEACH = WN × FracLEACH × EF5 ×
44

28
× 273

(9)Elimestone = WN × LT × 0.12× 44

the N2O emission from leached nitrate, respectively. 
These values are based on the IPCC 2019 refinement to 
the 2006 IPCC greenhouse gas inventories (Buendia et al. 
2019). In Eq. (9), LT is the amount of limestone required 
to neutralize the soil per ton of applied nitrogen, 0.12 
represents the fraction of carbon element in calcium car-
bonate (CaCO3), and 4412 is to convert the relative mole-
cule weight of carbon (C) to CO2.

2.9 � Statistical analysis
The data were analyzed using a one-way analysis of vari-
ance (ANOVA) performed with SPSS software (version 
27.0, SPSS Inc.). The experiment was conducted in trip-
licate, and the mean values were reported. Statistically 
significant differences (p < 0.05) are indicated by different 
letters in all tables and figures.

3 � Results and discussion
3.1 � Synthesis and characterization of CMC/PVA/Fe NPs
Iron nanoparticles (T-FeNPs) were successfully 
green‑synthesized using tea extract and incorporated 
into CMC/PVA matrices. The rapid bioreduction of Fe2+ 
was visually confirmed by the immediate formation of a 
black suspension (Fig. 2a, b).

SEM analysis revealed that the synthesized T-FeNPs 
were predominantly spherical with a relatively uniform 
size distribution averaging approximately 50–100  nm 
(Fig.  2c). Some degree of aggregation was observed, 
which is typical for biogenically synthesized nanoparti-
cles due to the presence of organic capping agents from 
the tea extract. XRD analysis (Fig.  2d) indicated that 
the T-FeNPs possessed a largely amorphous or poorly 
crystalline structure. The broad hump centered around 
20–35° (2θ) is characteristic of iron oxide/hydroxide 
phases (e.g., magnetite (Fe3O4), maghemite (γ-Fe2O3), 
or ferrihydrite) commonly formed under green syn-
thesis conditions, consistent with the observed black 
color (Wang et al. 2013; Wu et al. 2019). The absence of 
sharp, distinct peaks further supports the dominance 
of nanoscale or amorphous iron (oxyhydr) oxide phases 
(Wang et al. 2014).

XPS analysis of the Fe 2p region (Fig.  2e) provided 
insight into the surface chemistry and oxidation states 
of the T-FeNPs. The spectrum exhibited characteristic 
peaks for Fe3+, with Fe 2p3/2 and Fe 2p1/2 binding ener-
gies observed near 711.0 eV and 724.5 eV (Qu et al. 2019; 
Xiang et al. 2022), respectively, accompanied by distinct 
satellite peaks around 719  eV (Li and Zhao 2017). A 
minor contribution from Fe2+ (Fe 2p3/2 ~ 709.5  eV) was 
also detectable, suggesting the potential presence of a 
mixed-valence iron oxide phase (e.g., magnetite, Fe3O4) 
or partial surface oxidation. This confirms the successful 
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conversion of Fe2+ ions primarily to Fe3+ species, stabi-
lized by the phytochemical capping agents.

The CMC/PVA coating solution containing dispersed 
T-FeNPs exhibited a homogeneous dark brown/black 

appearance (Fig.  2f ), contrasting with the translucent 
appearance of the pure CMC/PVA solution, visually con-
firming the integration of the nanoparticles. Cast films 
of the nanocomposite (CMC/PVA/Fe) were successfully 

Fig. 2  a Synthesis schematic of the CMC/PVA/Fe coating. b Digital image and c SEM micrograph (scale bar: ~ 100 nm) of the as-prepared spherical 
T-FeNPs. d, e Material characterization by XRD and Fe 2p XPS. f CMC/PVA/Fe precursor solution. g–i Film formation: photographs of pure g 
and composite h films, and i cross-sectional SEM images showing the effect of increasing Fe content (0 to 0.5 wt%).
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formed (Fig.  2g, h). SEM analysis of CMC/PVA/Fe film 
cross‑sections (Fig.  2i) showed that increasing T‑FeNPs 
loading progressively densified the matrix. The pure 
CMC/PVA film exhibited an open, porous structure, 
while embedded nanoparticles at lower loadings (0.15Fe, 
0.3Fe) reduced pore size. At the highest loading (0.5Fe), 
significant nanoparticle aggregation resulted in a mark-
edly denser, less porous microstructure, where pores 
were largely filled by T‑FeNPs. This reduction in pore size 
and connectivity creates more tortuous diffusion path-
ways, enhancing the coating’s barrier function for sus-
tained nutrient release.

The analysis of the scanning electron microscope (SEM) 
images of the fertilizer cross-section (Fig. S1a) indicated 
that a consistent and substantial physical barrier had 
formed on the surface of the CMC/PVA/0.5Fe-SRD par-
ticles, with a thickness of approximately 24.02  μm. This 
barrier serves as the fundamental basis for the controlled 
release mechanism. The macroscopic physical properties 
of the coated fertilizers were also consistent (Fig. S1b). 
The granules of the optimal CMC/PVA/0.5Fe-SRF for-
mulation exhibited a uniform spherical morphology with 
an average diameter of approximately 6.76  mm, indi-
cating a reproducible coating process suitable for field 

application. To further evaluate the change in surface 
properties, static water contact angles were measured on 
pure CMC/PVA and CMC/PVA/0.5Fe composite films. 
The results showed a significant increase from 60.1° to 
68.9° upon the incorporation of T-FeNPs, providing 
direct evidence for the enhanced hydrophobicity of the 
nanocomposite coating, which contributes to retarding 
water penetration into the fertilizer core (Fig. S1c).

3.2 � Slow‑release of nutrients of the prepared fertilizers
Soil column leaching experiments (Fig.  3a) were con-
ducted to evaluate the slow-release performance of 
the fertilizers. Cumulative N and P release over 30 days 
(Fig.  3b, c) showed two phases: a rapid leaching phase 
(0–10  days) followed by a sustained slow-release phase 
(10–30 days). Conventional NPK released most nutrients 
within 10  days, whereas all coated fertilizers exhibited 
prolonged release. Notably, T-FeNPs-incorporated ferti-
lizers, especially CMC/PVA/0.5Fe-SRF, showed the slow-
est initial release and the lowest cumulative nutrient loss, 
highlighting the key role of T-FeNPs in enhancing the 
coating’s nutrient-retention capacity.

Over the entire 30-day release cycle, the "Without Fe" 
treatment (CMC/PVA-SRF) reduced cumulative N and 

Fig. 3  a The schematic diagram of the soil column leaching apparatus. The slow-release of b N, and c P from various fertilizers in soil. The release 
kinetics of d N, and P from CMC/PVA/0.5Fe-SRF. e The water-retention capabilities of soils with the addition of various fertilizers. f A schematic 
illustration of the nutrient release mechanism of CMC/PVA/0.5Fe-SRF.
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P release by 2.77% and 27.91%, respectively, compared 
to conventional NPK. The significantly lower P release 
rate in the "Without Fe" group relative to NPK indicates 
heightened sensitivity of P to the presence of the coat-
ing barrier. This effect arises from the core structural 
design of the fertilizer system: a zeolite–biochar com-
posite serves as the NPK nutrient reservoir, encapsulated 
by an outer CMC-PVA crosslinked membrane acting as 
a physical barrier. Biochar, with its high specific surface 
area and abundant oxygen-containing functional groups, 
synergizes with zeolite characterized by ordered porosity 
and strong cation exchange capacity to form a function-
ally complementary dual-porous architecture. Zeolite 
dominates ion-exchange adsorption of NH4

+ (Zhan et al. 
2023), while biochar immobilizes PO4

3– via electrostatic 
attraction and ligand exchange (Huang et al. 2020), col-
lectively achieving nutrient retention through synergistic 
effects.

This intermediate performance confirms that even 
without nano-reinforcement, the CMC/PVA coating 
itself provides a significant diffusion barrier compared to 
uncoated NPK (Channab et al. 2024). The further reduc-
tion in nutrient release observed in the T-FeNPs-incor-
porated groups (CMC/PVA/Fe-SRFs) is attributed to the 
microstructural modification of the coating. As revealed 
by SEM (Fig. 2i), the incorporated T-FeNPs interact with 
the biopolymer matrix, leading to a progressive densifi-
cation and a reduction in pore size and connectivity as 
the loading increases. This microstructural evolution cre-
ates more tortuous diffusion pathways, imposing greater 
resistance to the outward migration of dissolved nutri-
ents. Consequently, with increasing T-FeNPs content 
(from 0.15 to 0.5 g), cumulative N release decreased from 
69.61% to 58.47%, and P release declined from 27.01% to 
15.82%, demonstrating a clear concentration-dependent 
enhancement in leaching resistance.

The divergent release kinetics of N and P stem from 
their distinct interaction mechanisms with the coating/
zeolite–biochar matrix. Unmodified zeolite and bio-
char exhibit limited capacity to immobilize NH4

+ via 
ion exchange and electrostatic attraction, consistent 
with previous studies (Chen et al. 2021; Jha and Hayashi 
2009). While the surfaces of T-FeNPs (predominantly 
iron oxides/hydroxides as per XRD/XPS, Fig.  2d, e) can 
adsorb cations, this binding is relatively less stable com-
pared to their interaction with phosphate (Liang et  al. 
2014). For PO4

3–, immobilization is significantly stronger, 
primarily relying on surface complexation with the iron 
(oxyhydr) oxide nanoparticles (T-FeNPs) and potential 
formation of insoluble Fe–P phases (e.g., strengite-like 
compounds). Higher T-FeNPs content provides more 
surface sites for phosphate binding, leading to the sig-
nificantly lower P release observed in the 0.3Fe and 

0.5Fe treatments compared to the 0.15Fe group (Sun 
et al. 2021). Notably, the 0.5Fe group achieved the lowest 
cumulative P release (15.82%), confirming that P leach-
ing inhibition is markedly enhanced with increasing 
T-FeNPs concentration. Notably, the long-term efficacy 
of the T-FeNPs within the coating relies on the stabilizing 
effect of the CMC-PVA matrix. This polymeric network 
helps prevent nanoparticle agglomeration and retards 
water infiltration by forming a physical barrier, thereby 
sustaining nutrient immobilization. As shown in Fig. 3b, 
c, the 0.5Fe group maintained the lowest N and P release 
rates throughout the 30-day period, validating the long-
term slow-release effectiveness of the T-FeNPs reinforced 
CMC-PVA coating. To objectively evaluate the nutrient 
control efficacy of our optimal CMC/PVA/0.5Fe-SRF for-
mulation, we compared its performance with other slow-
release fertilizers in terms of cumulative nitrogen and 
phosphorus release, as shown in Table S2. Our material 
exhibits excellent phosphorus retention (15.8% release) 
and outstanding nitrogen retention (58.5% release), 
demonstrating a strong competitive edge. This compari-
son underscores that our green manufacturing strategy 
does not compromise performance; rather, it provides a 
favorable nutrient release profile along with inherent sus-
tainability benefits.

The incorporation of well-dispersed T-FeNPs indeed 
enhances the mechanical robustness of the CMC/PVA 
coating (Fig. S2). The tensile strength of the CMC/
PVA/0.5Fe composite is significantly higher than that of 
the pure CMC/PVA film, confirming that the nanopar-
ticles have reinforced the polymer film. Although the 
composite exhibits lower fracture strain (elongation), 
indicating a trade-off between increased stiffness and 
reduced ductility, this characteristic transition is highly 
beneficial for our specific application. As a fertilizer coat-
ing, the primary requirements are: (1) sufficient strength 
and stiffness to withstand mechanical stresses from soil 
particles during handling and compaction without frac-
turing; and (2) a dense, intact barrier that controls the 
release of nutrients over time. Due to its lower toughness 
and higher rigidity, the coating is less prone to defor-
mation and crack formation under gravitational forces. 
Therefore, T-FeNPs enhance the functional stability of 
the coating by improving its mechanical strength and 
structural integrity. This ensures that the coating main-
tains physical integrity and functional efficacy through-
out the release period, as evidenced by the sustained 
nutrient release curve over 30 days (Fig. 3b, c).

The release kinetics of N and P in the soil column 
leaching experiment were systematically analyzed using 
zero-order, first-order, Ritger–Peppas, and Higuchi mod-
els. As shown in Fig.  3d, the release profile of CMC/
PVA/0.5Fe-SRF best fitted the first-order kinetic model 
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(R2 > 0.89) (Costa and Lobo 2001), effectively elucidat-
ing the sustained-release behavior of the fertilizer result-
ing from gradual dissolution upon water contact in the 
soil (Han et  al. 2023; Shaghaleh et  al. 2022). This indi-
cates that the release process was primarily governed by 
the concentration gradient. Under this mechanism, the 
release rate increases when the internal concentration is 
high and the external concentration is low; conversely, 
as the external concentration rises (Adepu and Khandel-
wal 2020), the release rate progressively decreases. This 
mechanism is typically associated with a diffusion pro-
cess, where the concentration gradient acts as the driving 
force for release.

Water retention performance in soil was evaluated 
for fertilizers containing T-FeNPs versus those without 
T-FeNPs. As depicted in Fig. 3e, measurements taken at 
10, 20, and 30 days revealed that the T-FeNP-containing 
fertilizer exhibited water retention rates higher by 2.65%, 
3.54%, and 2.59%, respectively, compared to the non-
FeNP fertilizer at the corresponding time points, main-
taining consistently higher moisture levels. The observed 
enhancement in soil water retention is primarily attrib-
uted to the formation of a denser membrane layer and 
reduced pore size, thereby minimizing water loss.

The core slow-release mechanism of this fertilizer lies 
in the synergistic interplay between the CMC/PVA/Fe 
composite coating and the zeolite/biochar core (Fig. 3f ). 
Primarily, the physical barrier mechanism dominates: 
T-FeNPs clog the pores within the CMC/PVA matrix, 
significantly reducing the coating’s pore size and con-
nectivity. This forms a dense, tortuous diffusion pathway 
that effectively blocks rapid soil moisture intrusion into 
the fertilizer core, preventing premature swelling or rup-
ture of the coating and substantially impeding both water 
penetration and outward migration of dissolved nutrient 
ions. Fourier Transform Infrared Spectroscopy (FTIR) 
analysis was performed on the membranes before and 
after slow release (Fig. S3). The three peaks at 1125, 1051, 
and 974  cm−1 can mainly be attributed to the bending 
vibrations of hydroxyl groups (Fe–OH) in iron (hydrox-
ide) oxides. After reacting with phosphate, a new bend-
ing band appeared at 1018  cm−1, which was assigned to 
the asymmetric vibration of P–O (Zhang et  al. 2009). 
The surface hydroxyl groups were replaced by phos-
phates, and the P–O bond changes when coordinating 
to Fe3+ sites, confirming the formation of the Fe–O–P 
bond. This indicates that T-FeNPs provide active surface 
sites to fix PO4

3− through strong surface complexation, 
thereby inhibiting the release of phosphorus. Further-
more, the dense coating enhances the water retention 
capacity of the local soil and optimizes moisture con-
trol. This synergistic mechanism collectively transforms 
nutrient release from a rapid leaching process into a slow, 

concentration-gradient-driven transmembrane diffusion 
process.

3.3 � Agronomic performance of the coated fertilizers 
in tomato cultivation

The pot experiment unequivocally demonstrated the 
superiority of T-FeNPs-reinforced coatings in enhanc-
ing tomato growth and nutrient efficiency. Plants treated 
with CMC/PVA/0.50Fe-SRF achieved the greatest height 
(46  cm), significantly outperforming other coated vari-
ants (23–40.6  cm), NPK (31.2  cm), and the control 
(CK, 17 cm) at harvest (Fig. 4a). This growth advantage 
emerged early (Day 30: ~17 cm vs. NPK/CK at ~14 cm), 
underscoring the role of sustained nutrient release in 
avoiding initial growth stagnation common with conven-
tional fertilizers (Chen et al. 2023).

Root elongation exhibited a nanoparticle concentra-
tion-dependent response (Fig.  4b). The longest roots 
(~29 cm) occurred in CMC/PVA/0.50Fe-SRF and 0.30Fe-
SRF treatments, contrasting sharply with NPK-induced 
salt-avoidance elongation, a stress response to rapid 
nutrient surge (Goldsmith et  al. 2020). This divergence 
highlights how gradual nutrient release from FeNPs-
composites promoted deeper root exploration for water/
nutrients, while NPK’s burst release confined roots to 
surface layers (Shahzad et al. 2025). Notably, intermediate 
Fe-loading (0.15Fe-SRF) and unmodified CMC/PVA-SRF 
yielded shorter but potentially denser roots, suggesting 
a trade-off between root extension and branching under 
moderated nutrient flux.

Biomass data further validated coating efficacy (Fig. 4c, 
d). CMC/PVA/0.50Fe-SRF maximized fresh (20.77 g) and 
dry weight (2.88  g), exceeding NPK (FW: 17.6  g; DW: 
2.03 g) by 18% and 42%, respectively. The DW/FW ratio 
was highest in 0.50Fe-SRF (13.9%), indicating superior 
photosynthetic efficiency and carbon partitioning, likely 
due to: (1) Iron nutrition: T-FeNPs supplied bioavailable 
Fe, mitigating chlorosis (Therby-Vale et  al. 2022) and 
enhancing redox metabolism (e.g., photosystem I effi-
ciency); (2) Water-nutrient synergy: Improved soil mois-
ture retention (Fig. 3e) reduced drought stress, sustaining 
turgor-driven cell expansion.

Nutrient uptake patterns (Fig.  4e, f ) revealed com-
plex interactions between the coating formulations and 
plant assimilation. Conventional NPK fertilizer resulted 
in the highest total nitrogen content in plant tissue 
(14.5  g  kg−1), attributable to its rapid initial nutrient 
release. Among the coated fertilizers, CMC/PVA/0.50Fe-
SRF achieved comparable nitrogen uptake (13.2 g  kg−1), 
while CMC/PVA/0.30Fe-SRF showed the lowest nitrogen 
content (10.36  g  kg−1). Phosphorus uptake exhibited a 
different pattern, with CMC/PVA/0.30Fe-SRF achieving 
the highest phosphorus content (1.44 g  kg−1), exceeding 
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both conventional NPK (1.25  g  kg−1) and the high-
loading CMC/PVA/0.50Fe-SRF treatment (1.15  g  kg−1). 
This suggests an optimal intermediate FeNPs concen-
tration for phosphorus availability, potentially balanc-
ing between phosphorus retention by iron phases and 
phosphorus solubilization. The superior growth perfor-
mance of CMC/PVA/0.50Fe-SRF despite its moderate 
phosphorus uptake highlights the contribution of the 
iron nanoparticles themselves as a micronutrient source, 
particularly beneficial in iron-deficient soils, while simul-
taneously enhancing the physical barrier function of 
the coating as demonstrated in leaching tests and SEM 
characterization.

3.4 � Soil physicochemical properties after the application 
of coated fertilizers

Post-harvest soil analysis was conducted on  triplicate 
soil samples (n = 3)  collected from each treatment pot. 
Post-harvest analysis revealed that T-FeNPs-reinforced 
coatings significantly enhanced soil nutrient retention 
and modified key physicochemical properties (Fig.  5). 
For nitrogen dynamics, total soil N content was highest 

in T-FeNPs-amended treatments, reaching 58.47  g  kg−1 
(CMC/PVA/0.30Fe-SRF) and 56.31  g  kg−1 (CMC/
PVA/0.50Fe-SRF), compared to 48.33 g kg−1 (CMC/PVA-
SRF without Fe) and 47.67 g  kg−1 (NPK). This enhance-
ment may stem from two synergistic mechanisms: (1) 
the densified coating microstructure reduced pore con-
nectivity, limiting water infiltration and N leaching; 
and (2) Fe3+-rich T-FeNPs adsorbed NH4

+ (Dong et  al. 
2021) via electrostatic interactions while suppressing 
microbial nitrification through redox activity (Otero 
et  al. 2016). In contrast, available N peaked in conven-
tional NPK (261.08  mg  kg−1) and unmodified CMC/
PVA-SRF (236.10  mg  kg−1), reflecting rapid nutrient 
release. The inverse relationship between total and avail-
able N in T-FeNPs treatments (e.g., 212.45 mg kg−1 avail-
able N in 0.5Fe-SRF) confirmed their sustained-release 
functionality.

Phosphorus retention was dramatically improved 
by T-FeNPs, with total P rising to 1.67  g  kg−1 in CMC/
PVA/0.50Fe-SRF versus 0.91  g  kg−1 in NPK (Fig.  5b). 
This resulted from strong chemisorption of PO4

3⁻ onto 
iron (oxyhydr) oxide surfaces (He et al. 2016). Available P 

Fig. 4  a Plant height of tomato at 30 and 60 days after planting under different fertilizer treatments. b Root length of tomato plants at harvest 
(60 days). c Fresh weight and d dry weight of tomato plants at harvest (60 days). e Total nitrogen and f total phosphorus uptake in tomato plants 
at harvest (60 days). Different letters indicate significant differences among treatments at p < 0.05
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exhibited a non-linear response, peaking at 11.38 mg kg−1 
in the CMC/PVA/0.50Fe-SRF treatment (Fig. 5e), where 
moderate nanoparticle loading competed with natu-
ral soil minerals for phosphate binding, reducing fixa-
tion. Higher T-FeNPs loading (CMC/PVA/0.50Fe-SRF) 
further increased retention but reduced bioavailabil-
ity (9.85  mg  kg−1 available P), highlighting a trade-off 
between storage capacity and release efficiency.

For potassium, total K content increased with 
T-FeNPs loading (50  g  kg−1 in CMC/PVA/0.50Fe-SRF 

vs. 39.7  g  kg−1 in NPK; Fig.  5c), attributed to com-
plementary retention mechanisms: zeolite’s ion-
exchange capacity immobilized in the fertilizer core, 
while T-FeNPs reduced coating permeability to limit 
leaching. Available K peaked at 454.76  mg  kg−1 in 
CMC/PVA/0.30Fe-SRF (Fig.  5f ), indicating balanced 
release kinetics. The slight over-retention in CMC/
PVA/0.50Fe-SRF (472.14  mg  kg−1) aligned with exces-
sive coating densification observed via SEM.

Fig. 5  a Total nitrogen in soil. b Total phosphorus in soil. c Total potassium in soil. d Available nitrogen in soil. e Available phosphorus 
in soil. f Available potassium in soil. g pH of soil. h CEC of soil. i Soil organic matter content. Different letters indicate significant differences 
among treatments at p < 0.05
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Soil health indicators exhibited T-FeNPs-mediated 
optimization. Soil pH remained stable (5.59–5.80; Fig. 5g) 
due to counteracting effects: OH⁻ release during iron oxi-
dation neutralized acidity from NPK nitrification. Cation 
exchange capacity (CEC) increased to 40.73 cmol⁺ kg−1 
in CMC/PVA/0.50Fe-SRF (Fig. 5h), driven by additional 
charge sites from T-FeNPs-derived iron oxides and car-
boxyl groups of partially degraded CMC/PVA. Organic 
matter (OM) content was highest in unmodified CMC/
PVA-SRF (525.75  g  kg−1) and CMC/PVA/0.30Fe-SRF 
(479.97 g kg−1; Fig. 5i), suggesting that optimal T-FeNPs 
loading (0.3%) facilitated controlled coating biodegrada-
tion, releasing organic fragments. Higher nanoparticle 
concentrations (CMC/PVA/0.50Fe-SRF) over-stabilized 
the matrix, delaying OM release.

3.5 � Economic viability and GHG reduction potential
Here, we estimated the cost-effectiveness of CMC/
PVA/0.5Fe-SRF based on the current industrial condi-
tion. The production cost of CMC/PVA/0.5Fe-SRF was 
primarily composed of three components: manufac-
turing, green synthesis, and other expenses. Figure  6a 
illustrates the proportions and costs of each component 
in the total fertilizer production cost. The raw materials 
needed for the green synthesis process, along with the 

corresponding steps, are thoroughly detailed in Sect. 2.2. 
Similarly, the necessary raw materials and procedures 
for manufacturing are outlined in this Sect. 2.1 and 2.2. 
Other expenses included electricity and maintenance 
costs. Additionally, the equipment maintenance cost was 
divided into two components: depreciation and repair. 
Considering a 10-year depreciation period for the equip-
ment and a 5% residual value, the depreciation expense 
was calculated based on the CMC/PVA/0.5Fe-SRF work-
load. Assuming that the equipment had a capacity to pro-
cess 10,000 tons of CMC/PVA/0.5Fe-SRF over ten years 
and a total value of US$55,953.55, the depreciation cost 
per ton of CMC/PVA/0.5Fe-SRF produced was US$5.32. 
The annual maintenance cost factor for the equipment 
was 4.5%, totaling US$2,517.91, or US$2.52 t−1 of CMC/
PVA/0.5Fe-SRF. The estimated electricity cost during 
the production process ranged from 9.75 to 12.53 cents 
kWh−1. Each ton of fertilizer required 228.1 kWh, result-
ing in an electricity cost of US$22.24–28.59  t−1 CMC/
PVA/0.5Fe-SRF. The CMC/PVA/0.5Fe-SRF production 
process employed eight workers at an annual cost of 
US$8,356.55 each person, yielding a total labor cost of 
US$66,852.37, which contributed US$66.85 to the pro-
duction cost per ton of CMC/PVA/0.5Fe-SRF. Therefore, 
the remaining expenses totaled US$100.10 t−1 of  CMC/

Fig. 6  a Sankey diagram illustrating the production cost distribution of a new compound fertilizer. b Price sensitivity of feedstock for the new 
compound fertilizer. c Breakdown of GHG from nitrogen in compound fertilizers across seven regions in 2022. Breakdown of these emissions 
for the East Asia region in 2022 is in d. e Reduction in nitrogen demand from NPK compounds under the fertilizer substitution scenario.
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PVA/0.5Fe-SRF, representing 15.06% of the total fertilizer 
production cost.

The green synthesis and manufacturing accounted for 
US$187.84 (28.26%) and US$376.73 (56.68%), respec-
tively, of the production cost per ton of CMC/PVA/0.5Fe-
SRF. In the green synthesis process, it was estimated 
that the production of one ton of CMC/PVA/0.5Fe-SRF 
required 30 kg of tea leaf, 78.9 kg of ethanol, and 3.8 kg 
of FeSO4, which contributed US$122.42, US$65.22, and 
US$0.2, respectively, to the total production cost of the 
CMC/PVA/0.5Fe-SRF. Furthermore, for the manufac-
turing components, it was estimated that producing one 
ton of CMC/PVA/0.5Fe-SRF required 722  kg of NPK 
compound fertilizer, 222 kg of biochar, 167 kg of zeolite, 
6 kg of CMC, 6 kg of PVA, 6 L of glycerol, and 1.16 tons 
of water. These raw materials contributed US$261.53, 
US$78.92, US$16.95, US$5.26, US$9.82, US$3.76, and 
US$0.49, respectively, to the total production cost of the 
fertilizer. Through the analysis of the current process, the 
total cost of CMC/PVA/0.5Fe-SRF production for these 
three parts amounted to US$664.66 t−1.

It was found that the feedstock contributed 84.94% 
to the production cost of CMC/PVA/0.5Fe-SRF. There-
fore, a sensitivity analysis of the feedstock prices for 
CMC/PVA/0.5Fe-SRF production costs should be con-
ducted. As shown in Fig.  6b, the four feedstocks that 
had the greatest effect on the production cost of CMC/
PVA/0.5Fe-SRF were highlighted. For convenience, in the 
subsequent sensitivity calculations, the average price of 
the feedstock was taken to be used for the calculations 
with the highest and lowest prices of this raw material. In 
Fig. 6b, the cost of fertilizer production was most sensi-
tive to fluctuations in tea leaf prices, resulting in a fluc-
tuation of ±US$39.69. Subsequently, price fluctuations 
in compound NPK fertilizers, RSBC, and zeolite led to 
changes in the cost of CMC/PVA/0.5Fe-SRF production 
of ±US$27.16, ±US$12.53 and ±US$4.81, respectively.

The results of the pot tests showed that the nitrogen 
utilization efficiency (NUE) of tomatoes treated with 
CMC/PVA/0.5Fe-SRF was 1.21 times that of the NPK 
compound fertilizer. Improving the NUE led to a reduc-
tion in the demand for synthetic nitrogen fertilizers, 
which was an effective strategy for reducing GHG emis-
sions from nitrogen fertilizer (Gao and Cabrera Serrenho 
2023). There were five main sources of greenhouse gas 
emissions during the use of synthetic nitrogen fertiliz-
ers. The by-product N2O was directly generated dur-
ing the nitrification and denitrification processes by soil 
bacteria (Coskun et al. 2017; Qiao et al. 2015). The N2O 
released by synthetic nitrogen fertilizers was produced 
indirectly through nitrate leaching and ammonia vola-
tilization. Some of the ammonia gas emitted during these 
processes was converted into N2O by soil bacteria (Pan 

et al. 2016). Furthermore, the urea and ammonium bicar-
bonate applied to the fields decomposed to produce CO2. 
Additionally, the use of lime to neutralize soil acidifica-
tion caused by nitrogen fertilizers also generated CO2.

We established three conditions for conducting the 
subsequent calculation of GHG emissions. Condition 1 
considered only the nitrogen in the NPK compound fer-
tilizer, assuming that all the nitrogen was in the form of 
ammonium nitrate. Condition 2 divided the world into 
10 regions to calculate GHG. Condition 3 specified that 
the data used in the calculation were based on the nitro-
gen fertilizer consumption reported by the International 
Fertilizer Association (IFA) for the year 2022 (https://​
www.​ifast​at.​org/​datab​ases/​plant-​nutri​tion). Due to the 
assumption set in condition 1, the NPK compound fer-
tilizer did not include urea or ammonium bicarbonate 
forms of nitrogen. As a result, the CO2 emissions from 
the decomposition of these substances were not consid-
ered. As shown in Fig.   6e, when CMC/PVA/0.5Fe-SRF 
was used as a substitute, the nitrogen demand for NPK 
compound fertilizer could be reduced. Table  S3 shows 
the nitrogen consumption in NPK compound fertilizers 
across regions, along with the reduced nitrogen demand 
assuming that CMC/PVA/0.5Fe-SRF were used as a sub-
stitute. Notably, under the fertilizer substitution scenario, 
using CMC/PVA/0.5Fe-SRF instead of traditional NPK 
compound fertilizers significantly reduced GHG emis-
sions. As shown in Fig.  6d, e, the CMC/PVA/0.5Fe-SRF 
substitution intervention could reduce GHG emissions in 
East Asia by up to 17.77 Mt CO2e. Other regions, such as 
West Europe, North America, and Latin America, respec-
tively reduced their GHG missions by 0.77 Mt CO2e, 0.53 
Mt CO2e, and 0.54 Mt CO2e. To sum up, this demon-
strated the economic feasibility of CMC/PVA/0.5Fe-SRF 
and evaluated their potential as an intervention to reduce 
GHG emissions.

4 � Conclusion
This study developed a sustainable slow‑release fertilizer 
by incorporating green‑synthesized tea‑extract iron nan-
oparticles into CMC/PVA coatings for zeolite–biochar 
hybrid cores. The engineered system achieved controlled 
nutrient release and micronutrient supplementation, 
significantly enhancing tomato growth, root develop-
ment, soil water retention, and nutrient retention under 
controlled conditions. Soil analyses indicated improved 
cation exchange capacity, organic matter content, and 
balanced phosphorus availability, while an economic 
assessment confirmed cost‑competitiveness and sub-
stantial potential for greenhouse gas mitigation through 
improved nitrogen use efficiency. These findings high-
light the scalability and environmental value of integrat-
ing bio‑based materials with functional nanotechnology 

https://www.ifastat.org/databases/plant-nutrition
https://www.ifastat.org/databases/plant-nutrition
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for modern agriculture. Despite the promising results 
obtained under controlled conditions, this study is lim-
ited by its short-term and small-scale scope. Future work 
will focus on extensive field‑scale validation and in-depth 
analysis of long‑term impacts on soil–microbe interac-
tions to ensure sustainable application.
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