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Abstract

Low redox potential (Eh) leads to low bioavailability and utilization efficiency of several
nutrients, including selenium (Se), in paddy soil. Applying oxidants with a slow-release
function to maintain soil Eh at a sufficiently high level during the key nutrient stage is
beneficial to plant-nutrient accumulation. A multi-component coating material consisting
of alginate, chitosan, nano-silicon dioxide, carboxymethyl cellulose, and selenate was used to
embed urea peroxide to prepare a slow-release fertilizer of oxidative substances in this study.
The effects of the components on oxidative substance release and mechanical properties
were investigated, and their contribution to altering soil Eh and Se speciation was verified
by paddy soil assay. The formula containing 20~25 mg g~! alginate, 15 mg g~! chitosan,
30 mg g~! silicon dioxide nanoparticle, 10 mg g=! carboxymethyl cellulose, 0.1 mg g~*
sodium selenate, and 150 mg g~! urea peroxide performed the best among treatments.
It had satisfactory mechanical properties and an elevated Eh with an amplitude of over
100 mV for at least 40 d compared to the soil with a single Se treatment, and increased the
contents and proportions of soluble, exchangeable, and a part of iron/manganese-binding
Se, especially the hexavalent one, in soil. Notably, selenate not only supplied Se but also
contributed to structure reinforcement. The findings provided a slow-release carrier for soil
nutrient management, but it still needs to be improved for more coordinated release of Se
and oxidative substances.

Keywords: macromolecule matrix; coated fertilizer; compound material; slow release;
paddy soil; redox potential (Eh); selenium (Se) speciation

1. Introduction

Nutrient resources, especially fertilizers, play a role as essential as water, pesticides,
and other bioactive compounds in crop yield [1] to meet the rising cereal demand driven by
population growth [2]. However, the nutrient-release properties of traditional fertilizers do
not always match plant-nutrition demands. Water-soluble nutrients dissolve, diffuse, and
deplete rapidly in soil after fertilization [3], which leads to intensive nutrient availability
fluctuations, with 30-70% of nutrients lost through leaching or volatilization [4]. Therefore,

Polysaccharides 2026, 7, 126

https://doi.org/10.3390/polysaccharides7040126


https://crossmark.crossref.org/dialog?doi=10.3390/polysaccharides7040126&domain=pdf&date_stamp=2026-11-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polysaccharides
https://www.mdpi.com
https://doi.org/10.3390/polysaccharides7040126

Polysaccharides 2026, 7, 126

2 of 35

good nutrient supply strategies mean lower nutrient input, higher utilization efficiency,
better nutrient-release patterns, and less environmental pollution [5-8]. It is labor- and
time-consuming to apply traditional fertilizers at low doses several times to meet plant-
nutrient demands at different stages of the life cycle. Additionally, there is a proportion
of nutrients with low bioavailability in soil due to certain physicochemical factors, i.e.,
precipitation, specific adsorption, biological immobilization, etc.; thus, soils with high total
nutrient contents do not always indicate high fertility.

Selenium (Se) is a beneficial nutrient element for plants and humans that participates
in cellular differentiation and functioning, maintaining cellular membrane integrity, reactive
oxygen scavenging, and toxin inactivation, alleviating stress resistance and immunity [9-15].
Food Se biofortification, especially in rice, is an optimal means to satisfy human routine
Se intake demand since it economically provides Se in biocompatible forms, and rice is
an intermediate Se accumulator among cereals [15]. Although cereals and their products
provide around 70% of the total dietary Se intake for the public according to estimates,
over 72% of arable land in eastern China is in Se-deficient status, and over 75% of rice
products cannot satisfy intake requirements [16-20] since the general average level of soil
Se is 0.4 mg kg1, which varies between 0.1 and 2 mg kg~! [21]. Therefore, Se deficiency
has become a global public nutrition issue.

Agronomic biofortification, mainly fertilization, is easier and cheaper than genetic
biofortification, i.e., crop selection and breeding [22]. External Se input is required for all
soils, whatever their Se content, from the perspective of sustainable agriculture because
soil Se will be depleted by plant uptake over decades [23]. The valences of Se in soil
include +6, +4, 0, and —2 [24]. Although organic Se (mainly amino acids containing Se, i.e.,
selenomethionine and selenocysteine, and proteins that these Se-containing amino acids
participate in constitution) is safer and more efficient for humans, inorganic Se oxyanions
(hydroselenite HSeO; ™ and selenate SeO,>~) are the major available fractions in rhizosphere
nutrition, while the organic fraction can be the soil Se reservoir [9,17,25]. Notably, inorganic
Se oxyanions at high doses have potential toxicity since the boundary between deficiency
and toxicity is narrow. In addition, their utilization efficiency is relatively low, which is
more severe for selenite [10,19,26-29]. Li et al. [20] and Yin et al. [30] suggested that
fertilizing SeO,*~ in aerobic soil is more efficient for raising Se content in rice grains and
more beneficial for photosynthesis promotion than foliar application. Moreover, the heading
and boosting stages are the recommended fertilization stages for promoting Se accumulation
in brown rice because active growing spikes and filling grains at these stages are the main
destination of assimilated Se [12,22,31], but the leaves cover the soil densely and hinder
fertilization at those stages. Contrarily, over 80% of inorganic Se fertilized in soil during
the vegetative growth stage is sequestered by soil iron or manganese (hydr)oxide colloids
or reduced to elemental form [32]; moreover, this process is faster in acidic soils than in
neutral and alkaline soils [33]. Subsequently, only 5~30% of soil exogenous Se can be
absorbed by plants [34]. Therefore, it is necessary to overcome the above disadvantages
using slow/controlled-release fertilizers (S/CRFs) so that the Se fertilized in advance at the
vegetable growth stage is continuously supplied to plants in the proper concentration to
match nutrient demands [35].

Oxygen in paddy soil is limited in a strongly reductive rhizosphere due to long-term
submergence [36]; rice plants attempt to establish the aerobic rhizosphere surroundings
by secreting oxygen and other oxidative substances [37,38]. The dominant valence of
soil Se is tetravalent under this bulk soil condition, which is easily sequestered by soil
colloids [16,32]; i.e., soil Se availability for rice is low during long-term submergence
status, and it is accumulated in the root rather than the shoot in rice plants [29,39], which
hinders rice Se biofortification. Therefore, raising soil redox potential (Eh) is necessary
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for more soil SeO,*~ and higher Se accumulation in rice grain [30,40]. However, field
water management by draining and irrigation cannot be applied for the long term during
the vegetative growth stage because of physiological water demand in the rice life cycle;
therefore, other means to alleviate soil redox status are in demand. Urea peroxide is an
adduct compound of hydrogen peroxide and urea. It can alleviate rhizosphere redox status
and provide nitrogen (N) nutrient efficiently and simultaneously. Moreover, its hydrolytic
products are oxygen, carbonates (or carbon dioxide), and ammonium, all of which can be
utilized by plants. In addition, supplying N and Se simultaneously can slightly increase
grain Se accumulation [41] since ammonium is reported to promote rice Se uptake at the
soil-floodwater interface [22]. In any case, controlled-release material should be used to
overcome the disadvantages of rapid and uncontrolled oxidative substance release (OSR)
after urea peroxide is dissolved, which may lead to acute oxidative damage in roots.
Coating fertilizers are a series of S/CRFs whose core fertilizer is embedded, covered,
or encapsulated by hydrophobic release-control polymer materials with semi-permeable
properties through chemical cross-linking or physical adhesion [42]. Moreover, it is feasible
to mix core fertilizers and polymer coating materials to obtain efficiency-enhancing fertilizers
in which nutrients are distributed evenly in the coating material [43]. Since agricultural
biomaterials, including chitosan (Chi), alginate (Alg), cellulose, starch, cyclodextrin, etc.,
have advantages of wide sources, low cost, good biocompatibility and biodegradability, as
well as non-toxicity [2,5,44,45], they can be applied as degradable hydrogels after simple
chemical or physical modifications [5,46]. The fertilizers made from these hydrogels have
higher nutrient utilization efficiency, although the fertilizer input is lower than traditional
materials [47]. Alginic acids and alginates extracted from algae are linear polymers of B-D-
mannuronic acids and x-L-guluronic acids. Alginate dimers form via ionic bonds between
cations (e.g., Ca*, Ba?*, Fe?*, AI’") and -OH as well as -COOH groups in guluronate
residues [42,48,49]. Calcium alginate (CaAlg) is a potential carrier for nutrients, pesticides,
and other agronomic chemicals due to its “egg-box” structure retaining small molecules [5].
Moreover, its coating layer thickness can be easily regulated by Ca®* concentration [42].
However, pure CaAlg is not an ideal CRF material since its coating efficiency is low, and
it degrades in soil too fast to regulate the dynamics of embedded nutrient release [6].
Therefore, it is necessary to modify or compound CaAlg with other substances, i.e., apply
proper multi-component coating material formulas, for better permeation, release control,
and mechanical properties, as well as less nutrient loss during fertilizer preparation [2,50].
Chen et al. [51] designed an alginate-urea-fluroxypyr controlled-release system in which
urea bridges Alg and fluroxypyr ingeniously, providing at least 8-week controlled release
as a carrier for fertilizer and pesticide. Chi is the degradation product of chitin, which is
polymerized from D-aminoglucose and N-acetyl-D-aminoglucose [2,52,53]. A compound
membrane forms via cross-linking reactions and electrostatic effects between cationic groups
-NH;" in Chi and anionic groups -COO™ in Alg [43,47,48]; the cross-linking network, also
known as the matrix, reduces pore size remarkably but maintains the coating integrity, which
benefits controlled release [54]. Liu et al. [55] developed a compound slow-release fertilizer
consisting of a carboxymethyl chitosan resin network and urea aldehyde, which realizes the
simultaneous slow release of water and nitrogen nutrients by water-retention technology.
Kim et al. [56] created recyclable green plastics with strong mechanical features, whose
nanocomposites were made from sodium alginate and Chi nanowhisker, and recommended
them as controlled-release materials for urea. Cellulose has good water-retaining capacity,
but it is necessary to modify the carbon chains by grafting hydrophilic groups (e.g., hydroxyl
or carboxyl), esterification, or etherification to overcome fragility caused by strong hydrogen
bonds [57]. Wang et al. [58] introduced a self-assembled CRF whose template is nano-
CaCO;, and the coating material consists of carboxymet hylcellulose (CMC)/Alg and Chi.
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Similar to Alg, CMC is also able to self-assemble with Chi via -NH, and -COOH groups in
this case. This fertilizer has nano-sized pores that can adsorb embedded nutrient substances
charge-independently by capillary effect; moreover, it exhibits different nutrient-release
dynamic properties under different ambient pH conditions. Tan et al. [59] reported a
double-layer CRF whose internal coating is polymethylmethacrylate, while the external
coating is an alginate hydrogel cross-linked with sulfonated cellulose, which performs
satisfactorily in urea release following a first-order kinetic model. Notably, phosphorus-
enriched biochar encapsulated by CMC has strong pH buffering capacity, which provides
advantageous conditions for stable phosphorus release at low doses [60].

The objective of this study is to attempt to provide a fertilizer product that can alleviate
the anoxic rhizosphere of paddy soil, i.e., elevating Eh, and alter soil Se fractions, especially
increasing the proportion of Se easily utilized by plants, simultaneously establishing suitable
soil conditions for Se biofortification. We hypothesized that the coating material consisting
of Alg and Chi might be suitable for regulating the release of UP and Se nutrients inside
the soil, so that the soil Ei and the bioavailable Se concentration were maintained at a
satisfactory level for a relatively long period. Therefore, the preparation procedure of multi-
component coating materials, whose properties are less fully documented than those of
mono-component ones, as well as the mechanical properties and performance on oxidative
substances and Se nutrient release of the coated fertilizer granules made with this coating
material, were investigated in this study.

2. Materials and Methods
2.1. Materials
2.1.1. Reagents

Calcium chloride (CaCl,, anhydrous substance, CAS 10043-52-4) and carboxymethyl
cellulose (CMC, sodium salt, CAS 9004-32-4), whose viscosity was 1000~1500 mPa-s, were
purchased from Damao Chemical Reagent Partnership Enterprise Ltd., Tianjin, China.
Silicon dioxide nanoparticle (n-SiO,, CAS 60676-86-0) with a diameter of 50 + 5 nm was
purchased from Macklin Biochemical Technology Co., Ltd., Shanghai, China. The purity of
the above three reagents was analytical grade (>99.5%). Chitosan (Chi, CAS 9012-76-4)
(purity > 90%), whose viscosity was 20~500 mPa-s, was purchased from Bozhi Oligo Biotech
Co., Ltd., Qingdao, China. Alginate (Alg, sodium salt, CAS 9005-38-3) (purity > 90%)
was purchased from Kermel Chemical Reagent Co., Ltd., Tianjin, China. Urea peroxide
(UP, CAS 124-43-6) (purity > 96%) was purchased from Sanjie Environmental Protection
Technology Co., Ltd., Shijiazhuang, China. Sodium selenate (Na,SeO,, CAS 13410-01-0)
(purity > 98%) with the trademark “Aike Reagent” was purchased from Boruite Chemical
Technology Co., Ltd., Chengdu, China.

2.1.2. Soil

The paddy soil used in this study was collected in Guangzhou, China. Its physical
and chemical properties were: texture (International Society of Soil Science system), clay
loam; mechanical composition [sand (0.02~2 mm):slit (0.002~0.02 mm):clay (<0.002 mm)],
38.76%:28.45%:32.78%; organic matter, 22.72 g kg~!; pH (natural submergence bulk soil after
sufficient equilibrium), 6.60; Eh (natural submerging bulk soil after sufficient equilibrium),
—29.3 mV; total nitrogen, 0.875 g kg~!; total phosphorus, 1.026 g kg~; total potassium,
11.27 g kg~1; alkaline- hydrolytic nitrogen, 78.89 mg kg~!; available phosphorus (extracted
by pH 8.5 0.5 mol L~! NaHCO,), 74.60 mg kg~!; rapid-available potassium (extracted by
pH 7.0 1 mol L=! CH;COONH,), 50.16 mg kg~!; total selenium, 396.2 ug kg!.
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2.2. The Preparation Procedure of Fertilizer Granules

Two solutions, named Solution A and Solution B, were used in coating fertilizer prepa-
ration. Solution A consisted of CaCl, and CMC, while Solution B contained Chi, n-SiO,,
Alg, UP, and Na,SeO,. The solvent concentrations of Solutions A and B are introduced
in Section 2.2 below. Both solutions were prepared by dissolving the corresponding so-
lutes successively into deionized water with sufficient stirring: The CaCl, was dissolved
in deionized water, and then CMC was added to the CaCl, solution to obtain Solution
A. The 1 g L7! Na,SeO, stock solution was added to deionized water at a ratio of 1:1000
(v/v) first when preparing Solution B in the multiple-factor experiment, but it was absent
in the single-factor experiment; then, other components in Solution B—Chi, n-SiO,, Alg,
and UP—were dissolved successively. To prevent the formation of pellets in which the
moist CMC and Alg encapsulated the dry material in the solution, they were added in
several successive portions for complete dissolution. Similarly, UP was also added in several
batches to ensure it was distributed uniformly in the final products. For instance, to prepare
the formula of 40 mg g~! (the mass proportion of corresponding ingredient in solution,
similar hereinafter) CaCl,, 20 mg g~! Alg, 15 mg g~! Chi, 30 mg g~! n-SiO,, 10 mg g~*
CMC, 0.1 mg g~! Na,SeO,, and 150 mg g~! UP, 4 g of CaCl, and 1 g of CMC were dissolved
in 95 mL deionized water for Solution A. On the other hand, 5 mL of 1 g L' Na,SeO,, 1.5 g
of n-5i0,, 0.75 g of Chi, 1 g of Alg, and 7.5 g of UP were dissolved in 34.25 mL of deionized
water (to make the total mass of Solution B 50 g) successively according to the procedure
described above for Solution B. The prepared Solution B was dripped from a syringe drop
by drop into Solution A, which was continuously stirred at a speed of 150 r min~! to produce
fertilizer granules. Fertilizer granules were collected after being suspended in Solution A
for at least 15 min for sufficient cross-linking. Residual Solution A was removed from the
fertilizer granule surface by vacuum filtering for at least 40 min to suppress UP hydrolysis
caused by free water in residual Solution A.

2.3. Experimental Design

The content of CaCl, in Solution A was fixed at 40 mg g~ in this study, while the other
components varied according to the experimental design. In particular, neither CMC, n-5i0O,,
nor Na,SeO, was used; instead, 15 mg g~! Chi and 20 mg g~! Alg were used in Solution
B with variable amounts of UP (100, 150, and 200 mg g~!) in the tentative experiment to
explore its influence on the structure.

2.3.1. Single-Factor Experiments of Coating Material

Single-factor experiments were performed to investigate the effect of coating material
components on OSR (intensity and sustaining duration). The factor levels of treatments are
shown in Table 1:

Table 1. The treatment set of the single-factor experiment.

Treatment Levels

Factors (Components) Numbers of Levels (Unit: mg g1
Silicon dioxide

nanoparticle (n-SiO,) > 0, 10,20, 30, 40

Alginate (Alg) (in sodium 3 10, 20, 30
salt form)
Urea peroxide (UP) 3 100, 150, 200

Chitosan (Chi) 3 10, 15, 20
Carboxymethyl cellulose 2 0,5.0,10

(CMC)
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The contents of the components not being investigated in corresponding assays were
setat 10 mg g~! CMC, 15 mg g~! Chi, 10 mg g~! n-Si0,, 20 mg g~! Alg, and 150 mg g~! UP,
while Na,SeO, was still absent in this section. The complete components of these treatments
are listed in Table S1.

2.3.2. Multiple-Factor Experiment of Optimal Coating Formulas

An orthogonal design experiment was performed to explore the interaction effect of
selected component factors. Three factors significantly affecting OSR, Alg, n-SiO,, and
Chi were selected, and three levels were set for each factor. The factors and corresponding
levels were determined based on the results of the single-factor assay. The criteria for this
determination are explained in Section 4.1 of the Discussion. Moreover, several formulas
named “Control” or “Blank” were also prepared to assess the mechanical and release-control
properties of certain components in the formulas. Specifically, the samples of the “Control”
group were used in assays concerning both OSR and physical properties (mechanical
properties and density), while “Blank” group samples were only subjected to assays of
physical properties. The component contents of these treatments are listed in Table 2:

Table 2. The component contents in the multiple-factor experiment.

Alg n-Sio, Chi upP CMC Na,SeO,
Treatment Formula -
Names mgg
(The Mass Proportion of Corresponding Ingredient in Solution)

I 30 40 20 150 10 0.1
I 25 30 15 150 10 0.1
III 20 20 10 150 10 0.1
v 25 20 20 150 10 0.1
\% 20 30 20 150 10 0.1
VI 30 30 10 150 10 0.1
VII 20 40 15 150 10 0.1
VIII 30 20 15 150 10 0.1
IX 25 40 10 150 10 0.1
Control 1 20 30 15 150 10 0.1
Control 2 20 0 15 150 0 0.1
Control 3 20 30 15 150 10 0.0
Control 4 20 30 15 0 10 0.1
Blank 1 20 30 15 0 10 0.0
Blank 2 20 0 15 150 0 0.0
Blank 3 20 0 15 0 0 0.0

The formula for Control 1 was based on the treatment levels that performed best
in peak Eh, high Eh maintenance duration, or mechanical properties in the single-factor
experiment. Blank 1 was to assess the influence of coating material without UP on soil Eh
and its inherent mechanical characteristics. Control 2 and Blank 2 were prepared to evaluate
the effect of n-5iO, and CMC on oxidative substances and Se release, as well as granule
mechanical properties. Control 3 was used as the blank treatment in investigating the effect
of Na,SeO, on granule mechanical properties and inherent Se variation in soil, while Control
4 demonstrated the Se release and transformation in soil without oxidative substances input.
Blank 3 provided a reference of pure basic coating materials for mechanical assay.

2.4. Water-Extraction Assay

Ten grams of fertilizer granules were filled into a bag made of 300-mesh nylon. The
sealed bag was placed into a polyethylene bottle containing 100 mL of deionized water as a
replicate, and three replicates were set for each treatment. The redox potential (Eh) of the
extraction solution was measured every day by a redox potential meter (Leici YHBJ-262,
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INESA Scientific Instrument Co., Ltd., Shanghai, China) equipped with a redox composite
electrode (Leici 501, INESA Scientific Instrument Co., Ltd., Shanghai, China) and a temper-
ature electrode (Leici T-818-Q, INESA Scientific Instrument Co., Ltd., Shanghai, China).

2.5. Density Assay of Fertilizer Granules

Two grams (with a precision of 107 g, m;) of fertilizer granules were added into a
25-mL (V,) pycnometer whose mass was . Glycerol was added into the pycnometer to
half of its volume, and the pycnometer was gently shaken to make the glycerol sufficiently
soak the fertilizer granules and expel the bubbles in the gaps between the granules. Then
glycerol was continued to be added until it reached the mouth of the pycnometer, and the lid
was covered over the mouth so that excess glycerol overflowed from the capillary in the lid.
The total mass (m,) was weighed after the overflowing glycerol on the pycnometer surface
was wiped off with filter paper. The total mass (m3) of the corresponding pycnometer
was weighed after sufficient cleaning and filling only with glycerol again. The density
of fertilizer granule, p (unit: g cm~3), was calculated by Equation (1) (Its derivation is

provided in Appendix A):
my (mg — my)

o= (1)

my —my, +mqp)V

2.6. Morphological Observation of Fertilizer Granules

A stereoscope (SZ760T, Optec Instrument Co., Ltd., Chongqing, China) equipped
with a digital camera (CoolPix P310, Nikon Corporation, Tokyo, Japan) was used for
morphological observation and image capture of the corresponding surface and cross-
section of fertilizer granules. The intact fertilizer granules were placed in a glass Petri dish,
and a piece of black paper was placed between the Petri dish and the sample platform of the
stereoscope as a background for observation and image capture. The cross-section of the
fertilizer granule was obtained by directly cutting fertilizer granules with a thin blade, and
the cross-section was placed face up on the Petri dish. The corresponding observation and
image capture were conducted identically to those of the intact granule samples. Some soft
samples were frozen with liquid nitrogen before cutting to maintain a satisfactory cross-
section. The longest and shortest diameters of fertilizer granules were measured (six sample
replicates for each treatment) using Image] (version 1.54g) software from the fertilizer
granule images after calibration with the ruler image to establish the conversion relationship
between pixels and actual length. The intact and cut granule samples subjected to stepwise
ethanol dehydration and supercritical fluid CO, drying were successively mounted on
the copper sample tray using conductive gel for scanning electron microscope (EVO MA
15, Carl Zeiss AG, Oberkochen, Germany) observation after platinum surface coating for
conductive treatment.

2.7. Mechanical Assay of Fertilizer Granules

Texture analyzer (TA.XTC-18, Bosin Tech. Co., Ltd., Shanghai, China) equipped with a
35-mm cylinder probe was employed in this assay. An intact fertilizer granule was directly
placed in a Petri dish without a cover on the sample trap of the texture analyzer. Each
sample was subjected to two pressing cycles with a 15-s interval during analysis: The probe
moved downward until 20% deformation of the fertilizer granule occurred, and then it
moved upward during every cycle. The probe’s moving speeds in both directions were
0.1 mm s~!. Tension data were collected once the pressing force exceeded 25 mN. The
parameters of the mechanical assay were defined as below (Figure 1): hardness and the
maximum force during first pressing; springiness was defined by Equation (2):

springiness = T, /Ty; (2)
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gumminess was defined by Equation (3):
gumminess = A;/A; x hardness; (3)
and resilience was defined by Equation (4):
resilience = A3/ A,. (4)

Moreover, the relationship among A;, A,, A; could be expressed as Equation (5)

Al = A2 + A3. (5)
c
.0
il
1]
£
=
L
(]
T
=
2
=
8 2
= H
(o]
L
Ay
T,
time
S

Figure 1. The definition of measured parameters in the tension assay. A, the total peak area of
the first pressing; A,, the peak area from data collection beginning to pressing force reaching the
maximum value; A;, the peak area from pressing force reaching the maximum value to the elastic
force returning to the baseline; A, the total peak area of the second pressing. T,, the duration from
data collection beginning to pressing force reaching the maximum value during the first pressing; T,,
the duration from data collection beginning to pressing force reaching the maximum value during

the second pressing.

2.8. X-Ray Diffraction (XRD) Assay

Fertilizer granule samples were dehydrated by ethanol solution successively from 30%
to 100% (v/v). Dehydrated samples in which ethanol had volatilized were ground in a
mortar containing liquid nitrogen and a ball grinding mill successively, and the powder was
stored in a desiccator with silica gel before assay. XRD scanning, with 20 ranging from 10°
to 70°, was performed by an X-ray diffractometer (Ultima IV, Rigaku Corporation, Tokyo,

Japan) with a step length of 0.02° at a speed of 8° min~".

2.9. Fourier Transform Infrared Spectrophotometry (FTIR)

Fine powder (<2.5 ym) of fertilizer granules was prepared with the identical procedure
as the XRD sample. The powder samples were mixed with KBr sufficiently and then
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compressed into thin tablets by a hydraulic press. The FTIR scanning was performed with a
Fourier transform infrared spectrophotometer (Vertex 70, Bruker Corporation, Rheinstetten,
Germany), and the transmittance in the range between 4000 and 400 cm~! was recorded.

2.10. Soil Cultivation Assay

Soil cultivation assay was conducted with selected treatments (Control 1, Control
4, and Treatment II) according to the results of the multiple-factor experiment. In ad-
dition, two other treatments, Se (Na,SeO, and urea) and Se + UP (Na,SeO, and UP),
were set in this assay as references. The inputs of N and Se nutrients were equal among
treatments: 71.4 mg kg~! of N and 65.4 ug kg~ of Se. For details, corresponding fertilizer
granules were fertilized with the dose of 1.6 g kg™! in Treatment Il and Control 1 treatments;
152 mg kg~! of urea and 1.6 g kg~! of corresponding fertilizer granules were fertilized in
Control 4 treatment, 152 mg kg~! of urea and 157 ug kg=! of Na,SeO, were applied in
Se treatment, 240 mg kg~! of urea peroxide and 157 ug kg=! of Na,SeO, were applied in
Se + UP treatment. This soil cultivation assay was conducted with soil in pots. Each pot
contained 7 kg of paddy soil (air-dried basis) in this study, and a 5-cm water layer was main-
tained on the soil surface during the assay. The fertilizer granules, the reagents Na,SeO,, UP,
and urea were fertilized evenly into the surface layer (with a depth of around 2 cm) of the
submerging paddy soil after sufficient equilibration for water distribution. For Control 4, Se
and Se + UP treatments, Na,SeO,, UP, and/or urea for N or Se supplementation were directly
fertilized into the soil as above. The soil Eh was measured regularly by a redox potential meter
mentioned in Section 2.4, and the soil was sampled every 20 d since the experiment began.

2.11. Soil Se Speciation Analysis

The soil Se speciation was extracted and determined based on the modified stepwise
extraction method of Liu et al. [61]:

Step 1: The air-dried soil sample was ground and passed through a 0.149-mm sieve.
Two grammes of ground soil sample were precisely weighed; it was vibrated with 20 mL
of 0.25 mol L=! KCl for 1 h at 25 °C at a speed of 200 r min~! in a 50-mL centrifugal tube.
The supernatant was collected and filtered through a 0.45-um filter membrane after 10-min
centrifugation at a speed of 4000 r min~! to obtain the water-soluble fraction (Se,;).

Step 2: The precipitate from Step 1 was vibrated with 20 mL of pH 5.0 0.7 mol L™!
KH,PO, in a centrifuge tube for 4 h at 25 °C at a speed of 200 r min~!; the supernatant was
collected and filtered through a 0.45-pm filter membrane after 10-min centrifugation at the
speed of 4000 r min~! to obtain the exchangeable fraction (Seg,)-

Step 3: The precipitate from Step 2 was intermittently vibrated with 20 mL of
2.5 mol L~! HCl in a capped centrifuge tube with a 95 °C water bath for 50 min; the super-
natant was collected and filtered through a 0.45-pum filter membrane after 10-min centrifu-
gation at a speed of 4000 r min~" to obtain the Fe/Mn oxide-binding fraction (Segemn)-

Step 4: The precipitate from Step 3 was intermittently vibrated with a mixture of 16 mL
of 50 g L' K,5,04 and 4 mL of concentrated HNO; in a capped centrifuge tube with a
95 °C water bath for 3 h. The supernatant was collected and filtered through a 0.45-ym
filter membrane after 10-min centrifugation at 4000 r min~! to obtain the organic or sulfide
binding/ elemental fraction (Se. ).

Step 5: The precipitation from Step 4 was ground to powder whose size was smaller
than 0.149 mm (100 mesh) after drying, then it was digested with 10 mL of 4:1 (v/v) HNO;-
HCIO, in polytetrafluoroethylene crucible with 170-°C sand bath until the sample turned
white or gray, then 10 mL of 6 mol L~! HCl was added and digestion was continued until
the solution volume was evaporated to 2 mL, the digest solution was made up to 25 mL in
volumetric flask as residual fraction (Se,)-
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The Se concentration in the extraction solutions of the above five fractions was deter-
mined with an atomic fluorescence spectrometer (AFS-8130, Jitian Instrument Co., Ltd.,
Beijing, China) using hydride atomic fluorescence spectrometry with 20 g L=! NaBH,
solution as reductant. The tetravalent Se contents (Se') of water-soluble, exchangeable,
and Fe/Mn oxide-binding fractions and the total Se content (Se,) were determined directly
from the extraction solution, while the Se, of water-soluble, exchangeable, and Fe/Mn
oxide-binding fractions were determined after being reduced by 90~100 °C 6 mmol L~! HCI
for 30 min, respectively. The hexavalent Se (Se¥!) content was calculated by subtracting the
Se'V content from the corresponding Se, content.

2.12. Statistical Analysis

The results were calculated and expressed in the form of means + standard errors.
The linear regression, analysis of variance, and multiple comparison (by Duncan’s new
Multiple Range Test) were conducted with R language for Windows (version 4.3.2). A
linear model was used in the analysis of variance, and the interaction effects between
each pair of two factors (first-order interaction) and among three factors (second-order
interaction) were calculated together and expressed as “Alg x Chi x n-5iO,”. The “aov”
function, which can handle data whose replicate numbers of treatments and factors were
unequal, was applied for analysis of variance since some abnormal observed data were
excluded. Moreover, it should be noted that Duncan’s Multiple Comparison Test without
correction for multiplicity may lead to false-positive results.

3. Results
3.1. The Effect of Fertilizer Components on the Morphological Characteristics of Fertilizer Granules

The tentative assay indicated that the component dissolution sequence during prepa-
ration remarkably influenced the fertilizer granule structure. The granules dissolving Alg
and Chi first had a finer surface texture and a more spherical shape than those dissolving
UP first (Figure Sla,b). Moreover, the one dissolving UP first had larger pores and a larger
diameter than the one dissolving Alg and Chi first (Figure Slc,d). Therefore, Alg and Chi
were dissolved first in the following preparation.

A remarkable factor affecting fertilizer granule appearance was UP content (Figure 2).
The fertilizer granules containing 100 and 150 mg g~! UP had similar diameters (Figure 2a,b).
The cross-section of fertilizer with 100 mg g~ UP was substantial but irregularly round
(Figure 2d). However, there were considerable numbers of visible large pores in the cross-
section of 150 mg g~! UP fertilizer granules, even though their shape was more regularly
round (Figure 2e). The addition of 200 mg g~! UP significantly increased fertilizer granule
diameter (Figure 2c), and many bubbles appeared in the cross-section, which made the
granule surface and cross-section more transparent (Figure 2c,f).

Sample dehydration and drying for scanning electron microscopy amplified the gran-
ule structure differences between treatments (Figure S2a,b): The fertilizer granules that
dissolved Alg and Chi first had thicker walls with rougher surfaces (Figure S2a), consisting
of thick sheets or large blocks (Figure S2¢,g), and UP crystals were embedded in the inner
wall (Figure S2e,i). In contrast, the granules that dissolved UP first had thinner walls
without obvious sheet structure or UP crystals but with smooth blocks (Figure S2d,f,h,j).
Notably, the one with 200 mg g~! UP had a more significant honeycomb structure with
thinner walls (Figure S3a,b) and a smoother surface with fewer wrinkles (Figure S3¢,d,g,h),
but no visible embedded UP crystals inside granules (Figure S3e,f,i,j) compared to that
with 100 mg g~! UP.
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Figure 2. The fertilizer granule with different UP contents. (a—c), surface appearance; (d-f), cross-
section. (a,d), 100 mg g~! UP; (b,e), 150 mg g~ UP; (c,f), 200 mg g~!. The scale bar was 5 mm. The
cavities or encapsulated bubbles in cross-section are indicated by arrows.

To overcome poor shape stability due to fertilizer-structure defects caused by high
UP contents (Figures 2 and S2), n-SiO, and CMC were added to the formulas to alleviate
this problem. The diameter of granules with 10 mg g~} CMC was slightly larger than that
without CMC, and their shape was also closer to an orthodox sphere. Moreover, the surface
of granules with CMC was smoother, even with some bubbles (Figure 3a,b); moreover,
their cross-section was substantial and rougher but without significantly visible cavities
or regular texture (Figure 3d). The addition of 10 mg g~! or more n-SiO, shifted the
granule surface color from lustrously semi-transparent to solid white (Figure S4a—d) and
made the cross-section substantial without visible cavities or bubbles (Figure S4e). The
longest diameters of fertilizer granules increased with increasing n-5iO, content, while the
corresponding increase in the shortest diameter was smaller (Figure 4a). The granules with
10 to 30 mg g~! n-SiO, could maintain the shape of an orthodox sphere, while the granules
with 40 mg g~! n-SiO, were oval spheres since the corresponding Solution B was more
viscous (Figure S4d,h). For quantitative values, the ratio of shortest diameter to longest
diameter of the 40 mg g~! n-SiO, treatment was lower than 0.8, while the corresponding
values of other treatments were around 0.9. The diameters of fertilizer granules with
10 mg g~! CMC and 10 mg g~! n-SiO, increased with increasing UP contents in Solution
B (Figures 4c and S5a—c), but UP contents affected the shape of fertilizer granules little
(Figure 4d). In any case, the cross-section was still substantial and apparently pore-free
even when the UP content reached 200 mg g~! (Figure S5d,e). This result indicated that
the addition of CMC and n-5iO, could improve the structural stability of fertilizer granules
remarkably. The Alg contents also significantly influenced the morphology of fertilizer
granules (Figure S6a—c). Since the viscosity of Solution B containing 10 mg g~! Alg was low,
the nascent granules formed irregular spheres by gravity during prilling, which resulted
in a low shortest diameter (Figure 4e) and shortest diameter—longest diameter values
(Figure 4f), and some bubbles were embedded inside granules (Figure S6d). The fertilizer
granules were substantial orthodox spheres when the Alg content was 20 or 30 mg g~!
(Figure 4f). Moreover, the cross-section of fertilizer granules with 30 mg g~! Alg had a finer
and smoother appearance (Figure Sée,f).
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Figure 3. The effect of CMC on coating fertilizer granule structure. (a,b), surface appearance;
(¢,d), cross-section. (a,c), CMC absent; (b,d), CMC present. The scale bar is 5 mm. The cavities in

cross-section are indicated by arrows.
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Figure 4. The effect of n-SiO,, UF, and Alg on coating fertilizer granule size. (a,b), different n-SiO,
contents; (c,d), different UP contents; (e, f), different Alg contents. (a,c,e), longest and shortest
diameters of fertilizer granules; (b,d,f), the ratios of shortest diameter to longest diameter. Data are
expressed in the form of mean + standard error; those followed by the same letters mean the difference
between them was statistically insignificant in Duncan’s Multiple Comparison Test (p < 0.05).
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3.2. The Effect of Fertilizer Components on OSR in Water-Extraction Assay

The OSR properties during UP hydrolysis, which were assessed by water extraction,
are important indices for evaluating the S/CRF coating effect. The results of the tentative
assay indicated that coating led to milder OSR, i.e., slower Eh variation and longer high Eh
(higher than the level of deionized water [LDW]) sustaining duration (HESD) compared to
the pure UP treatment without coating, even though the UP contents of the two treatments
were identical (Figure S7a). The component dissolution sequence during preparation also
determined the OSR properties (Figure S7b): The fertilizer granules dissolving UP first had
a sharper and steeper Eh curve, in which oxidative substances were completely released
within 18 d; whereas the Eh curve of those dissolving Alg and Chi first varied mildly and
kept at a high value for a longer time. The result of Figure S7c indicated that different UP
contents in fertilizer granules showed different Eh variation characteristics: the UP content
was not closely related to the initial Eh values but affected their HESD significantly; the
100 mg g~! treatment lasted 30 d, the 150 mg g~! treatment lasted 37 d, while the 200 mg g~*
treatment lasted 57 d. Moreover, the highest Eh, as well as the corresponding ascending and
descending rates of the 150 mg g~! and 200 mg g~! UP treatments, were significantly higher
than those of the 100 mg g~! treatment. Interestingly, the proportion of the slow descending
stage after reaching the peak within the total HESD increased from 35.5% for the 100 mg g~*
treatment to 61.0% for the 200 mg g~! treatment. In any case, the OSR characteristics of
the formulas with n-S5iO, and CMC were different from those without n-SiO, and CMC
(Figure 5).

Higher UP content led to longer HESD as expect: Extraction solution Eh of three treatments
reached 600 mV within 1 d since the experiment began, and kept 30 d (100 mg g~!- or
150 mg g~!-UP treatment) to 45 d (200 mg g~!-UP) before they suddenly decreased to LDW
when there were 10 mg g~! n-SiO,, 10 mg g~! CMC, 15 mg g~! Chi, and 20 mg g~! Alg in
the formulas (Figure 5a).

The fertilizer granules with 10 mg g~ Alg depleted their oxidative substances after
19 d, which was shorter than the other two treatments with higher Alg contents. In the
comparison between 20 mg g~!- and 30 mg g~!-Alg treatments, the Eh values of 30 mg g~!-
Alg treatment were always lower than 20 mg g~!-Alg treatment during the first 25 d, but the
former one still maintained a high Eh level while the latter one had begun to decrease during
from the 25th to 30th day under the condition that the formulas contained 150 mg g~! UP,
10 mg g~} CMC, 15 mg g~! Chi, and 10 mg g~! n-SiO, (Figure 5b). In other words, the
20 mg g~1-Alg treatment had a higher peak Eh but shorter HESD, while the 30 mg g~!-Alg
treatment had longer HESD with milder OSR.

The n-SiO, content affected the highest Eh value little but affected HESD remarkably
when there were 150 mg g~ UP, 10 mg g~! CMC, 15 mg g~! Chi, and 20 mg g~! Alg in the
formulas. The initial Eh values of all treatments with n-SiO, were elevated differently, while
the corresponding HESD was shortened compared to that without n-5iO,. The longest
HESD occurred at the 30 mg g~! n-SiO, treatment among the four treatments with n-SiO,
(Figure 5c).

The high Eh status of 10 mg g~!, 15 mg g~!, and 20 mg g~! Chi treatments could be
maintained for 27, 16, and 29 d when the formulas contained 150 mg g~! UP, 10 mg g~! CMC,
2mgg~! Alg, and 10 mg g~! n-SiO,, respectively. A sharp Eh drop to below 390 mV occurred
between the 27th and 30th day for the 10 mg g~! and 20 mg g~! Chi treatments, whose
patterns were similar. On the other hand, the decline of the 10 mg g~! Chi treatment was
milder during the 16th to 32nd day. In any case, the HESD of the 10 mg g~! Chi treatment
was also shorter than that of the 15 mg g~! treatment, even though the phenomenon in
which Eh decreased after a slight increase occurred in both treatments, and the plateau
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stage after Eh reached LDW appeared only in the 10 mg g~'- and 15 mg g~! Chi treatments
(Figure 5d).
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Figure 5. The effect of components in fertilizer granules on water-extraction redox potential (Eh)
variation in a single-factor assay. (a), different UP contents; (b), different Alg contents; (c), different
n-SiO, content; (d), different Chi content; (e), different CMC/SiO, ratio. The dotted lines indicate the
Eh level of deionized water.

Since both CMC and n-SiO, acted as permeation regulators in fertilizer, the effect
of their ratio (CMC/SiO,) for OSR was also investigated under the condition that the
formulas contained 150 mg g~! UP, 10 mg g~! CMC, 15 mg g~! Chi, and 20 mg g~! Alg
(Figure 5e). Similar to the result of Figure 5c, the longest HESD occurred in the 1:3-CMC/n-
SiO, treatments (10 mg g~! CMC + 30 mg g~! SiO, and 5.0 mg g~! CMC + 15 mg g~*
SiO,). However, higher peak Eh occurred in the treatments with 1:2-(i.e., 5.0 mg g=! CMC
+ 10 mg g~! SiO,) rather than 1:4-CMC/n-SiO, (i.e., 5.0 mg g~! CMC + 20 mg g~! SiO,)
among the treatments with 5.0 mg g~! CMC, which was different from the results of the
products containing 10 mg g=! (CMC 10 mg g~! CMC + 20 mg g~! SiO, and 10 mg g~!
CMC + 40 mg g~! SiO,). Except for the case of 1:2-CMC/SiO, (10 mg g~} CMC + 20 mg g~
SiO, and 5.0 mg g~! CMC + 10 mg g~! SiO, ), higher absolute contents of CMC and n-SiO,
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led to longer HESD and higher peak Ei among the treatments with the same CMC/SiO,.
In summary, the OSR performance of fertilizers with 10 mg g=! CMC was better than those
with 5.0 mg g~! CMC. In addition, remarkably low fluidity was observed in Solution A with
15 mg g‘1 CMC in a preliminary experiment in our assay, which made removing residual
free water from the granule surface more difficult. Therefore, it could be assumed that
10 mg g~! was the proper CMC content for further study.

3.3. The Effect of Components on the Mechanical Properties of Fertilizer Granules

After determining the preliminary formula of fertilizer granules according to OSR,
it is necessary to analyze the contribution of components in this formula to mechanical
properties. Some treatments (four “Control” treatments and three “Blank” treatments)
listed in Table 2 were used to analyze the effects of these factors. Quantitative results of
mechanical assays suggested that n-5i0, and CMC significantly enhanced the hardness and
gumminess of fertilizer granules compared to those in which n-5iO, and CMC were absent
(Control 2, Blank 2 and 3) (Table 3). Moreover, UP addition slightly decreased the hardness
and gumminess of granules containing Alg, Chi, n-SiO,, and CMC but without Na,SeO,
(Control 3 versus Blank 1, Control 1 versus Control 4), while its effect was not obvious when
n-5i0, and CMC were absent (Blank 2 versus Blank 3). On the other hand, UP lowered
the springiness remarkably when Na,SeO, was absent (Control 3 versus Blank 1, Blank
2 versus Blank 3), but n-S5iO, and CMC increased it mildly (Control 1 versus Control 2,
Control 3 versus Blank 2, Blank 1 versus Blank 3). Interestingly, Na,SeO, led to higher
hardness, gumminess, and resilience, but lower springiness, which was more remarkable
when n-5i0, and CMC were in the formulas (Control 1 versus Control 3, Control 4 versus
Blank 1). In any case, the lowest gumminess occurred in the Control 2 formula even with
Na,SeO,. UP played a positive role for resilience when n-5iO, and CMC were absent
(Blank 2 versus Blank 3), so the formula with only Alg, Chi, and UP, i.e., Blank 2, had the
highest resilience; but UP had little effect when n-S5iO, and CMC were present. The effect
of n-5i0, and CMC on resilience was not generally distinguishing. In addition, Na,SeO,
reduced granule resilience to around 80% of the level of the treatment with Alg, Chi, and
UP in this study (Blank 2 versus Control 2). Considering the crucial mechanical properties
(hardness and resilience) in this study, it could be assumed that the formula based on the
results of the single-factor assay (20 mg g~! Alg, 15 mg g~! Chi, 10 mg g~! CMC, 30 mg g~*
SiO, 150 mg g~! UP, and 0.1 mg g~! Na,SeO,), i.e., Control 1, performed fairly ideally in
this assay.

Table 3. The mechanical properties of blank and control treatments.

Names of Treatment
Formula

Gumminess
N

Hardness

N Resilience

Springiness

Control 1
Control 2
Control 3
Control 4
Blank 1
Blank 2
Blank 3

1.104 £ 0.032 a
0.274 + 0.013 ¢
0.810 £ 0.048 b
0.960 £ 0.049 ab
0.824 + 0.033 b
0.314 £ 0.014 c
0.300 £ 0.012 ¢

0.718 + 0.021 bc
0.685 + 0.020 ¢
0.768 + 0.025 bc
0.899 £ 0.010 a
0.867 £ 0.011 a
0.672 + 0.022 ¢
0.789 £ 0.017 b

0.780 £ 0.026 a
0.160 £0.011d
0.486 +£ 0.018 b
0.710 £ 0.026 a
0.546 £ 0.018 b
0.216 £ 0.011 ¢
0.218 £ 0.012 ¢

0.251 £ 0.004 b
0.243 £0.012b
0.216 £ 0.004 c
0.237 £ 0.005b
0.211 + 0.004 ¢
0.286 £ 0.010 a
0.204 £ 0.004 c

Data are expressed in the form of mean + standard error; those followed by the same letters mean
the difference between them was statistically insignificant in Duncan’s Multiple Comparison Test
(p < 0.05).

Apart from analyzing how the component affected mechanical properties, it was
meaningful to conversely optimize the formula of fertilizer granules with orthogonal design
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treatments (Control 1 and Treatments I to IX in Table 2) after investigating their mechanical
properties. In the multiple-factor assay (Figure 6), the highest hardness and gumminess
were observed in the Control 1 formula, while Treatments I, V, and VIII also had high
hardness. Moreover, Treatments III, VI, and IX, with low hardness and gumminess, were
highly resilient; furthermore, Treatments III and IX were also the least springy among
treatments in the orthogonal design experiment. Moreover, Treatment IV, with medium
hardness and gumminess, had high springiness but low resilience. The analysis of variance
indicated that there were interaction effects among the contents of Alg, Chi, and n-5iO,
for hardness, gumminess, and resilience. Therefore, it was more appropriate to infer the
optimal formula from the multiple comparison results for specific treatments than from the
comprehensive results for the levels of each factor, in view of statistical theory.
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Figure 6. The mechanical properties of fertilizer granules in an orthogonal design experiment. (a),
hardness; (b), springiness; (c), gumminess; (d), resilience. Data are expressed in the form of mean +
standard error; those followed by the same letters mean the difference between them was statistically
insignificant in Duncan’s Multiple Comparison Test (p < 0.05). Asterisks indicate significance of factor
effects or interaction effects among factors verified by analysis of variance; * means 0.01 < p < 0.05,
** means p < 0.01, while NS means insignificant (p > 0.05). The details of the analysis of variance are
shown in Table S2.

Although significant (p < 0.05) linear correlation only occurred between gumminess
and hardness among blank and control treatments, significant linear correlations existed
between each pair of parameters among nine orthogonal design treatments and the Control
1 (Figure S8), which meant that the correlation between gumminess and hardness was
inherent, i.e., additive (n-5i0,, CMC, UP, etc.)-independent, in the Alg-Chi compound
coating material; while other correlations between investigated parameters, especially those
related to resilience, were established only when all components existed in the formula
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simultaneously. Moreover, the results of Figures 6 and S8 also implied that fertilizer granules
with high hardness could maintain their shape within wide elastic deformation ranges,
but they were difficult to recover to their original shapes after being subjected to forces
exceeding their springiness limit.

3.4. Fertilizer Granule Density

The result of Figure 7 indicates that the density of the fundamental coating material
(Blank 3) was slightly higher than 1.00 g cm~3, and the UP addition (Blank 2) significantly
decreased fertilizer granule density to 0.70 g cm =3, which coincided with the morphological
results of Figures 2 and S3. In any case, the addition of n-5iO, and CMC (Control 1)
remarkably reversed this trend and restored the product density to 1.06 g cm=3, but it was
still lower than the complete coating material formula (Blank 1). Interestingly, not only
the mechanical properties mentioned above but also the granule density were remarkably
improved by Na,SeQO,, although it was added only at the 1/10,000-scale (Control 2).
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Figure 7. The density of fertilizer granules of representative treatments. Data are expressed in the
form of mean + standard error; those followed by the same letters mean the difference between them
was statistically insignificant in Duncan’s Multiple Comparison Test (p < 0.05).

3.5. The Treatment OSR of Orthogonal Design in Water Extraction and Soil Cultivation Assays

In single-factor assays (Figures 5 and S7), the Eh curves of treatments overlapped each
other, which made it difficult to discriminate satisfactory treatments. It is predictable that
this problem became more severe in orthogonal design experiments since their formulas
were more similar. Therefore, fertilizer granules that had been stored for 6 months after
preparation were used in this section to amplify the OSR difference among treatments.
The Eh values of all treatments were lower than LDW (340.7 mV) during almost the entire
assay (Figure 8a). Moreover, an obvious Eh drop to below —100 mV occurred on the 2nd
or 3rd day for almost all treatments, which did not happen in previous assays with newly
prepared fertilizers (Figure 5); however, the El drop of Treatment V was less significant
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as an exception. Moreover, the early-stage Eh curve valleys of Control 1 and Treatment IX
happened later, at the 6th and 12th day, respectively. Figure 8a also suggested that several
treatments (Treatment I to IV, VIII, IX, and Control 1) recovered to 100~200 mV after the 10th
day, while the corresponding values of Treatment V to VII remained fluctuating at levels
lower than 100 mV. For details, the Eh curves of the Control 1 and Treatment II treatments
almost overlapped each other, and their HESD was over 60 d. Moreover, the low-Eh status
of Treatment IV remained until the 20th day, then fluctuated between 100 and 250 mV. In
any case, the Eh values of Treatment V and VII were over 150 mV during the first 15 d, but
they declined and continued to vary below 100 mV, with the lowest E values reaching
—44.4 mV and —160.7 mV, respectively. This phenomenon indicated that the component
variation not only influenced the peak value and HESD but also determined the length of
the low-Eh period before ORS from inside the fertilizer granules began (delay period).
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Figure 8. The Eh values of treatments based on orthogonal design in (a) water-extraction assay and
(b) selected treatments in soil cultivation assay. The dashed line in figures indicated the Eh level of
0mV.
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The soil cultivation assay results (Figure 8b) coincided with those in the water-
extraction assay (Figure 8a), although the absolute values were lower. The treatments
that were able to maintain high Eh for a long duration in the water-extraction assay (Control
1, Treatment II) also elevated soil Eh to a higher level than the treatments whose Eh values
were low in the water-extraction assay. A common Eh drop occurred during the first 8 d
of the assay, with the lowest values among these treatments ranging from —86.5 mV to
—129 mV. Then, the Eh values of treatments varied diversely: The Se treatment E/ continued
declining until the 25th day and fluctuated between —128.8 mV and —168.8 mV later. The
Eh values of the Se + UP treatment also decreased in the short term and then increased
slightly; in any case, its rate of decline was slower than the Se treatment, and its lowest
value was around 150 mV, which was always higher than the corresponding values of the
Se treatment during the entire assay. The treatment in which only Na,SeO, was embedded
in the coating material, and UP was absent, i.e., Control 4, showed an Eh pattern similar to
that of the Se + UP treatment during the first 30 d and from the 60th to the 80th day, but its
Eh variation during the 35th to 50th day was closer to the Se treatment. The Eh variation
patterns of Control 1 and Treatment II were generally similar but with subtle differences:
The Eh values of both treatments were higher than the other three treatments since the Eh
drop during the first 8 d had passed, and their Eh values recovered to their peaks during
the assay between the 35th and 40th day. The initial Eh value of Control 1 was 32.3 mV,
while that of Treatment II was —38.2 mV; however, the Control 1 Eh was higher than that of
Treatment II only during the first 10 d and from the 55th to the 70th day; the latter rise did
not occur for Treatment II; in contrast, the Eh fluctuation of Control 1 was gentler than that
of Treatment II.

3.6. XRD Analysis

Typical X-ray diffraction patterns of raw UP and Na,SeO, were observed. However,
the polymerization degrees of CaAlg and Chi were diverse, and they lacked crystalliza-
tion conditions during cross-linking and solidification; moreover, the crystal structure and
anisotropy of n-5iO, seemed to be significantly weakened by nanoparticle preparation,
although it was a pure compound. Consequently, the diffraction pattern of CaAlg, Chi, and
n-5i0, lacked sharp peaks (Figure S9a). Moreover, the fine-crystal UP and Na,SeO, were
distributed evenly and randomly in the matrix gel, which led to diffraction ray scattering.
Therefore, the matrix of fertilizer granules and final products also exhibited an amorphous
diffraction pattern; i.e., the distinguishing characteristic peaks were masked by some broad
peaks in these patterns (Figure S9b,c). Thus, these amorphous diffraction patterns would
mask the potential subtle pattern variations (new peaks and intrinsic peak shifts), making
it difficult to recognize whether new substances were produced during fertilizer prepara-
tion. Therefore, FTIR was applied to reveal the structural basis of the differences among
treatments in OSR and mechanical properties from another perspective.

3.7. FTIR Analysis

It was surprising that one of the most distinguishing peaks of the FTIR pattern origi-
nated from n-SiO, (474 and 1108 cm™! for pure SiO, [Figure 9a] and shifted to 472 £ 2 and
1106 + 1 cm ™ in final products [Figure 9b], respectively). This meant that although it could
not be detected by XRD, n-SiO, did contribute to maintaining fertilizer granule structure by
its Si-O bond. Moreover, the absorbance peak at 1427 cm™! from carboxyl groups of CaAlg
and CMC was also found in all treatments, including the blank and control ones (shifting
to 1422 cm™! at maximum) as proof of their skeleton function (Figure 9a—c). Notably, a
remarkable shift occurred in the n-SiO, peak originally at 803 cm~! (Figure 9a), which
often appeared in the range between 809 and 814 cm™! in most treatments (Figure 9b,c).
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This phenomenon indicated that the asymmetric stretching vibration of SiO, was further
reduced after the composition of the coating material. Moreover, there were asymmetric
stretching vibration peaks of amorphous n-5iO, and the peak of carboxylic acid groups
from CMC and Alg in the range of 1050~1110 cm™!; absorption peaks (Figure 9a) in this
range were observed in almost all treatments except Blank 2, owing to an overlapping
effect (Figure 9b,c). Similarly, the bond between -COO and -NH,* with an absorption
peak at 1602 cm~! from Chi, CMC, and Alg also shifted to the range between 1606 and
1612 cm~! (Figure 9a—c). The patterns of treatments in the orthogonal design assay were
similar, but there were some subtle differences in the ranges between 3150 and 3350 cm™!
(Figure 9¢), which included the absorption peaks caused by the interaction between the
-OH and -NH, groups of Alg, Chi, and CMC and the -O-O- groups in UP (Figure 9a). In
addition, this phenomenon was more remarkable among blank and control treatments
(Figure 9b). Notably, the characteristic absorption peak of SeO,?~ at 887 cm~! (Figure 9a)
was not prominent in the product patterns (Figure 9b,c).
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Figure 9. Fourier transform infrared spectra (FTIR) of (a) raw material, (b) blank and control
treatments, as well as (c) treatments based on orthogonal design.
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3.8. Soil Se Fractions Variation of Selected Treatments

Since the selenate content was on the order of 1074, it is meaningful to explore whether
the Se in the fertilizer granules alters the soil Se condition.

The contents of almost all Se fractions, except Se,,, of all treatments, increased to
varying degrees during the first 20 d of this assay due to exogenous Se input (Figure 10a—e).
On the contrary, the Se,,, contents and proportions of almost all treatments were lower
than their corresponding initial values during the whole assay (Figure 10e,f). Specifically,
soluble Se, and Se"! contents of Se treatment increased most significantly among treatments
(Figure 10b); Se,,. of all treatments increased remarkably (Figure 10f), and Se, and Se"!
of Se,,. as well as Se,, of Se + UP treatment were highest among treatments at that time
(Figure 10c,e). In addition, Treatment Il had the highest Se, and Se"! of the Fe/Mn-binding
fraction and total soil Se (Figure 10a,d), which also made it the treatment with the highest
total soil Se (Figure 10a); while the Control 1 treatment resulted in the highest Se. content
(Figure 10e).

On the 40th day, the highest content of soluble Se; belonged to the Se 4+ UP treatment.
The treatment whose soluble Se"! remained at a high level was Control 1, while the Se,,
of other treatments generally decreased; i.e., the dominant valence of Se,, in the Se + UP
treatment was also tetravalent (Figure 10b). The exchangeable Se, and Se"! faction contents
and proportions of the three coated fertilizer treatments kept increasing, and Control 1
was the treatment with the highest values of these two parameters at that time; meanwhile,
the corresponding parameters of Se and Se + UP treatments decreased (Figure 10cf).
Although the Sep,\p,, contents of Se and Se + UP were higher than those of the three coated
fertilizer treatments, the major Se form of the former two treatments was Se!V with low
phytoavailability (Figure 10d). In addition, the Se,, of the Se treatment and Treatment
II increased remarkably at the 40th day (Figure 10e). Moreover, the Se,., contents and
proportions of all treatments increased to different scales, with the maximum values of
residual and total soil Se occurring in the Se + UP treatment (Figure 10a,e,f).

A general increment was observed in Se,; (both absolute values and proportions) of all
treatments at the 60th day; Treatment II had the highest Se, and Se"! of the soluble fraction
(Figure 10b,f); moreover, its exchangeable Se,; and Se"! stayed at relatively high levels when
the corresponding values of other treatments had declined (Figure 10c). Notably, Control 4
treatment successfully maintained its Se, and Se"! of Seg, \p, as well as Se,. at high levels,
while the corresponding parameters of other treatments generally declined (Figure 10d,e).
Similarly, Control 1 treatment, whose Se,, was highest among treatments, showed the
smallest decline (Figure 10e).

The total soil Se contents converged at the 80th day (Figure 10a). However, the Se,
contents of treatments varied diversely, while Se_, generally decreased. In any case, the Se,
and SeV! of the soluble fraction, exchangeable Se,, as well as the Se,, fraction of Treatment I
were the highest among treatments (Figure 10b,c,e). Meanwhile, the Se"! contents of Se,,.
and Seg,\i, of Control 1 were the highest, with significant increases in the corresponding
parameters among treatments. The Fe/Mn-binding Se, contents of all treatments increased
to varying degrees, with the highest for the Se + UP treatment (Figure 10c,d). For Se,, the
three coated fertilizer treatments decreased while Se and Se + UP treatments increased; the
highest Se,., occurred in Se treatment (Figure 10e).
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Figure 10. Soil Se fraction concentrations of selected treatments in soil cultivation assay. (a), total Se
concentration; (b), soluble Se fraction; (c), exchangeable Se fraction; (d), Fe/Mn-binding fraction;
(e), organic sulfide/elemental and residual Se fraction; (f), Se fraction proportion. The tetravalent
Se (Se'V) and hexavalent Se (Se"") contents of soluble, exchangeable, and Fe/Mn-binding fractions
were also shown in corresponding panels. Data are expressed in the form of mean + standard
error; data followed by the same letters mean the difference between corresponding parameters was
statistically insignificant in Duncan’s Multiple Comparison Test (p < 0.05). The plain letters inside
columns indicate the significance of the corresponding fractions (e.g., Se'" of Se,,, Se! of Se,,., or the
proportion of Seg, \y, in Initial treatment), while the bold letters at the top of columns indicate the
significance of the total concentrations of corresponding parameters.
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4. Discussion
4.1. The Selection of Factors and Levels for Orthogonal Design Experiment

Although all components affected the mechanical and OSR properties and were worth-
while investigating further, the number of factors and levels in the orthogonal design
experiment is limited, so the factors and corresponding levels for further study need to be
selected based on the single-factor assay. Both mechanical properties and OSR pattern were
important criteria for factor selection. According to previous assays (Figures 5 and 57),
higher UP content led to longer HESD as expected, which was easy to predict. In addition,
the potential structural defect caused by high UP content could be overcome by the addition
of n-5i0, and CMC (Figures 3 and S5), and the presence of UP did not remarkably influence
the hardness of fertilizer granules, which was the essential mechanical parameter we were
concerned with, when n-5i0, and CMC were present (Table 3), so UP content was no
longer a critical factor restricting formula adjustment. Moreover, according to the results of
Section 3.2, the effect of CMC on OSR was relatively clear, and the optimal concentration,
10 mg g1, could be determined based on the single-factor assay (Figure 5¢).

By contrast, there was more exploring space for the effects of Alg, Chi, and n-SiO,
contents: since the Solution B with 10 mg g=! Alg led to fertilizer granules with poor shape
(Figures 4e and S6), and both 20 mg g~!- and 30 mg g~!-Alg treatments had their respective
advantages in OSR in the single-factor assay (Figure 5b), the Alg contents in the multiple-
factor assay (i.e., orthogonal design experiment) for the optimal formula were set as 20, 25,
and 30 mg g~!. Similarly, the Eh curves of three levels of Chi contents in the single-factor
assay (Figure 5c) were quite close to each other: lower Chi content led to longer HESD, while
higher Chi content could achieve a higher peak Eh at the initial stage, which was worth fur-
ther investigation. Therefore, these three levels of Chi content—10, 15, and 20 mg g~!—were
selected for the orthogonal design experiment. Although Figures 4b and 5d indicated that
30 mg g~! n-SiO, led to satisfactory morphological performance (the highest shortest di-
ameter/longest diameter, which meant that the fertilizer granules were “more orthodox”
spheres) and OSR, the nonlinear rather than linear effect of n-5iO, content on OSR sug-
gested that there might be more complicated interaction effects when the contents of Alg,
Chi, and n-SiO, were altered simultaneously. Therefore, 20, 30, and 40 mg g‘1 were chosen
as the levels of the n-5iO, content factor in the orthogonal design experiment. We had to
acknowledge that these selected factors and corresponding levels in this study might not be
the best choice, but at least a proper one.

4.2. Release Properties Influenced by Coating Material Formula

The cross-linking process determines release properties since it affects the stability,
i.e., decomposition resistance, of coating material polymers [62], thereby allowing coated
substances to be released according to the designed pattern under given conditions (e.g.,
specific pH or soil moisture) [5,62]. The properties of CaAlg obviously depend on the
concentration ratio of Ca** and Alg: Interpolyelectrolyte complexes exhibited better corro-
sion resistance than the corresponding single substances. The conformational alteration of
macromolecules with high polymerization degree after cross-linking contributes to the high
anti-deformation ability and pseudoplastic fluid characteristic of Chi-Alg and Chi-CMC
complexes [63], which was verified by the results of mechanical assay (Table 3). The elec-
trostatic interaction between Ca?*, -NH;* (from Chi), and -COO~ (from Alg and CMC) not
only promotes the cross-linking reaction, but also transiently controls transmembrane ion
diffusion [6,47], so nutrient release can be more flexibly controlled by compound coating
materials. The cross-linking was verified by the new bonds with the absorption peak at
1606~1612 cm™! in the FTIR spectra (Figure 9). However, considering the mechanical prop-
erties results (Table 3), too weak or too strong bonds resulted in unsatisfactory hardness
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and springiness. It is reported that a higher concentration of Ca>* leads to thicker coatings
and higher stability [42], but lower swelling capacity [7]. Therefore, 10 mg g~! was chosen
in this study to balance this dilemma, in accordance with the opinion of de Matos et al. [5].

Ramos-Campos et al. [2] reported that high concentrations of Alg accelerate the re-
lease speed, while the effect of starch concentration was opposite. However, the results
of Figure 5b did not completely support this opinion: the OSR of 30 mg g~!-Alg treat-
ment was slower than that of 20 mg g~! treatment. In any case, since the Eh values of
the 10 mg g~'-Alg treatment were lower than those of the 20 mg g~!- and 30 mg g~'-Alg
treatments, its HESD was shorter than those of these two treatments, and the granules of
the 10 mg g~!-Alg treatment were too soft to maintain their shape (Figures 4e,f and S6),
it can be summarized that 20~30 mg g~! was the satisfactory Alg concentration range for
release control in this study.

Chiaregato et al. [43] suggested that the interaction between polymers and electrolyte
media produces a denser and finer structure that delays release when the mass ratio of Chi
and Alg was 1:1, but the material hydrophobicity increases with increasing Chi proportion.
The Chi/Alg 20 mg g~! Chi treatment in the single-factor assay just matched the 1:1 ratio,
and it exhibited a stable and sustainable OSR curve (Figure 5e), which supported the
above opinion.

Poor shape stability due to fertilizer-structure defects with high UP contents (Figures 2 and S2)
might cause the granules to crumble after they were pressed, and the cavities in the gran-
ules decreased their densities, which made them float in the water layer rather than sink
into paddy soil. Thus, oxidative substances and nutrients were released into the surface
water and subsequently ran off. These disadvantages restricted the UP content range of
fertilizer granules and their application. de Matos et al. [5] indicated that n-SiO,, an envi-
ronmentally friendly filler with small diameter, dominates porosity, hydrophobicity, and
surface area of compound material: For instance, coated fertilizer with 5% (i.e., 50 mg g~1)
n-5i0, can maintain structural stability of internal space with sufficient porosity even with
a 70-fold extension of surface area. Increasing n-5iO, content promotes water penetration
and nutrient release when n-SiO, content is lower than the threshold value, while water
and nutrient adsorption are enhanced if n-S5iO, content exceeds the threshold. In any case,
the corresponding threshold value of n-SiO, content in this study was 30 mg g~! rather
than 50 mg g~! reported by de Matos et al. [5] (Figure 5¢). The phenomenon that OSR in
the treatments without n-5iO, was slower than in the treatments with n-5iO,, except for the
30 mg g~ ! n-SiO, treatment (Figure 5c), might be explained by the quasi-macroscopic struc-
ture of fertilizer granules (Figure 3): The addition of n-SiO, not only increased small-size
pores but also eliminated larger-size pores inside granules induced by UP hydrolysis, so that
more water and UP solution inside granules were retained by capillaries inside granules.
Apart from optimizing structure (Figures 3, 4 and S4), the remarkable contribution of
n-5i0, to alleviating the density decline caused by UP hydrolysis (Figure 7) might also be
attributed to the higher density of n-5i0, itself. Moreover, the function of n-5i0, and CMC
in hardness and springiness enhancement of coating material and fertilizer granules in
this study (Table 3) has seldom been reported in previous literature, and their underlying
mechanism is worthy of further investigation.

Fertilizer granules containing more UP seem to meet the purpose of this study. How-
ever, since the formula containing a low concentration of urea and Alg with a high cross-
linking degree can also achieve a more efficient controlled-release structure [43], and
considering the potential structure defect due to small pores inside fertilizer granules with
high UP content (Figures 1 and S3), it was appropriate to set the UP content between
100 and 200 mg g~! in this assay, and 150 mg g~! was selected as the optimal content.
The phenomenon that fewer visible UP crystals appeared in the 200 mg g~! UP treatment
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(Figure S3) seemed to be abnormal but was also explainable: the free water in Solution A
dissolved UP rather than being retained by the Alg matrix after it was attracted by the high
osmotic pressure from UP crystals with regionally high concentration. Similarly, a probable
reason for the result of Figure S7b was that the free water in Solution B of the treatment
that dissolved Alg and Chi first was less than that dissolved UP first; consequently, the
corresponding UP hydrolysis speed was slower, and the oxygen loss during preparation was
less in the latter one, so that its HESD was longer. On the other hand, since the water affinity
of inorganic salt mixtures is generally stronger than organic polymers, coating materials
are easily dehydrated by core inorganic fertilizers [64]; thus, the mechanical, physicochem-
ical, and nutrient-release properties of bio-macromolecular materials are weakened. For
instance, Llive et al. [6] found that increasing the urea proportion increases the diameter
but decreases the density of fertilizer granules, while KH,PO, leads to the opposite effect.
Similarly, UP in this study amplified the density decline due to the combined effects of both
urea and O, from UP hydrolysis (Figure 7).

Since there were Alg and Na,SeO, in Solution A together, they reacted with CaCl, in
Solution B simultaneously; thus, not only CaAlg but also CaSeO, formed in the final product,
the latter one is regarded as a slow-release Se fertilizer due to its low solubility [18]. It was
a pity that CaSeO, was not detected by XRD (Figure S9); in any case, the improvement in
mechanical properties of the treatments with Na,SeO, provided indirect evidence (Table 3).
The peak shift of the carboxyl group (from 1427 ecm~! to 1422 cm~! at maximum) in FTIR
analysis (Figure 9) inferred that SeO,?~ probably participated in the formation of new
bonds rather than existing in free status, which agreed with the report of Ma et al. [65] that
mesoporous silica nanoparticles loaded with Na,SeO, modify Alg hydrogel and alleviate
its controlled-release properties. However, since the contents of Na,SeO, were low, the new
bonds from CaSeO, were masked by the adjacent peaks of 5iO, (Figure 9b,c). It should be
noted that the peak at 820 cm™! in Control 2 treatment might not be from SiO, but rather
CO427, the product of UP hydrolysis (Figure 9b). Moreover, CaAlg and CMC are satisfactory
release controllers for Se oxyanions by chelating and electrostatic binding from -OH and
-COOH groups [10], as well as specific absorption [24], which remain when Se enters
soils with coating material fragments simultaneously. Therefore, the controlled-release
mechanism of the coating material in this study is both physical and chemical.

4.3. Oxidative Substance Release

The nutrient-release process of hydrogel CRF can be divided into two stages: (1) the
hydrogel absorbs water and then swells; and (2) nutrients dissolve, permeate, and diffuse
following the interface diffusion mechanism of water-soluble nutrients: water contacts the
fertilizer granule surface, and then saturated water vapor enters the granules and dissolves
the core fertilizer [46]. This process is driven by the solution osmotic pressure difference
between inside and outside of granules, so it can be inferred that ambient humidity affects
release speed [66]. According to the requirements of the European Union Standard for
S/CRF (EN 13266) [67], it is acceptable that nutrient release of S/CRF follows the pattern
of “fast-slow”. Arafa et al. [1] indicated that urea coated by Alg—Chi compound material
exhibited a fast-slow-equilibrium release pattern in deionized water since urea located
on the granule coating surface or edges with loose binding can be quickly released after
contacting with water [5], while the urea in other locations is released until water slowly
permeates into the coating material matrix or the coating material is degraded. The results
of single-factor assays (Figure 5) coincided with this pattern. On the other hand, the Eh drop
at the beginning of the water-extraction assay and soil cultivation assays (Figure 8) might
have resulted from the UP on the granule surface having lost oxidizability due to hydrolysis.
Thus, the oxidative substances inside granules were blocked, and the Eh remained at a
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low level until the surface Alg—Chi compound decomposed, which conversely consumed
dissolved oxygen in extraction/soil solution. Moreover, osmotic pressure theory is also
applicable for explaining this phenomenon [43]. However, there are other release models
of CRF: Urea coated by papaya starch modified with polyvinylethanol is released following
a pattern of “slow-constant speed-decay” [68]. The corresponding mechanism is that water
permeating into the granule matrix initially forms a solution with high viscosity, which
retards further water permeation and leads to slow release at first; the release speed then
increases later as the solution becomes diluted in the second stage [43]. Nutrient-release
burst occurs when the coating cracks due to aging or high osmotic pressure [69], which
probably corresponds to the Eh dropping after slightly rising on the 15th day or later. In
any case, the structure reinforced by n-5iO, and CMC delayed the third stage to the 30th
day or later (Figures 5 and S7).

Since oxidative substances, rather than N nutrient in UP, were focused on in this study,
the N release was not investigated, but Eh was measured instead. It should be noted that Eh is
an index obtained from non-destructive measurement, which is suitable for screening many
formulas in this study. However, since it is an intensive rather than extensive parameter, it
cannot precisely describe and evaluate the number of oxidative substances released. On the
other hand, determining residual UP can fulfill this target precisely, but it is not feasible
currently because we failed to establish an UP content determination protocol that can
exclude interference from Alg and Chi—notably, it cannot be regarded as certain that the
release of oxidative substances and N nutrient from UP in S/CRF was synchronous when
evidence is deficient. Therefore, it is inappropriate to assess OSR according to N release.
Alternatively, another controlled-release component, Se, was measured in the soil assay in
this study.

Moreover, the highest value of extraction solution E# is restricted by redox equilibrium
between H,0, and O, as well as by the O, dissolution equilibrium at the water-air interface.
Therefore, the treatments with similar highest Eh values (Figures 5 and 8) do not always
indicate similar OSR properties since the potential Eh-elevating ability of some treatments
may be leveled by the above equilibrium. However, the Eh upper limit in soil is significantly
lower than in deionized water since more reductive substances act as restricting factors that
complicate the redox equilibrium. Moreover, since soil microorganisms can degrade CaAlg
and Chi, the crack speed of fertilizer granules in soil is possibly faster than in deionized
water; consequently, the release duration of S/CREF in soil will be overestimated according
to the deionized water assay. The El values in the soil assay were even lower than in free
deionized water, and there was not a typical monotonic decrease but rather Eh fluctuation
in the corresponding curves when oxidative substances were exhausted in soil (Figure 8).

4.4. Se Forms in Soil

Chemical forms in soil, the major nutrient reservoir, are an essential factor for plant
micronutrient uptake [23,24,31], which depends on rhizosphere conditions, especially pH
and Eh [32]. Since the UP concentration was 10,000 times that of Se, Se nutrient could not
effectively influence Eh but was passively influenced by EFh; thus, the dominant valence of
Se inside fertilizer granules was hexavalent regardless of its original valence. Both selenites
and selenates are common Se fertilizers, and it seems that selenite is the default choice for
paddy soils since little of the fertilized selenate can exist stably in soil with low EF; rather, it
transforms to selenite, elemental selenium, or selenide, and then it is immobilized under
reductive conditions (Figure 10b-d). Also, selenite is the intermediate of selenate reduction
inside plants [14,21,27]. However, selenate is beneficial for Se accumulation in shoots rather
than roots of rice, which is similar for terrestrial plants [9,21,25,26,39]. In addition, the
mobility of selenate is greater than selenite in soil [70,71] since positive sites in acidic soils
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have high affinity for HSeO;~ species to form binuclear surface complexes [16], although
this property is sometimes regarded as proof of selenite safety. Moreover, Sharma et al. [72]
reported that SeV! is not significantly adsorbed over the entire pH range when its concentra-
tion is lower than 30 mg L~ in soil solution, while Se!V can be retained at any concentration
by all types of soils. Plants also attempt to absorb more selenate by actively secreting oxida-
tive substances [71]; thus, supplying selenate to soil maintained under aerobic conditions
is assumed to be the most effective strategy for elevating rice Se concentration [19,22].
Moreover, the Se"! uptake rate of rice roots is slower than Se!¥; however, Se! is transported
via the apoplastic pathway in plants, which is more efficient than the symplastic pathway
for Se!V transport [31,73]. So Na,SeO, was used in this study because there was an oxidant
(UP) in the fertilizer to maintain Eh at a relatively high level and overcome the difficulty
of sustainable selenate supply in a reductive rhizosphere. Since both oxidative substances
and selenate are released to the rhizosphere with mild intensity and lower Se toxicity risk,
selenate could be absorbed in its original form by roots with a higher possibility. On the
other hand, selenite consumes oxidants in the fertilizers, which shortens HESD in soil and
is contrary to the aim of this study. Thus, it is unnecessary to select selenite for the above
reasons. However, the Eh in bulk soil was significantly lower than the equilibrium electrode
potential of Se¥!/Se!V' (493 mV under the condition of pH 5.5 and equal Se"!/Se!V concen-
tration ratio) even when CRF continuously supplied oxidative substance (Figure 8b), so
the dominant valence of released Se in actual bulk soil is tetravalent theoretically. However,
the Se"! contents were considerable (Figure 10b—d), which suggested that the soil was at
redox disequilibrium status since Se"! was also input continuously. In any case, selenite
bonded by iron (hydr)oxides in soil (i.e., Se!" fraction in Figure 10d) can still be regarded
as a potential bioavailable Se resource [21] and has a similar effect on enhancing rice Se
accumulation [19]. Thus, it is unnecessary to require a major proportion or even all the Se
in the rhizosphere to be hexavalent (Figure 10).

Although its reaction rate constant is lower than that of other oxidants, including
O3, MnV!, and halogens [74], H,O, has been proved to efficiently oxidize selenite and
even elemental selenium to selenate and activate the soil organic Se pool under acidic
conditions [20,75], as reported in our previous study that the cultivation medium can
slightly acidify spontaneously during H,O, oxidizing reductants [76]. The results of the soil
cultivation assay in this study indicated that the oxidation effect of UP varied among different
fractions at different stages: No treatment containing UP had a soluble Se"! proportion
that was consistently higher than the Se treatment throughout the whole assay, but those
of Treatment II were higher than the Se treatment from the 40th to 80th day (Figure 10b).
Similarly, the oxidizing effects of Control 4 and Treatment II at the 20th and 60th day, and
those of Control 1, Control 4, and Se + UP treatment at the 80th day for Se,,. were significant
(Figure 10c). Moreover, the Se¥! proportion of Seg, yy, in all treatments was lower than
the initial value (Figure 10d). Considering the Eh variation, it could be inferred that UP
mainly oxidizes Se,,, and Se"! in the exchangeable fraction might originate directly from
the selenate released from fertilizer granules rather than Se that had been oxidized by UP
in soil, while UP affected Se, 1, little.

It is reported that flooding soil increases Se,, concentration in the treatments without
Se or with selenite, but decreases it markedly in the selenate treatment, although the results
are opposite at the beginning of the assay. In addition, selenate is the main species in
the selenate treatment, whereas selenite and organic Se are detected in the flooding soil
solutions of the control and +selenite treatments [20]. The soil Se fraction results in this
assay, in which selenate was supplied, partially supported this opinion: Hexavalence was
the dominant Se valence for Se,,; and Se,,, but flooding also decreased the Se"! proportion
of Sege/Mn, Which possessed a distinguishing proportion in total soil Se (Figure 10b,c,d,f). In
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addition, it seemed abnormal that total soil Se contents of certain treatments at certain times
decreased compared to previous corresponding values, e.g., Control 1, Se, and Se + UP
treatments between the 40th and 60th day (Figure 10a). The probable explanation was that
the mobility of exogenous selenate at a high concentration was high when it just entered
paddy soil, which was more significant for the treatments with coated fertilizers. Thus, Se
diffused to bulk soil far away from where fertilizer was applied, so that soil Se concentration
was diluted in some respects; consequently, the Se concentration at the sampling sites
decreased accordingly.

4.5. Application and Probable Solution for Further Modification

The OSR performance, i.e., soil Eh variation, of selected coating fertilizer products
(Figure 8b) indicated that different Eh and Se variation patterns could be obtained with
different coating formulas. Both the formulas of Control 1 and Treatment II could satisfy
the demand for soil Eh elevation for a relatively long duration, so that they can be applied
individually according to the needs: applying Control 1 and Treatment II formulas provided
high Eh from the 20th to the 50th day and from the 30th to the 60th day after application,
respectively. In any case, the “low-Eh gap” during the first 20 d needs to be paid attention
to, which may cause nutrient loss due to low Eh during that period. Surprisingly, Control 4
formula, a formula without UP but containing Na,SeO,, also became the treatment with the
highest soil bioavailable Se content at the 60th day, which meant that combining application
of Treatment II, Control 1, and Control 4 formulas is necessary for consistent high bioavail-
able Se supply. However, it is feasible to fertilize only Control 1 formula 20 d or longer in
advance before the maximum nutrition efficiency stage, from an economic perspective.

According to the performance in altering soil Eh and Se speciation (Figures 8 and 10)
discussed above, we must acknowledge that the products in this study were far from
satisfactory as Se fertilizers. However, they were satisfactory for elevating soil Eh; they did
not efficiently alter the initial status that the Se fractions with low bioavailability, i.e., SelV of
SennFer S€ose, and Se . possessed a dominant proportion in soil Se speciation (Figure 10d-f),
and even total soil Se content had reached the standard of “Se-rich” soil (Figure 10a). In
addition, the transformation of Se.,. to other fractions was another remarkable effect of
UP, but high Eh status from the 15th to 50th day could not hinder Se immobilization to the
residual fraction (Figure 10e,f). In addition, it can be inferred that applying UP directly
to soil is a double-edged sword since it increased soil adsorption for Se, especially Se!V in
Sege,mn, and decreased other proportions of Se simultaneously, even though it increased
SeVin Se,,.
the dominant fractions of considerable numbers of “Se-rich” soils are organic and residual

at certain times (Figure 10c,d,f). According to the opinion of Rong et al. [23],

Se rather than soluble and exchangeable ones, and the Se bioavailability of these soils is
low even though they have high total Se content. Therefore, the results of Figure 10 were
still explainable although it did not completely fulfill the target of this study, i.e., soil Se
bioavailability enhancement, completely. The partial failure to elevate soil Se bioavailability
in this study may be attributed to the incoordination of Se nutrient and oxidative substance
release: A distinguishing feature of this incoordination was that the first 15 to 20 d during
the assay, with low soil Eh (Figure 8b), was just the period of Control 1 and Treatment II
supplying high bioavailable Se (Se,,;, Se.,. and Se"" of Se. /) (Figure 10a—). Due to a
lack of sufficient oxidative conditions, the fate of considerable Se'! released from fertilizer
granules to soil during the first 20 d was immobilized as tetravalent Seg, s, Or Se,.s, on
the 40th day (Figure 10 d—f). The source of this problem was that the exploration and
optimization of fertilizer formula mainly focused on OSR and physical properties, while the
Se release properties received insufficient attention since we assumed that it was the same
as, or at least similar to, that of OSR. In any case, this hypothesis was incorrect. Actually, Chi
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was reported as an important component in superabsorbent for nutrients [77-79], which
implies that considerable nutrients cannot be released until the coating material collapses
if the adsorption is strong, so the nutrient retention properties of Alg—Chi-CMC coating
material should be included in further study.

The above results also suggest that there are no generally optimal controlled-release
formulas of coating material for all substances, so they need to be modified to achieve better
release performance for specific substances. Apart from raising the UP content, revising the
coating material formulas to optimize the release dynamics of Se and oxidative substances is
an important solution for producing the S/CRFs with better performance in Se utilization ef-
ficiency enhancement. In this case, it is probably necessary to develop coating materials that
provide different release patterns for Se nutrient and oxidative substances within a single
formula, so that the oxidizing effect on the r Se nutrient can be more synergistic. Of course,
more factors apart from components, e.g., cross-linking conditions, the internal structure of
fertilizer granules, and combined application strategies of fertilizers with different release
properties, need to be considered and explored. Moreover, field experiments with various
types of soils need to be conducted under various climate conditions to examine their
applicable range and corresponding features. Finally, it is worth noting that although UP
and Na,SeO, were embedded in fertilizer granules in this study, it was just an example to
demonstrate the mechanical and release properties of the Alg—Chi-CMC-nSiO, compound
coating material. This coating material can serve as a carrier for other substances whose
controlled release can be tailored by altering embedded substances in the formula.

5. Conclusions

The addition of n-SiO, and CMC alleviated the oxidative substance release and im-
proved the mechanical properties, especially hardness and density, of the CaAlg—Chi com-
pound coating material, which was more significantly beneficial when UP existed. The
optimal formula, 20~25 mg g~! CaAlg, 15 mg g~! Chi, 30 mg g~! n-Si0,, 10 mg g~! CMC,
0.1 mg g~! Na,SeO, and 150 mg g~! UP, performed most satisfactorily among the treat-
ments, which had satisfactory properties in hardness, springiness and density. It elevated Eh
by over 100 mV for at least 40 d compared to deionized water in the water-extraction assay
and single Se treatment (i.e., coating fertilizer was not applied) in soil cultivation assays,
respectively. Moreover, it increased the contents and proportions of soluble, exchangeable,
and a part of Fe/Mn-binding Se, especially the hexavalent one, in soil, which was beneficial
to Se accumulation in grains. Notably, selenate served not only as an encapsulated nutrient
but also as a contributor to structure reinforcement. Although its performance in increasing
soil bioavailable Se (Se,,, Seq, and a part of Seg, 1, ), especially the SeV!, was not always
significantly better than simply fertilizing with UP and Na,SeQO, as expected throughout the
assay owing to the incoordination of Se and oxidative substance release, the release-control
performance of this multi-component coating material has been verified by the OSR assay in
this study. These coating material formulas provide a set of practical technical schemes for
slow-release carriers for agricultural substances. However, they need to be modified in further
studies to obtain formulas with more synergistic release performance for specific substances.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polysaccharides7040126/s1. Figure S1: The surface and cross-section
appearances of coated fertilizer granules prepared by different dissolution sequences; Figure S2:
The cross-section scanning electronic micrographs of coated fertilizer granules prepared by different
dissolution sequences; Figure S3: The cross-section scanning electronic micrographs of coated fertilizer
granules with different UP contents; Figure S4: The effect of n-SiO, on coating fertilizer granule
structure; Figure S5: The effect of UP on coating fertilizer granule structure when CMC and n-SiO,
existed; Figure S6: The effect of Alg on coating fertilizer granule structure when CMC and n-SiO,
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existed; Figure S7: The water extraction solution Eh variation of fertilizer granules in tentative assay;
Figure S8: The correlation coefficients between mechanical property parameters. The upper part
indicated the correlation coefficients among blank and control treatments (the results of Table 3)
while the lower part indicated the correlation coefficients among the treatments in the orthogonal
design assay (the results of Figure 6); Figure 59: XRD patterns of (a) raw material, (b) blank and
control treatments, as well as (c) treatments based on orthogonal design. Table S1, The components
of treatments used in single factor assay; Table S2, The details of analysis of variance of the mechanical
properties of fertilizer granules in orthogonal design assay (the results of Figure 6).
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Abbreviations

The following abbreviations are used in this manuscript:

Alg Alginate

CaAlg  Calcium alginate

Chi Chitosan

CMC Carboxymethylcellulose

Eh Redox potential

FTIR Fourier transform infrared spectrophotometry

HESD High Eh sustaining duration

LDW Level of deionized water

n-5i0,  Silicon dioxide nanoparticle

OSR Oxidative substance release

S/CRFs Slow/controlled-release fertilizers

Se Exchangeable fraction of selenium

Sepemn Fe/Mn oxide-binding fraction of selenium
SelV Tetravalent selenium content

Se e Organic or sulfide binding/ elemental fraction of selenium
Se,es Residual fraction of selenium

Se.; Water-soluble fraction of selenium

Se, Total selenium content of a certain soil fraction

SeV! Hexavalent selenium content

UP Urea peroxide

XRD X-ray diffraction
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Appendix A. The Derivation of Equation (1) (The Equation for Density
Calculation of Fertilizer Granules)

It is obvious that the relationship among the density of the fertilizer granule, p, its
Mass, Mepilizer, aNd its volume, Vi iizers 1S:

p= (A1)

according to the definition of density.
Then,

errtilizer = Vtotal - Vglycerol-l (AZ)

where Vi, is the total volume of the pycnometer, i.e., V; in Equation (1); Vgyceror1 18
the volume of glycerol in the first filling (both fertilizer granules and glycerol were in the
pycnometer). It should be noted that the viscosity coefficient of glycerol is 1000 times that
of water and the duration that fertilizer granules contacted glycerol was within 15 min, so
the possible process of glycerol penetrating the coating material and filling the internal
pores of fertilizer granule samples can be omitted. Therefore, V¢ i,.r Was the exact total
volume of the fertilizer granule sample, including the solid phase and the internal pores.

Obviously,
Vglycerol—l = ( A3 )

where m 1 was the corresponding mass of glycerol in the pycnometer in the first filling,

glycerol-
and

mglycerol—l =My —my — My (A4)

Since only glycerol was in the pycnometer in the second filling, the density of glycerol,

Pglycerol, €an be calculated with the data in this filling:

1% glycerol = <A5 )

where Mgyceror2 aNd Vgiyeerol2 are the corresponding mass and volume of glycerol in the
pycnometer in the second filling. Exactly,

mglycerol—Z =mz — My (A6)

Vglycerol-2 = VO (A7)

where the meanings of my, m;, m,, m3 and V, are the same as those defined in Section 2.5.
Therefore, gathering Equations (A1)—(A7), p can be calculated with the data measured
in the process described in Section 2.5

Mertilizer

po= % m glycerol-1
total mglycerol-z

Vv lycerol-2
nt
My — 1y — My
m3 — My
v (A8)
my
(my —my —my) V)
_ my (mz — 1)
(my — o) Vo — (my — my — 1)V
my (mz — my

VO -

Vo —

- (mz —my +myp)V
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