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Abstract

Suspension fertilizers offer high concentration, excellent fluidity, an eco-friendly produc-
tion process, and ease of precise and even application, making them ideal for modern
fertigation systems. However, stability remains a significant challenge. This study aims
to develop an organic value-added suspension fertilizer (VSuF) based on the filtrate of
acid-base-treated soybean residue, which can ensure stability during transportation and
storage while promoting efficient nutrient utilization in agriculture. The stabilizers were
optimized by comparing the effects of various types and dosages on particle size, zeta
potential, viscosity, and thixotropy of the suspension fertilizer. Meanwhile, the stability and
agricultural effects of the fertilizer were evaluated. Results showed that with 0.40% sodium
lignosulfonate, 0.40% xanthan gum, and 0.20% organic silicon defoamer, VSuF remained
stable during centrifugation (2000 r-min~!, 30 min) and storage at 0 °C and 50 °C for
14 days. Additionally, agricultural evaluation indicated that VSuF significantly increased
the dry weight and phosphorus uptake of crop shoots by 17.40% and 21.00%, respectively,
relative to the solid fertilizer without the value-added compound. Meanwhile, VSuF en-
hanced the fresh weight, length, and surface area of crop roots by 83.10%, 74.47%, and
69.34%, respectively, along with shoots” phosphorus uptake by 19.80%, compared to the
glucose value-added solid fertilizers.

Keywords: suspension fertilizer; soybean residue; zeta potential; particle size distribution;
thixotropy; phosphorus uptake

1. Introduction

Applying chemical fertilizers is vital for promoting crop yields and ensuring food
security [1]. However, the low use efficiency of traditional fertilizers leads to nutrient
surpluses and environmental pollution in many parts of the world [2,3]. The advance-
ment in fertilizer products has become a new paradigm to enhance plant nutrient uptake,
promote soil health, and reduce production costs [4]. The synergistic effect between fer-
tilizers and value-added compounds (such as carbohydrates, humic acid, amino acids,
and proteins) can effectively reduce nutrient fixation and improve soil health, thereby
promoting root development and increasing crop yield [5-12]. Therefore, in recent years,
the production and application of value-added fertilizers (i.e., fertilizers with value-added
compounds) have been increasing, which has also raised new requirements for fertilizer
production technology.
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Suspension fertilizer can be defined as a liquid fertilizer that utilizes the stabilizing
agents to enable its nutrients to exceed their solubility [13]. It consists of a continuous
phase of saturated aqueous nutrient solution and a dispersed phase of undissolved solid
fertilizer particles, thus combining the advantages of both liquid and solid fertilizers [14].
This dispersed system has a highly chemical composition homogeneity, which is beneficial
for the precise addition of micronutrients and value-added compounds. Additionally, it
can achieve nutrient concentrations comparable to solid fertilizers and more than twice
those of clear liquid fertilizers [14]. Compared to granulated fertilizers, the production of
suspension fertilizers has lower requirements for raw material purity and solubility [14]
and does not involve energy-intensive steps such as granulation, drying, and sifting [15].
This simplified production process reduces both manufacturing costs and emissions associ-
ated with thermal processing. These characteristics make suspension fertilizers especially
advantageous for producing value-added fertilizer products.

However, the main pain point of suspension fertilizer is its short-period storage due
to limited stability, which limits its application scope [16]. This limited stability is due to
the aggregation growth of fertilizer particles and the effect of gravity, causing the solid
fertilizer particles in the dispersion to slowly settle [14]. Adding stabilizing agents to a
suspended system is an effective strategy to improve the stability of suspension fertilizer.
Suitable stabilizing agents could effectively improve the gel strength of suspension fertilizer
by enhancing the dispersion quality of suspension fertilizer, decreasing the suspended
particle size, and improving suspended crystal size and shape [14]. Dispersants and thick-
eners are the key stabilizing agents. Dispersants function by diminishing interparticle
attraction through electrostatic stabilization, lowering interfacial tension, and modifying
wettability [17,18], thereby preventing particle aggregation and ensuring uniform dis-
persion [19]. Additionally, thickeners contribute to stability by increasing the system’s
viscosity, providing steric hindrance, and forming network structures that effectively resist
sedimentation [20]. According to their different mechanisms of action, dispersants include
surfactants, polymeric dispersants, and electrolytes, while thickeners include hydrocolloids,
synthetic polymers, and inorganic clays. Substances such as sodium dodecyl sulfate (SDS),
sodium lignosulfonate (SLF), carboxymethyl cellulose, and xanthan gum (XG) are widely
used in the energy, chemical, and materials industries due to their high efficiency, low
cost, and environmental friendliness. Studies showed that non-ionic polyethylene glycol
can be used as a dispersant to improve the stability of titanium carbide suspensions [21].
Changhong Gao believed that carboxymethyl cellulose can increase the viscosity of the
slurry system [22]. Sainan Xiang et al. indicated that the addition of bentonite (BT), XG, and
other stabilizing agents at different dosages can influence the stability of the suspension
fertilizers [23]. It can be seen that the efficacy and optimal dosage of dispersants and
thickeners vary across different systems. Therefore, determining the appropriate types
and quantities of dispersants and thickeners for different suspension systems is the key to
ensuring the stability of the suspension. Meanwhile, depending on the system’s character-
istics, it is also necessary to consider the use of additives such as defoamers, preservatives,
and antifreeze agents.

Additionally, in the traditional production process of suspension fertilizers, solid fer-
tilizers are usually required to provide sufficient nutrients. Meanwhile, to enhance product
performance, the additional incorporation of value-added compounds is essential [14].
However, the preparation and precise addition of these value-added compounds further
increase production costs and complicate the process, thereby undermining the original
economic advantages of the suspension fertilizer system [14,24]. In contrast, liquid wastes
from industrial and agricultural sources containing organic synergistic substances offer a
more promising alternative for suspension fertilizer production [25-27]. Various organic
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substances in such wastes not only supply part of the nutrients but also act as value-added
compounds to improve fertilizer performance [28,29]. Some studies also indicated that
fertilizers containing multiple value-added compounds have greater potential in agricul-
tural applications than those containing a single value-added compound [30,31]. It can be
seen that producing organic value-added suspension fertilizers from liquid wastes rich in
diverse organic matter not only enhances fertilizer performance but also achieves effective
nutrient cycling and resource recovery [26,27].

Thus, this study aimed to prepare an organic value-added suspension fertilizer (VSuF)
using the liquid waste of acid-base-treated soybean residue, which is inherently rich in
phosphorus (P) and potassium (K) as well as value-added compounds including sugars,
polypeptides, and amino acids. Specifically, the appropriate types and dosages of disper-
sants, thickeners, and defoamers were determined. The growth, root morphology, and P
uptake of crops affected by organic VSuF were compared to solid fertilizers containing
essential nutrients with or without glucose as the value-added compound.

2. Materials and Methods
2.1. Materials

The main raw material for suspension fertilizer comes from the filtrate produced
during coarse microcrystalline cellulose (CMCC) preparation by treating soybean residue
with potassium hydroxide and wet-process phosphoric acid (Figure 1a) [32]. The concen-
trations of various components in the filtrate were as follows: P at 71.79 mg-mL~!, K at
18.03 mg-mL~!, total sugar at 94.27 mg-mL~!, polypeptides at 6.84 mg-mL~! and amino
acids at 0.61 mg-mL~! (Table 1). Brown soil was used to investigate the agricultural effects
of the fertilizers. The soil properties are presented in Table S1. In addition, the details
of other experimental materials (Table S2) and equipment (Table S3) are shown in the
Supplementary Materials.
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Figure 1. The production processes of coarse microcrystalline cellulose (CMCC) (a) and organic

value-added suspension fertilizer (VSuF) (b).
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Table 1. Main components of the liquid waste.

P (mg-mL-1)

K (mg-mL-1)  Total Sugar (ng-mL-1) Polypeptides (mg-mL~1) Amino Acids (mg-mL~1)

71.79

18.03

94.27 6.84 0.61

2.2. Preparation of Organic Value-Added Suspension Fertilizer
2.2.1. Preparation Processes

Figure 1b outlines the preparation process of VSuF. First, ammonia gas was introduced
into 100 g of filtrate from the CMCC preparation process at a rate of 1-2 bubbles per
second through a polyvinyl chloride pipe (5 mm inner diameter) until the pH reached
4.5. Next, urea and potassium chloride were added to the ammonified filtrate to obtain a
suspension fertilizer stock solution with an N-P,O5-K,0 of 170-170-170. Then, dispersants
and thickeners were incorporated into the stock solution, which was ground at 2500 r-min

for 5 min using a sand mill. Finally, defoamers were added to reduce product volume.

2.2.2. Optimization of Stabilizing Agents

The stabilizing agents were optimized, including the types and dosage of the disper-
sant, thickeners and defoamers. Firstly, five dispersants (details in Table 54), including
polyethylene glycol-6000 (PEG-6000), SLE, sodium dodecyl benzene sulfonate (SDBS), SDS,
and potassium pyrophosphate (PP), were selected to investigate their dispersion effect
in the studied system. The optimal dispersant was determined by comparing the par-
ticle size of the samples after adding different dispersants at a concentration of 0.50%.
Then, the appropriate dosage of the optimal dispersant was determined by comparing the
Zeta potential of the samples with different dosages (i.e., 0.10%, 0.20%, 0.30%, 0.40% and
0.50%). Based on using optimal type and dosage of dispersant, four thickeners (details in
Table S4), including XG, sodium carboxymethyl cellulose (CMC-Na), BT, and gum arabic
(GA), were investigated. The optimal thickener was determined by comparing the char-
acteristic particle size, Zeta potential and thixotropy of the samples after adding different
selected thickeners at a concentration of 0.50%. Then, the appropriate dosage of the optimal
thickener was determined by comparing the characteristic particle size, Zeta potential,
viscosity, and thixotropy of the samples with different dosages (i.e., 0.10%, 0.20%, 0.30%,
0.40% and 0.50%). DP161, a type of organic silicon defoamer, was selected for the studied
system. Five 80 mL samples of ground suspension fertilizer with the optimal dispersant
and thickener were placed in separate 100 mL glass cylinders. DP161 was added at 0.10%,
0.20%, 0.30%, 0.40%, and 0.50% concentrations, respectively. The mixture was stirred thor-
oughly and allowed to stand for 5 min, during which the volume change in the suspension
fertilizer was recorded. Additionally, the Zeta potential, viscosity, and thixotropy were
measured.

2.2.3. Stability Analysis
Centrifugal Stability

38 g of the test fertilizer was transferred into a 50 mL centrifuge tube and spun at
2000 r-min~! for 30 min. After centrifugation, the supernatant was carefully poured out
and its volume was recorded. The equation for water separation rate was as follows:

w="Vy/ Vs x 100% (1)

where w was the water separation rate, V;, was the supernatant volume, and V, was the
total volume.
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Cold and Hot Storage

45 mL of the test fertilizer was withdrawn into a 50 mL centrifuge tube, and it was
stored either in a refrigerator at 0 °C or in a constant-temperature incubator at 50 °C
for 14 days. After 14 days, the water separation rate and the particle size distribution
were determined.

2.2.4. Characterization Test

Particle Size and Zeta Potential

The particle size distribution of the samples was measured using a Malvern particle
size analyzer (Mastersizer 3000E, Malvern Panaco, Malvern, UK). Ethanol served as the

dispersant medium, and a stirring rate of 3500 r-min~1

was maintained during 3 min
of ultrasonic processing. After conducting 3 tests, the mean was calculated. The Zeta
potential was measured using a Zeta potentiometer (DT-300, Quantachrome DT, Boynton,
FL, USA). Before testing, the instrument’s Zeta potential was calibrated to —38.00 mV,
and measurements were taken based on the Ds, particle size from the Malvern particle

size analyzer.

Viscosity and Thixotropy

A rheometer (HAAKE MARS iQ Air, Thermo Scientific, Waltham, MA, USA) was used
to assess changes in viscosity and thixotropy. The viscosity measurements were conducted
at a constant temperature of 25 °C, with the shear rate increased linearly and uniformly
from 0.1 57! to 500 s~ 1. The thixotropy test was also conducted at 25 °C, during which the
shear rate was increased linearly and uniformly from 0.1 s~! to 100 s~! over a period of
150 s. The maximum shear was maintained for 30 s, after which it was decreased linearly
and uniformly from 0.1 57! to 100 s~! in 150 s.

2.3. Agronomic Evaluation of Organic Value-Added Suspension Fertilizer
2.3.1. Pot Experimental Design

A pot experiment was conducted to evaluate the agricultural efficacy of the prepared
VSuF. Since total sugar was the primary value-added compound, solid fertilizers containing
essential nutrients (N, P, K) with and without glucose as the value-added compound were
selected for comparison. Thus, the experiments included 3 treatments: (1) solid fertilizer
without value-added compound (SoF); (2) glucose value-added solid fertilizer (VSoF);
(3) VSuF. The treatment was administered with 3 replicates arranged in a randomized
blocked design. Each fertilizer treatment had the same nutrients input, consisting of
100 mg N, 100 mg P,O5 and 100 mg KO per kilogram of soil. All fertilizers were dissolved
in water and thoroughly mixed with the soil before planting to ensure uniform nutrient
distribution. The diameter and height of experiment pot are 13.5 cm and 15 cm, respectively.

The growth cabinet maintained a 20 °C temperature and 60% humidity on an 8:16 h
light: dark cycle. Each pot contained 1 kg of air-dried soil sieved through a 2 mm nylon
mesh. Seeds were surface-sterilized using 0.15% potassium permanganate for 20 min, and
then three bok choy (Brassica rapa subsp. chinensis) seeds were sown at a depth of 5 mm,
with an interval of about 5 cm between each seed. Watering occurred every 2 days to
maintain soil moisture within 65-80% of field capacity during seeding. The plants were
grown until germination, and thinned to one per pot. Throughout the cultivation period,
soil moisture was maintained within 60-65% of field capacity, requiring watering by weight
every 1-2 days to avoid waterlogging or dehydration of plants. After 35 days of sowing, all
treatments were harvested and analyzed.
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2.3.2. Sample Test

The chlorophyll content of the plants was determined by SPAD analyzer (SPAD-
502PLUS, Konica Minolta, Tokyo, Japan) before harvest. The plants were harvested by
cutting them at the stem base with scissors and then carefully removing the complete root
systems. Immediately after harvesting, the plant shoots were weighed, placed in paper
bags, and dried at 65 °C for 48 h. The washed roots were spread out in a tray to ensure no
overlapping, and then were scanned using an image scanner (Expression 13000XL, Epson,
Nagano, Japan) to record root architecture. The scanner settings were 8-bit grayscale at
600 dpi, with the width and height set to 391.9 mm and 281.7 mm, respectively. Root images
were processed with RhizoVisionExplorer-2.0.3-windows-x64 to determine root total length,
surface area, and average diameter. After root scanning, the roots were collected, and the
surface moisture was absorbed with paper. They were then placed in paper bags and dried
at 65 °C for 72 h. The dried plant shoots were ground until through a 2 mm sieve,and 0.20 g
was taken for the analysis of P uptake in the shoot. The plant samples were digested in
4.00% nitric acid solution by microwave digestion. Then, the volume was adjusted to 50 mL,
and the P content was measured by inductively coupled plasma emission spectrometry
(5800 ICP-OES, Optima, 7000DV, PerkinElmer, Waltham, MA, USA) [33].

2.4. Analytical Methods

Statistical analysis was performed using one-way ANOVA with Duncan’s post hoc
test to determine significance levels (IBM SPSS Statistics 27). Differences were considered
significant at p < 0.05. Microsoft Excel collected and analyzed all data, and all Figures were
completed using Origin 2024.

3. Results and Discussion

3.1. Optimal Stabilizing Agents
3.1.1. Dispersants

The stability of colloidal suspensions is governed by particle size and interparticle
interactions [34,35]. Variations in solubility among differently sized particles drive Ost-
wald ripening, a process in which smaller crystals dissolve and redeposit onto larger ones,
promoting crystal growth [13]. Concurrently, Stokes” law establishes that settling velocity
increases with particle size [36]. Thus, in suspension fertilizer production, a narrow particle
size distribution combined with reduced particle size can mitigate Ostwald ripening and en-
hance dispersion uniformity. The use of dispersants offers an effective stabilization strategy
by adsorbing to particle surfaces and inducing electrostatic or steric repulsion to prevent
aggregation [19,37,38]. In this study, the characteristic particle sizes of the suspension
fertilizer prepared by adding different dispersants are shown in Table 2. SLF produced the
smallest Dy, Dsg, and Dgy values among all tested dispersants (SDBS, SDS, PEG-6000, and
PP), highlighting its superior dispersion performance. This is attributed to SLF’s anionic
polymer structure: its negatively charged hydrophilic groups adsorb onto the similarly
charged particle surfaces, increasing surface charge density and electrostatic repulsion to
inhibit agglomeration. Additionally, these groups form a hydration layer that provides
steric hindrance, together ensuring effective dispersion stability. Meanwhile, compared
with the CK (i.e., no dispersant addition), the addition of SLF reduced the D5 particle size
(Table 2). This indicated that SLF altered the particle fragmentation behavior, resulting in an
increased proportion of particles within the D5y range. In contrast, the addition of the other
four dispersants at the same concentration caused particle agglomeration or flocculation,
which significantly increased the Dgg particle size (Table 2). Therefore, we chose SLF as the
dispersant for the studied system and further determined its suitable dosage.
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Table 2. Effect of different dispersants on the characteristic particle size of suspension fertilizer.

Dispersants ? Dosage (%) D10 ? (um) Dso © (um) Do 9 (um)
CK 0 1.08 14.58 54.77
SLF 0.50 1.76 8.47 61.70
SDBS 0.50 2.08 16.80 160.00
SDS 0.50 23.60 713.00 971.00
PEG-6000 0.50 49.00 155.18 377.66
PP 0.50 1.83 10.20 534.00

2 CK, no dispersants addition; SLF, sodium lignosulfonate; SDBS, sodium dodecyl benzene sulfonate; SDS,
sodium dodecyl sulfate; PEG-6000, polyethylene glycol-6000; PP, potassium pyrophosphate. ® Dy, the particle
size corresponding to the cumulative distribution percentage of 10%. € D5, the particle size corresponding to the
cumulative distribution percentage of 50%. ¢ Dgy, the particle size corresponding to the cumulative distribution
percentage of 90%.

The effect of SLF dosage on the zeta potential of the suspension fertilizer is shown in
Figure S1. The absolute value of the Zeta potential initially increased and then decreased
as the SLF concentration rose. This trend was closely related to the amount of dispersant
adsorbed onto the particle surfaces [39]. Konduri and Fatehi [40] indicated that charged
dispersants adsorb onto particles in aqueous suspensions, altering their surface charge den-
sity and inducing electrostatic or steric repulsion between particles. At lower to moderate
SLF concentrations, increased adsorption enhances the surface charge, leading to a higher
absolute zeta potential. However, once the adsorption reaches saturation, excess cations
introduced by the dispersant can neutralize the negative charges on the particle surfaces,
causing the zeta potential to decline. The suspension fertilizer containing 0.40% SLF exhib-
ited the highest absolute zeta potential value (17.29 mV) (Figure S1), indicating maximal
electrostatic repulsion at this dosage. This strong repulsion effectively counteracts Van der
Waals forces, reducing particle agglomeration and ultimately improving the dispersion
stability of the suspension [38].

3.1.2. Thickeners

Based on using 0.4% SLF as the dispersant, we investigated the effects of different
thickeners at the same dosage on the stability of the suspension fertilizer. The results
showed that the D5 particle size varied with thickener type in the order XG > CMC-Na >
BT > GA (Table 3). This trend reflects differences in thickening capacity, as higher viscosity
reduces system fluidity and limits particle size reduction during grinding. However, ac-
cording to Stokes’ law, increased viscosity also slows particle settling, thereby enhancing
stability [36]. Notably, the formulation with XG as the thickener exhibited the highest abso-
lute zeta potential (56.45 mV, Figure 2a) and the largest thixotropic loop area (41,645.64 mPa,
Figures 2 and S2), demonstrating strong electrostatic repulsion and structural recovery
ability [41-43]. Meanwhile, static stability tests (Table S5) showed that only the system
containing XG had a water separation rate below 5% after 72 h, meeting the stability criteria
for suspension systems [44,45]. It was evident that the stability of the suspension fertilizer
was jointly influenced by particle size, system viscosity, and zeta potential. Therefore, XG
was selected as the thickener for this suspension fertilizer.

As shown in Table 3, both Do and Ds particle sizes increased with higher XG content,
confirming that elevated viscosity hinders grinding efficiency and limits further particle size
reduction. Figure 2b illustrates that the viscosity of the suspension fertilizer was enhanced
with the increase in the amount of XG when there was no/low shear rate. Meanwhile, the
viscosity of all the suspension fertilizers decreased sharply with the increase in shear rate,
exhibiting a significant shear thinning phenomenon [46]. Bogusz et al. [14] indicated that
the decrease in viscosity under high shear rates benefits the formation of drops during the
fertilizer application. Figures 2c and S3 showed that the thixotropic loop of the suspension
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fertilizer gradually expanded with increasing XG dosage. However, the growth rate of the
thixotropic loop first increased and then decreased, reaching a peak at an XG dosage of
0.20%. Meanwhile, as the XG dosage increased, the absolute value of the zeta potential also
showed a gradual upward trend (Figure 2c). When the addition reached 0.30% or higher,
the system achieved electrostatic stability (40 mV). According to the static stability test
results (Table S5), to effectively maintain product stability, the XG dosage should not be less
than 0.30%. Considering all factors comprehensively, the XG dosage should be maintained
at 0.30% or above to ensure system stability.

Table 3. Effects of xanthan gum on the characteristic particle size of suspension fertilizer.

Thickeners 2 Dosage (%) D10 P (um) Dsp € (um) Dgp 4 (um)
CK 0 1.06 8.47 61.70
XG 0.50 7.45 24.71 58.24
CMC-Na 0.50 7.56 19.22 50.74
GA 0.50 3.21 7.34 63.90
BT 0.50 3.56 8.57 37.55
XG 0.10 3.23 9.56 56.99
XG 0.20 4.28 15.13 57.38
XG 0.30 6.89 18.35 58.32
XG 0.40 7.23 20.12 57.35

2 CK, no thickener addition; XG, xanthan gum; CMC-Na, sodium carboxymethyl cellulose; GA, gum arabic; BT,
bentonite. ® Dy, the particle size corresponding to the cumulative distribution percentage of 10%. © Ds, the
particle size corresponding to the cumulative distribution percentage of 50%. ¢ Dgy, the particle size corresponding
to the cumulative distribution percentage of 90%.
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Figure 2. Effects of the four different thickeners on thixotropy loop and Zeta potential values of
suspension fertilizer (a); effect of XG dosage on viscosity (b), thixotropy loop and Zeta potential
values (c) of suspension fertilizer. XG, xanthan gum; CMC-Na, sodium carboxymethyl cellulose; GA,
gum arabic; BT, bentonite.

3.1.3. Defoamers

The grinding process increased the volume of the suspension fertilizer by two to three-
fold, significantly reducing nutrient content per unit volume and potentially compromising
product standards while raising transportation costs. The introduction of defoamers can
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enable rapid foam suppression or elimination. Among commonly used types, silicone-
based defoamers offer superior applicability [47]. Thus, this study selected DP161, a type
of organic silicon defoamer, for the suspension fertilizer system. As shown in Figure 3a,
the volume of the suspension fertilizer decreased sharply by over 55% at a DP161 dosage
of 0.10%, with no significant further reduction beyond 0.20%. The incorporation of DP161
also lowered the absolute Zeta potential to below 30 mV (Figure 3b), suggesting a potential
decline in long-term storage stability due to weakened electrostatic repulsion [48]. How-
ever, the Zeta potential remained stable at approximately 18 mV with increasing defoamer
content, indicating no further destabilization at higher dosages. Figure 3c shows that DP161
significantly reduced product viscosity, attributed to the adsorption of defoamer molecules
on particle surfaces, which increases the contact angle and impairs wettability [47]. Under
high-shear conditions, viscosity continued to decline with rising DP161 content, poten-
tially influencing application fluidity. The thixotropic loop also decreased markedly with
defoamer addition ( Figures 3b and S4), as DP161 reduces interfacial tension, disrupting
bubble structure and persistence. Therefore, considering the impact of defoamer on stability
and defoaming effect, a dosage of 0.20% should be a balanced choice.

(2) (b)

4.5%10*

100 39,220.98 145
©
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§3.6x104 3 {a0 E
<80} o =
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Figure 3. Effect of an organic silicon defoamer (DP161) dosage on volume (a), Zeta potential,
thixotropy loop (b), and viscosity (c) of suspension fertilizer.

To assess the impact of 0.20% DP161 on system stability, a centrifugation test was
performed. As shown in Table S6, the sample containing the defoamer exhibited a water
separation rate of 2.33%, which was 1.28% higher than the control but remained well below
the 5.00% threshold, indicating acceptable stability retention. Furthermore, compared
with the suspension fertilizer without DP161, the product with DP161 had significant
advantages regarding nutrient content and transportation costs. Thus, the defoamer dosage
was determined to be 0.20% in this suspension fertilizer system.

3.2. Storage Stability

Based on the above research, we can determine that SLF, XG, and DP161 were the
optimal dispersant, thickener, and defoamer in the studied system, respectively. Meanwhile,
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the SLE, XG, and DP161 at dosages of 0.40%, 0.30% and 0.20%, respectively, could be a
good choice. Therefore, we further investigated the storage stability of suspension fertilizer
under this condition. In addition, the addition of DP161 can reduce the stability of the
system but enhance its fluidity while the addition of XG has the opposite effect. Hence, a
slight increase in the content of XG might be able to counteract the negative impact that
DP161 has on the stability of the system. Thus, we also investigated the storage stability of
samples with 0.4% XG.

3.2.1. Cold Storage

Cold storage test simulated low-temperature storage conditions to observe whether
there were any phenomena such as water separation in the samples. Table 4 shows that
none of the samples had water separation under the cold storage condition (0 °C, 14 days).
Interestingly, adding the defoamer increased the particle size in the 0.30% XG system
(Table 5 and Figure S5a) but reduced the product’s particle size in the 0.40% XG system
(Table 5 and Figure S5a). Meanwhile, in the 0.20% DP161 system, compared to the sample
with 0.30% XG, the sample with 0.40% XG increased the Dy and Ds particle sizes, but
decreased the Dy particle size (Table 5 and Figure S5a). This narrower and more uniform
distribution tends to bring about better stability. Hence, it is possible to increase the dosage
of the thickener to counteract the destabilizing effect of the defoamer.

Table 4. Effect of cold (0 °C) and hot (50 °C) storage on water separation rate of suspension fertilizer.

Storage Condition Time (d) SLF 2 (%) XG P (%) DP161 € (%) Water Separation Rate (%)
Cold 14 0.40 0.30 0 0
Cold 14 0.40 0.30 0.20 0
Cold 14 0.40 0.40 0 0
Cold 14 0.40 0.40 0.20 0
Hot 14 0.40 0.30 0 3.33
Hot 14 0.40 0.30 0.20 5.56
Hot 14 0.40 0.40 0 1.11
Hot 14 0.40 0.40 0.20 1.11

2 SLF, sodium lignosulfonat. ® XG, xanthan gum. © DP161, a type of organic silicon defoamer.

Table 5. Characteristic particle size of suspension fertilizer after 14 d cold (0 °C) and hot (50 °C)
storage.

Storage Condition ~ SLF 2 (%) XGP? (%) DP161° (%) Do 9 (um) Ds € (um) Do f (um)
Cold 0.40 0.30 0 3.75 21.90 66.78
Cold 0.40 0.30 0.20 4.35 25.49 133.97
Cold 0.40 0.40 0 4.96 30.57 126.07
Cold 0.40 0.40 0.20 4.54 28.71 110.55
Hot 0.40 0.30 0 4.26 23.12 101.12
Hot 0.40 0.30 0.20 21.71 99.34 264.88
Hot 0.40 0.40 0 3.37 21.37 99.41
Hot 0.40 0.40 0.20 3.65 19.77 69.72

2 SLF, sodium lignosulfonat. b XG, xanthan gum. ¢ DP161, a type of organic silicon defoamer. d D, the particle
size corresponding to the cumulative distribution percentage of 10%. € Dsy, the particle size corresponding to the
cumulative distribution percentage of 50%. f Dy, the particle size corresponding to the cumulative distribution
percentage of 90%.

3.2.2. Hot Storage

The hot storage test (50 °C, 14 days) simulated high-temperature storage conditions to
observe whether any phenomena such as gas expansion, water separation, or precipitation
occurred in the samples. In our study, we did not observe any signs of gas expansion or
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precipitation, but the suspension fertilizer exhibited varying degrees of water separation
(Table 4). The water separation rate increased in the 0.30% XG system but remained
unchanged in the 0.40% XG system (Table 4) after the addition of the defoamer. Furthermore,
in the 0.20% DP161 system, compared to the sample with 0.30% XG, the sample with 0.40%
XG decreased by 4.45% water separation rate (Table 4). This indicated that if the product
maintains its storage stability in a high-temperature environment, the XG dosage should
not be lower than 0.40%.

On the other hand, incorporating 0.20% DP161 into the 0.30% XG system led to
an increase in particle size (Table 5) and a noticeable shift in particle size distribution
toward larger diameters (Figure S5b). This suggests that the defoamer promotes particle
growth, likely by accelerating Ostwald ripening, which consequently reduces product
stability [49,50]. This result explained the increase in water separation rate (Table 4).
However, adding the 0.20% DP161 reduced the D5y and Dy particle size in the 0.40%
XG system while slightly increasing the Dy particle size (Table 5 and Figure S5b). This
indicated that increasing XG dosage will narrow the particle size distribution of the product,
which not only reduces the volume of the product but also enhances its suspension stability.

Overall, the results demonstrated that a formulation containing 0.40% SLF as dis-
persant, 0.40% XG as thickener, and 0.20% DP161 as defoamer most effectively enhanced
the stability of the suspension fertilizer. It should be noted, however, that the chemical
composition of the liquid waste may vary across production batches, which can influence
stabilizer interactions and overall suspension stability. In particular, changes in organic
matter content may influence adsorption and electrostatic interactions critical for colloidal
stability [51,52]. Nevertheless, SLF and XG both possess significant stabilizing advantages
in electrostatic repulsion, steric hindrance [53,54], and viscosity, which should enhance the
formulation’s tolerance to raw material variability.

3.3. Agricultural Effects of Suspension Fertilizer

The effects of different fertilizers on the growth of bok choy are shown in Figure 4.
Compared to SoF, both VSoF and VSuF treatments led to a slight increase in fresh weight
(Figure 4a) and a significant increase (approximately 18%) in shoot dry weight (Figure 4b).
These results suggested that value-added compounds in soybean residue, such as glucose
and other organic components, positively influenced bok choy growth. Previous studies
had indicated that glucose and similar compounds [12] could affect plants throughout
their life cycle, largely through interactions between sugars and phytohormone signaling
pathways, including abscisic acid, auxin, and cytokinin, which might further modulate
plant metabolic pathways [8-10]. This mechanism might have accounted for the observed
increase in chlorophyll content following application of value-added fertilizers (Figure 4c).

Compared to SoF, VSuF significantly increased root fresh weight and P uptake in
shoots (Figure 4a,d), indicating its potential to enhance nutrient acquisition through alter-
ations in root growth. This effect may be attributed to the ability of organic components in
the filtrate, such as glucose, amino acids, and peptides, to form complexes or chelates with
soil nutrients (e.g., P, iron, and magnesium), thereby increasing their solubility, bioavail-
ability, and uptake by roots [55,56]. Moreover, organic components could improve soil
physicochemical properties by enhancing soil structure and water retention while reduc-
ing compaction, thereby facilitating root growth and nutrient diffusion, which indirectly
supports nutrient uptake [57,58]. In contrast, VSoF only significantly increased root length
and surface area compared to SoF (Figure 4e,f), indicating limited stimulatory effects on
root development when glucose was supplied as the sole value-added compound during
short-term cultivation. Notably, compared to VSoF, VSuF treatment significantly enhanced
root length, root surface area and the root-shoot ratio by 74.47%, 69.34%, and 80.56%,
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respectively (Figure 4e,fh). These indicated that the growth-promoting effect of VSuF
arises not only from sugars as a carbon source but also from the synergistic action of
value-added compounds such as amino acids and peptides, enhancing its biostimulatory
impact [59]. Concurrently, VSuF led to a reduction in average root diameter relative to VSoF
(Figure 4g). This result was consistent with the root economics spectrum theory proposed
by Bergmann et al. [60], which posited a negative correlation between specific root length
and average root diameter. These morphological shifts toward finer roots aligned with
plant strategies associated with rapid nutrient acquisition [61,62], further corroborating
the observed physiological responses. In summary, VSuF had significant advantages over
VSoF in promoting bok choy’s root development and P uptake.
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Figure 4. Effect of suspension fertilizer on fresh weight (a), dry weight (b), SPAD value (c), plant
phosphorus (P) uptake in shoots (d), total root length (e), root surface area (f), average root diameter
(g), root—shoot ratio (h) of bok choy. Error bars represent the standard deviation for three replicates.
Means denoted by identical letters have no significant difference (p < 0.05) based on the LSD test.
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4. Conclusions

This study developed an organic value-added suspension fertilizer using liquid waste.
When 0.40% SLF was used as a dispersant, 0.40% XG as a thickener, and 0.20% DP161 as a
defoamer, the suspension fertilizer exhibited almost no water separation after 14 days of
storage at 0 °C, and only a 1.11% water separation rate after 14 days at 50 °C, demonstrating
excellent stability. Meanwhile, VSuF significantly promoted crop root development, thereby
resulting in P uptake increases of 19.80% compared to VSoF, demonstrating the potential
to reduce environmental pollution. This study holds important value for the resource
utilization of organic waste and the development of efficient fertilizers. Future work should
focus on field-scale validation and investigation across a wider range of crops to gain
a deeper understanding of the synergistic mechanisms of organic components and the
long-term stability of fertilizers.
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