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Abstract

Sustainable fertilizers are needed to improve nutrient efficiency and reduce environmen-
tal impacts. Greenhouse experiments were conducted to evaluate matrix-based organo-
mineral fertilizers (OMFs) for Zea mays over 60 days. The study took place during the
dry season in Jaboticabal, Sio Paulo, using 5.5 dm? plastic pots. Biosolids, deinked paper
sludge (cellulose), and sawdust were used as organic matrices. Four treatments (n = 6)
were tested: BC (biosolids/cellulose), BS (biosolids/sawdust), FF (uncoated NPK), and NF
(no fertilizer). FF received 4.0 g NPK (4-14-8) per pot in two split doses; BC and BS each
received 2.0 g NPK entrapped in 2.0 g matrix, applied once at sowing. BC provided the
most controlled nutrient release and outperformed FF, increasing plant height by 20.4%,
stem diameter by 13.7%, and leaf area by 5.3%. Considering nutrient uptake, BC exceeded
FF by 22.5% for N, 38.6% for P, and 22.7% for K while using half the mineral fertilizer.
Overall, matrix-based OMFs improved Zea mays growth and nutrient assimilation and
may reduce nutrient losses relative to conventional split applications. Because the results
derive from a single dry-season greenhouse trial with pots, field-scale validation to the
production stage is required to confirm agronomic performance and quantify economic
and environmental benefits.

Keywords: slow-release fertilizer; nutrient assimilation; plant biomass; organic matrix;
biosolid; cellulose

1. Introduction

The agricultural sector has employed large amounts of synthetic fertilizers to satisfy
the high demand for food, with consumption increasing dramatically throughout the 21st
century [1]. A significant increase is expected worldwide at a rate of 2.5 million metric
tons per year [2]. These fertilizers, commonly known as synthetic or inorganic fertilizers
(IFs), usually contain at least one of these three nutrients: nitrogen (N), phosphorus (P), or
potassium (K). IFs increase soil acidity, and because they do not provide organic matter,
they reduce microbial activity in agroecosystems [3-5]. In addition, IFs can be easily
hydrolyzed and, when applied, tend to be lost through runoff, leaching, and volatilization.
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Depending on the application methodology and climatic conditions, losses of up to 90%
have been reported [6]. The uncontrolled release of nutrients generates economic losses for
the agricultural sector and represents environmental risks, such as the contamination of
aquifers by nitrate leaching. Increased nitrogen levels can be unhealthy for livestock, fish,
and humans, particularly infants. The volatilization of nitrogen gases like ammonia and
nitrous oxide is also known to increase greenhouse gas emissions [7,8]. This phenomenon
occurs with inorganic fertilizers because they do not have properties that protect them from
rapid degradation in the soil.

To mitigate these harmful effects, mechanisms such as encapsulating fertilizers with
coatings or interactive materials have been developed to allow a slower release of nutri-
ents [9,10]. These formulated materials are called slow-release fertilizers (SRFs), which
increase water retention capacity and reduce nutrient losses by lowering the amount of
fertilizer needed to ensure maximum crop yields. Coated fertilizers are the main category,
prepared by coating synthetic fertilizer granules with a semi-permeable layer [11-14]. SRFs
involve the use of superabsorbents as hydrophilic polymers that can absorb water, salt solu-
tions, and other liquids up to several hundred times their weight. Some of these hydrophilic
synthetic polymers, such as acrylic acid and its copolymer acrylamide, have been used.
The problem is that most of them have low degradability in the soil and accumulate over
time. Natural polymers have also been used, like alginate, starch, and xanthan [9,11,13],
but the lack of mechanical resistance and high market prices make them unsustainable.
Addressing this gap requires sustainable, low-cost, waste-derived organic matrices that
couple mechanical robustness with effective nutrient retention and controlled release.

The goal of the present study was to assess the efficiency of matrix-based organomin-
eral fertilizers (OMFs) prepared using waste materials such as biosolids and paper sludge.
OMFs are a specific type of slow-release fertilizer (SRF), in which the organic matrix con-
tributes both to nutrient retention and to controlled release. Maize (Zea mays) was used
as a bioindicator, given its global relevance to food security. These matrices are obtained
by functionalizing materials such as biosolids with lignocellulosic materials (paper sludge
and sawdust), aiming to enhance biomass growth and nutrient assimilation [15]. This
matrix recycles organic matter and facilitates nutrient availability in line with plant de-
mand, thereby reducing environmental losses [16]. When used as a coating, the organic
matrix also improves swelling capacity and mechanical resistance [17]. This is achieved
by oxidized organic matter bearing negative charges, with carboxylate (R-COO™) and
phenolic (Ph—O7) groups that promote ion retention [18]. Due to cation exchange capacity,
ions are exchanged in soil solution through adsorption processes [19,20] and respond to
changes in pH [18,20]. In addition, the water retention capacity is increased by increas-
ing the concentration of cations and water around the organic matrix (adsorbent). This
phenomenon is known as a diffuse double layer. It occurs when ions are immobilized on
the particle surface by van der Waals forces, chemical bonds, and electrostatic attraction,
creating an adsorption layer. These mechanisms allow a greater availability of nutrients
in the rhizosphere, reflected in increased biomass in crops [15], while mitigating the envi-
ronmental impact of water-soluble synthetic fertilizers. These results are relevant because
maize is a cornerstone of global food security and is cultivated in subtropical and temperate
climates across major producing countries such as Mexico, Brazil, and Ukraine [21].

2. Materials and Methods
2.1. Experimental Conditions and Design

The experiment was conducted during the dry season in the experimental greenhouse
of the Faculty of Agrarian and Veterinary Sciences (FCAV), Sao Paulo State University (UN-
ESP), in Jaboticabal, Brazil (mean temperature 29 °C; altitude 600 m a.s.l.). The experiment
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was conducted in 5.5 dm? plastic pots with a soil characterized by the Athena laboratory as
an oxisol (Table 1), with a high content of iron (reddish coloration), density of 1.2 g dm~3,
pH 5.2, and base saturation 45%. Soil pH was adjusted to 6.8 with calcium carbonate and
magnesium carbonate.

Table 1. Soil properties prior to the experiment (Oxisol). Values correspond to the substrate used in
5.5 dm? pots under greenhouse conditions.

Parameter Value
pH 52
Phosphorus, mg dm—3 12
Sulfur (S), mg dm™3 3
Calcium (Ca), mmol dm—3 16
Magnesium (Mg), mmol dm 3 5
Sodium (Na), mmol dm—3 N.D.
Potassium (K), mmol dm—3 1.4
Aluminum (Al)mmol dm 3 N.D.
Organic matter (OM) g dm—3 14
Cation exchange (CEC) meq 100 g~! 40.3
Base saturation, % 45
Iron (Fe;Os3), hematite g kg’1 192
Density, g dm 3 1.2

Seeds of maize (Zea mays, Poaceae) hybrid variety (Pioneer® brand, Corteva Agri-
science, Johnston, IA, USA, 96% purity) were used. Based on maize fertilization require-
ments at sowing (30 kg ha=! N, 100 kg ha~! P, and 50 kg ha~! K), equivalent per-pot
doses were calculated for 5.5 dm? pots. Each BC/NPK and BS/NPK pot received 2.0 g of a
4-14-8 formulation (N-P-K), entrapped in 2.0 g of organic matrix and applied once at day 0,
whereas each FF pot received 4.0 g of the same uncoated 4-14-8 fertilizer, split into 2.0 g at
day 0 and 2.0 g at day 30. The conversion from field to pot scale was performed according
to the following equations:

Kg (4-14-8)

Kgha™! NPK pot x i ‘
Kgha " NPK field

1)

5 Kg (4-14-8)
2 x 106 dm?

The experiment was conducted in a completely randomized design with six repli-

5.5 dm (2)

cates per treatment. Four treatments were evaluated: BC (biosolids/cellulose), BS
(biosolids/sawdust), FF (uncoated fertilizer without matrix), and NF (control, no fer-
tilizer). The application of FF was divided into two doses at 0 and 30 days after planting,
respectively. The experiment lasted 60 days after planting.

Each pot received 2.0 g of the 4-14-8 formulation in the BC and BS treatments, where
nutrients were embedded in the respective matrices. In FF, a total of 4.0 g was applied in
two equal doses (2.0 g at sowing and 2.0 g at 30 days after sowing). Field-to-pot conversions
are shown in Table 2.

2.2. Preparation of Organic Matrix Entrapped NPK Fertilizer

The support materials used in the preparation of the matrices were lignocellulosic
residues (residual cellulose from paper sludge), sawdust, and biosolids supplied and
characterized by the basic sanitation company of Sao Paulo State, Monte Alto, Brazil.
Because biosolids may contain heavy metals (Cd, Cr, Ni, Pb, and As), they were analyzed
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by atomic absorption spectroscopy. The supporting material was characterized according
to the Colombian technical standard NTC 5167 [22].

Table 2. Fertilization Treatments Summary.

Treatment

Composition Dose per 5.5-dm® pot (g) Application Schedule (Day After Sowing)

(1:1)2.0g4-14-8NPK+2.0g

BC Cellulose /biosolids /fertilizer cellulose/biosolids matrix 4.0 g formulation 4 x 1.0 g tablets, Day 0
Lo . (1:1)2.0g 4-14-8NPK+2.0g .
BS Sawdust/biosolids/ fertilizer sawdust,/biosolids matrix 4.0 g formulation 4 x 1.0 g tablets, Day 0
FF (Free Fertilizer) NPK 4-14-8 (no matrix) 4.0 g NPK fertilizer (no matrix) 2 x 1.0 g tablets, Day 0 + 2 x 1.0 g tablets, Day 30
NF (No Fertilizer) Oxisol only N.D. N.D.

FF: uncoated NPK (4-14-8), fertilizer without organic matrix.

All the materials were dried separately in an oven at 60-70 °C for 3 days, then ground
and homogenized using a laboratory grinder and mixer. Biosolids were mixed with
cellulose or sawdust in a 3:1 w/w ratio to obtain the organic matrices. Synthetic fertilizer
entrapment was performed at a 1:1 ratio, using 15% commercial saresh (Acacia sp. gum)
as a binder under continuous agitation for 24 h. The solid mixture was crushed and
sieved through a 100-mesh screen for subsequent tableting by compression. Samples were
then analyzed physicochemically and microbiologically according to NTC 5167 to confirm
sanitization [22].

The pH was measured in a 1:10 OMF/water suspension following EN 13037:2011 [23];
the meter was calibrated with pH 4.01, 7.00 and 10.01 buffers at 25 °C. Organic carbon
was determined by the Walkley-Black procedure according to ISO 14235:1998 [24]. Ni-
trogen, phosphorus, and potassium were determined according to ISO 11261 (TKN) [25],
ISO 6878 [26], and FAAS (K, 766.5 nm) [27]. For microbiology, Salmonella detection fol-
lowed ISO 6579-1:2017 [28], and mesophilic/thermophilic aerobic counts followed ISO
4833-1:2013 [29]. Cation exchange capacity (CEC) was determined using ISO/TS 22171:2023
ISO/TS 22171:2023 [30], and water retention capacity (WRC) was determined according
to Gungula et al. [31]. Nitrogen, phosphorus, and potassium were determined according
to ISO 18644:2016 [32]. Total coliforms were enumerated following ISO 4831:2006 [33].
Salmonella was detected by plate counts [34]. Mesophiles and thermophiles were deter-
mined by plate counts [35].

2.3. Measurement of Biomass Growth and Nutrient Assimilation of Maize (Zea mays) Cultivated
in Pots

The fresh weight of different plant parts was recorded 60 days after sowing with an
electronic balance. The dry weight of the same tissues was also recorded after drying in a
hot-air electric oven at 70 °C for 48 h. The plant height from the base to the insertion of
the last leaf, stem diameter, and leaf area were measured with a measuring tape. Similar
methodologies have been used in studies where organic matrices improved crop yields [36].

The assimilation of nutrients was determined in the total dry mass. Potassium was
measured by atomic emission spectroscopy with a wavelength of 589 nm. Phosphorus
was measured by colorimetry at a wavelength of 450 nm in a UV /Visible spectrometer.
Ammoniacal and total nitrogen were determined by the Kjeldahl method [37].

2.4. Statistical Treatment of Nutrient Release Data

Data analysis was performed using AGROESTAT version 1.1 (Sao Paulo State Uni-
versity, Jaboticabal, Brazil), a software package for the statistical analysis of agronomic
trials. A one-way analysis of variance (ANOVA) was applied, and treatment means were
compared using Tukey’s test.
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3. Results and Discussion

3.1. Characterization of the Supporting Material

The physicochemical and microbiological parameters obtained from the analysis of

the supporting material (feedstock) are presented in Table 3.

Table 3. Physicochemical and microbiological characterization of feedstock (biosolids, cellulose

and sawdust.

Parameter Biosolids Cellulose Sawdust
Total nitrogen (N)% 246 £0.88 0.38 £ 0.50 0.14 £0.25
Total phosphorus (P,0s), % 210+ 1.29 0.46 £+ 0.98 0.20 £0.1
Total potassium (K,O), % 0.64 + 0.65 N.D. N.D.
Water retention capacity (WRC), % 11250 = 0.03 264 £ 0.08 1.91 £ 0.09
Cation exchange (CEC), meq 100 g~! 3527 +£2.03  9.31+0.04 69.7 £ 0.07
Humidity (H), % 59.66 £0.58 55.60 £0.05  59.4 4+ 0.03
pH 7.01 £048 7.73 £0.03 591 +0.07
Electric conductivity (EC), dS m™! 4.76 + 0.17 0.02 +0.12 7.10 £ 0.017
Organic matter (OM), % 1464 +£222 2290+120 469 £1.02
Ashes, % 64.01 £ 2.88 42 £0.03 15.5 £ 0.09
Carbon nitrogen ratio C/N,% 6.68 = 3.20 67 + 0.06 72.80 = 0.08
Density, g cm 3 048 £0.08 0.36+0.008 0.19 £0.02
Microbiological parameter
Mesophiles CFU g~! 9.48 x 101 1.3 x 10° 3.3 x 1010
Thermophiles CFU g~! 4.52 x 108 8.8 x 108 8.0 x 107
Enterobacteria CFU g1 1.0 x 10° 2.0 x 10 2.5 x 10!
Salmonella sp. (absent in 25 g) N.D. N.D. N.D.
Metals
Na% 0.174+0.10 N.D. N.D.
CaO0% 378 £0.317 9.12 £0.02 N.D.
MgO% 0.56 £+ 0.31 0.24 £0.04 N.D.
Zn, ppm 0.39 £0.27 N.D. N.D.
Cr, ppm 381.57 £3.0 5518 £0.35 N.D.
Cd, ppm 2.72 £2.51 N.D. N.D.
Pb, ppm 3698 £2.22 N.D. N.D.
Ni, ppm 149.38 £2.88 11.71 +£0.77 N.D.
As, ppm 0.18 £3.20 16.51 + 0.67 N.D.

ND: Not determined. The calculations of the physicochemical and microbiological variables are made on a
dry basis.

The C/N ratios of the feedstocks differed markedly (Table 3), being low in biosolids
(6.7) and very high in cellulose (67) and sawdust (72.8). These values indicate contrasting
decomposition rates and nutrient release patterns when used as matrices for fertilizer
entrapment. Biosolids showed nitrogen and phosphorus contents of 2.46% and 2.10%,
respectively. Their cation exchange capacity (CEC) was 35.27 meq 100 g, exceeding the
minimum requirement of 30 meq 100 g~ ! established in the Colombian technical standard
NTC 5167 [22]. Together with cellulose, biosolids contributed organic matter contents of
14.64% and 22.90%, respectively, values that meet the minimum of 15% required by the
same standard.

Organic matter provides oxidized complexes, such as carboxylates (-COO™), which
increase CEC [18]. Hydroxyl groups (-OH) in cellulose enhance water retention capacity
(WRC). These mechanisms promote the adsorption of exchangeable ions at the solid-liquid
interface, contributing to nutrient accumulation in the diffuse double layer and reducing
losses by leaching or volatilization, as reported in other studies [19,20]. The WRC values
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for biosolids (112.50%) and cellulose (264%) were both above 100%, in compliance with
NTC 5167 [22], which requires that materials retain at least their own weight in water.

Heavy metal concentrations in the biosolids complied with the thresholds established
by the Colombian technical standard NTC 5167 (As 41, Cd 39, Cr 1200, Hg 17, Ni 420, Pb
300 mg kg~1) [22]. According to the USEPA (1999) [38] guidelines, these concentrations
were also within the limits required for Class A biosolids. Combined with the micro-
biological results (absence of Salmonella in 25 g and low levels of enterobacteria), this
supports their classification as Type A, suitable for unrestricted agricultural applications.
The low C/N ratio of biosolids favored mineralization and nutrient availability, while the
high C/N ratios of cellulose and sawdust suggest slower decomposition and potential
N immobilization, consistent with their role as structural matrices rather than nutrient
sources. These results confirm the suitability of the supporting materials for use in OMFs,
which combine adequate nutrient content, CEC, and WRC with compliance with sanitary
and legal thresholds.

3.2. Characterization of the Occluded Fertilizers

Table 4 shows the physicochemical and microbiological parameters of the occluded
fertilizers: BC/NPK and BS/NPK.

Table 4. Physicochemical and microbiological parameters.

Parameter BC/NPK BS/NPK
pH 6.7 6.6
Organic matter (OM), % 17.4 10
Cation exchange (CEC) meq 100 g~! 82.6 76.8
Water retention capacity (WRC) 205 138.5
Carbon nitrogen ratio (C/N) 13.80 7.54
Total nitrogen (N), (%) 4 4
Phosphorus (P), (%) 14 14
Potassium (K), % 8 8
Enterobacteria CFU g ! 9.5 x 10? 2.2 x 10?
Mesophiles CFU g ! 2.5 x 10° 6.4 x 108
Thermophiles CFU g~! 2.4 x 1010 7.5 x 108

The physicochemical and microbiological parameters of the occluded fertilizers are
presented in Table 4. The pH values of BC/NPK (6.7) and BS/NPK (6.6) complied with
the acceptable ranges established by NTC 5167 [22]. During the occlusion process, en-
terobacteria were markedly reduced, from 1.0 x 10 CFU g~! in the raw materials to
9.5 x 102 CFU g~ ! in BC/NPK. This reduction has been associated with the crenation of
microbial cells caused by the osmotic pressure generated by N, P, and K salts [39].

Compared with BS/NPK, the BC/NPK formulation exhibited higher values of CEC,
organic matter, and WRC, reflecting the influence of cellulose on nutrient retention (Table 4).
This can be attributed to the presence of deinked paper sludge, which provides oxidized
organic functional groups such as carboxylates (-COO™) and hydroxyls (<OH). These
groups can form hydrogen bonds and coordination complexes with cations, thereby pro-
moting nutrient retention and gradual release [40]. In contrast, uncoated NPK fertilizers
typically display a burst release during early application periods, a phenomenon also well
documented in polymer-based controlled release systems [41]. The C/N ratio decreased to
13.8 in BC/NPXK, reflecting a higher degree of organic matter decomposition (mineraliza-
tion). Microbial activity consumes organic compounds, lowering the C/N ratio. A final
C/N ratio below 20 is generally considered indicative of maturity and beneficial for soil
application [42].
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3.3. Biomass Growth of Maize (Zea mays), Under Uncoated NPK and Ma-Trix-Based
OMF Treatments

Figures 1 and 2 show the effects of the treatments on maize biomass, expressed as
plant height, stem diameter, leaf area, and aerial and root mass.

450
[_Piant height/ cm [ Aerial dry mass part
400 Al [ stem diameter / mm 16 I Root dry mass B
a | I Leaf area/ cm’ A v
350 ab ab
B o
@ 300 %
8 b 2 b
g 250 5
. Q
200 - =8 °
©
g € (% b b
& 150 4 g ¢
[
¢
0
BC B3 FF NF
Treatments Treatments

Figure 1. Effect of slow-release organic matrices on increasing biomass of the maize (Zea may)
model, (A): biomass in terms of plant height, stem diameter and leaf area, (B): dry biomass in
grams. BC: Cellulose/biosolid/fertilizer. BS: Sawdust/biosolid/fertilizer. FF: Free synthetic fertilizer.
NF: Without fertilizer. Different letters show significant differences at p < 0.05.

25
_a
20 - R
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= b
z 154 T J
«
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BC BS FF NF

Treatments

Figure 2. Effect of treatments on total dry mass maize. (Zea mays). BC: Cellulose/biosolid /fertilizer.
BS: Sawdust/biosolid /fertilizer. FF: Free synthetic fertilizer. NF: Without fertilizer. Different letters
show significant differences at p < 0.05.

According to Figure 1A, the BC treatment produced significantly greater stem diameter
and plant height than the other treatments, with differences that were statistically significant.
These increases can be attributed to the entrapment of NPK in the cellulose-biosolid
matrix. Compared with FF, BC increased plant height by 20.4% and stem diameter by
13.7%. Leaf area showed no significant differences among treatments, indicating that
nutrient entrapment did not directly affect this parameter. The BS treatment displayed
a trend similar to FF, suggesting that cellulose had a stronger effect on biomass growth
than sawdust.

In Figure 1B, root dry mass was significantly higher in the BC treatment than in all
others. For aerial dry biomass, BC showed the highest values and was significantly greater
than BS, while FF presented intermediate results, not differing from either BC or BS. NF
produced the lowest aerial biomass, significantly lower than all other treatments. These
results, consistent with the lack of differences in leaf area among fertilized treatments,
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indicate that the benefits of the cellulose matrix were most evident in root development,
although BC also outperformed BS in aerial biomass.

Figure 2 shows that the BC treatment had the highest total dry mass, significantly
greater than all other treatments. Specifically, BC increased total biomass by 26.9% com-
pared to FF, 50.3% compared to BS, and more than 100% compared to unfertilized plants
(NF). BS and FF did not differ significantly from each other, while NF yielded the lowest
values. ANOVA confirmed significant differences among treatments for plant height, stem
diameter, leaf area, root dry biomass, and aerial dry mass, except between BS and FF for
leaf area and aerial dry biomass.

These results demonstrate that entrapping NPK in the biosolid—cellulose matrix en-
hanced biomass accumulation more effectively than either the biosolid-sawdust matrix or
uncoated fertilizer. Moreover, the improvement observed in plant height, stem diameter,
and root biomass with BC highlights the added benefits of the cellulose-based organo-
mineral fertilizer. Importantly, BC and BS received a single application of 2.0 g of NPK
embedded in the organic matrix, whereas FF was applied in two split doses totaling 4.0 g.
Thus, comparable or higher yields were achieved with only half the amount of mineral
fertilizer, implying reduced input costs and lower environmental impact.

3.4. Nutrient Assimilation in Maize (Zea mays), Under Uncoated NPK and Ma-Trix-Based
OMF Treatments

Figure 3 shows the effect of the BC, BS, FF and NF treatments on the nutrient content
(N, P, K) in the total dry mass of maize (Zea mays), corresponding to n = 6 for each treatment.

0.25

Jra =
0.20 B Px10°
b b HEK

0.15

0.10

a 3
0.05 a,b b b b

i H s
0.00
FF

BC BS NF
Treatments

Nutrients assimilation / %

Figure 3. Effect of the BD, BS, FF and NF treatments on nutrient assimilation in the maize model (Zea
mays). BC: Cellulose/biosolid /fertilizer. BS: Sawdust/biosolid /fertilizer. FF: Free synthetic fertilizer.
NF: Without fertilizer. Different letters show significant differences at p < 0.05.

BC led to significantly greater nutrient assimilation than the other treatments, as indi-
cated by the different letters in Figure 3; BS was more similar to FF than to BC. Differences
in nutrient assimilation between BC and FF were 22.5% for N, 38.6% for P, and 22.7% for
K. As expected, the assimilation of NPK was significantly higher in plants with fertilizer
addition than in plants without fertilizer. The BC formulation allowed for the retention
of nutrients as well as their absorption from the soil solution to the root surface, thus
improving the efficiency of nutrient supply according to the plant nutritional requirements.
This is consistent with other studies using low-cost organic matrices that have increased
crop yields [36].
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The best yields obtained with BC can be attributed to the contribution of organic
matter (OM) from biosolids and pretreated residual cellulose. Delignified cellulose contains
more labile OM than sawdust [43,44]. These materials act as colloidal adsorbents that
promote root development and increase soil permeability. Their interaction with cations
and water leads to the formation of a diffuse double layer [45], thereby enhancing nutrient
uptake. Moreover, although the soil used was an Oxisol, typically rich in Fe and Al oxides
that restrict P availability, the OM in the biosolid/ cellulose matrix likely reduced phosphate
fixation. Functional groups such as carboxylates and phenolics can complex Fe®* and
AI3* or occupy binding sites on hematite and goethite surfaces, limiting the adsorption of
phosphate anions. Similar mechanisms have been reported in highly weathered tropical
soils, where oxide surface occupation by organic ligands decreases P immobilization and
increases its presence in the soil solution [46—48].

This mechanism may explain the higher P assimilation observed in the BC treat-
ment compared to the uncoated fertilizer. In addition, the water retention capacity of
the matrix [17] contributes to its hydrophilicity, allowing absorbed water to be gradu-
ally released and taken up by the plant. Furthermore, hydrogen bonds between the
cellulose polymeric matrix, water, and fertilizer enable a slow and progressive nutrient
release, as the polymer—fertilizer bonds are broken either by hydrolysis or enzymatic ac-
tion, a mechanism well documented in polymer-based controlled release systems [49].
These combined processes improve the efficiency of nutrient delivery according to crop
nutritional requirements.

Figure 4 shows the interaction between roots and the fertilizer entrapment in the
matrix biosolid/cellulose after the harvest.

Figure 4. Interaction between pellets of fertilizer entrapment in BC matrix. BC: Cellu-
lose/biosolid / fertilizer.

The BC support material persisted until the end of the crop cycle, maintaining good
mechanical resistance 60 days after sowing and showing strong adherence to the roots.
This close contact favored nutrient extraction and prevented the type of catastrophic release
often observed with coated fertilizers [50]. Around the BC pellets, the liquid phase acted
as an adsorbent, where a diffuse double layer of cations and water formed, solvating the
ions and enabling their retention and exchange. This mechanism reduced nutrient losses
by leaching and ensured a more sustained nutrient supply over time, unlike conventional
fertilizer, which was washed away and did not remain in the soil [51]. Figure 5 illustrates
the effects of the different treatments on maize root development.
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Figure 5. Morphological changes in roots with different treatments. BC: Cellulose/biosolid /fertilizer.
BS: Sawdust/biosolid /fertilizer. FF: Free synthetic fertilizer. NF: Without fertilizer.

Roots grown with the BC treatment were visibly larger than those under FF, BS, or
NF, consistent with the significantly higher assimilation of nitrogen (NH), phosphorus
(HPO427), and potassium (K*) measured in Figure 3, and with their subsequent transport
to aboveground tissues. This enhanced nutrient supply promoted root growth and overall
plant development. As a slow-release fertilizer, BC provides N in a form that delays its
immediate availability, reducing the need for multiple applications [15,16] and lowering
NH concentrations in surface water and soil solution [52,53], thereby minimizing losses
through ammonia volatilization [52,54].

Therefore, the BC acts as a reservoir for the maize crop, supplying it with nutrients
according to its nutritional needs, becoming a promising resource for the formulation of
slow-release fertilizers as it can reduce the fertilizer cost per hectare [55]. The organic matter
in the matrix also improves soil quality, enabling crops to respond better to variations in
pH, temperature, and moisture [56], while conventional fertilizers increase soil salinity
and acidity [3]. Moreover, delignified paper sludge combined with nitrogen-rich residues
such as poultry manure or sewage sludge further enhances microbial activity and nutrient
cycling [57,58]. This bioassay showed that organo-mineral fertilizers like BC (a form of SRF)
favored nutrient assimilation, reduced leaching and volatilization losses, and improved
root growth and plant height, giving them clear advantages over conventional fertilizers.

Trapping mineral fertilizer in a low-cost, environmentally friendly organic matrix sig-
nificantly improved NPK delivery and maize yield. Modification of the microenvironment
around the BC granules enhanced nutrient uptake and use efficiency, ensuring that nutri-
ents were released and absorbed in accordance with the plant’s nutritional requirements.
Despite the good performance obtained, further evaluation of BC/NPK under field condi-
tions is required, given the short growing period and limited soil volumes used in these
experiments. Studies should extend to the production stage to determine seed number per
plant and seed weight. This technology has the potential to generate economic benefits for
farmers, as the fertilizer can be applied at half the usual dose, while significantly reducing
environmental impacts by limiting the excessive use of mineral fertilizers. Therefore, it can
be considered a strong alternative to conventional fertilizers, which are associated with
serious economic, environmental, and health problems.

This bioassay focused on plant growth and nutrient assimilation as primary indicators
of fertilizer performance, consistent with standard practice in initial assessments of slow-
release fertilizers (SRFs), including organo-mineral fertilizers (OMFs) [59-61]. Future
research should complement plant-based indicators with soil chemistry and microbial
community analyses (e.g., phospholipid fatty acid analysis profiling or high-throughput
sequencing). Previous studies have demonstrated that OMFs can influence soil properties
and microbial activity [62,63], underscoring the importance of integrating these dimensions
in field evaluations.
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4. Conclusions

The bioassay with Zea mays showed that entrapping mineral fertilizer in a biosolid /
cellulose matrix (BC) enhanced nutrient assimilation, root development, leaf area, and
plant height, resulting in 28.4% higher biomass compared to the free uncoated fertilizer
(FF) treatment. Compared with FF, BC/NPK increased plant nutrient uptake by 22.5%
(N), 38.6% (P), and 22.7% (K), indicating a more regulated nutrient release and improved
availability in the rhizosphere.

These outcomes can be attributed to the stabilizing role of pretreated cellulose, which
increased hydrophilicity, water retention, and cation exchange capacity, enabling a more
regulated release of nutrients and greater biomass 60 days after sowing.

Although results were obtained under greenhouse conditions and over a short cultiva-
tion period, they provide evidence that matrix-based organo-mineral fertilizers represent
a promising sustainable alternative. Incorporating conventional fertilizers into organic
matrices such as BC can reduce application rates, lower production costs, and mitigate
the environmental impacts of excessive mineral fertilizer use. Field-scale, multi-season
trials across different soils are required to validate yield responses and assess long-term
agronomic and economic benefits.
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Abbreviations

Abbrev. Meaning

dw dry-weight basis
OM organic matter

TOC total organic carbon

TKN total Kjeldahl nitrogen

TP total phosphorus

AAS/FAAS (Flame) atomic absorption spectrometry
CEC cation-exchange capacity

WRC water-retention capacity (used consistently; replaces legacy CRA)
XRD X-ray diffraction

SRF slow-release fertilizer

F uncoated (mineral) fertilizer
FOMI/FOMII functionalized organic matrices I/1I
LOD/LOQ limit of detection/quantification

CI confidence interval

ANOVA analysis of variance
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