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Introduction: The deep-processing corn industry produces nutrient-rich
wastewater that exacerbates eutrophication in water bodies, necessitating the
development of sustainable nutrient-recovery methods.
Methods: This study introduces a sensor-integrated struvite crystallization
method for nitrogen (N) and phosphorus (P) recovery from cornstarch
wastewater through struvite crystallization.
Results: Using real-time pH and ion sensors, the conditions were optimized (pH
10.50, Mg/P ratio 2.0, 30◦C, 35 min, 180 rpm), which recovered 98.52% of P and
high N rates. Single-factor and orthogonal experiments identified pH and Mg: P
ratio as the primary factors that influenced recovery, with aquatic temperature,
reaction time, and stirring rate as secondary factors. X-ray diffraction, scanning
electron microscopy, and energy-dispersive X-ray spectroscopy were used to
confirm the rod-shaped struvite morphology and purity magnitude. Compared
to biochar (89% N recovery) and algal systems, our approach reduced chemical
inputs by 30% and sludge inputs by 40%, supporting circular economic principles.
Pot experiments validated the efficacy of struvite as a slow-release fertilizer and
its ability to enhance vegetable growth.
Discussion: This sensor-driven method offers an innovative and eco-friendly
solution for managing agro-industrial wastewater.
Conclusion: This mitigates eutrophication and promotes resource recovery in
the corn-processing industry.

KEYWORDS

struvite crystallization, nutrient recovery, corn starch wastewater, eutrophication
mitigation, sensor-based monitoring

Introduction

The corn deep-processing industry plays a vital role in the economies of many
countries by producing starch, sweeteners, and biofuels. However, it generates substantial
amounts of wastewater enriched with unused nitrogen (N) and phosphorus (P) (Sajjad
et al., 2024). If not effectively treated, nutrient release can trigger eutrophication in
natural drainage basins, a process caused by excessive nutrient enrichment that leads to
algal blooms and oxygen depletion in water bodies (Adetunji et al., 2023). For example,
untreated effluent from corn starch facilities in the Midwestern United States has been
identified as a precondition for severe eutrophication in the Mississippi River Basin,
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contributing to the Gulf of Mexico’s hypoxic ‘dead’ zone (The
Nature Conservacy, 2025). In China, poorly managed wastewater
from corn processing plants along the Yellow River has been
reported to cause nutrient overload, persistent algal blooms, and
ecological degradation (Zhu et al., 2020). To address this challenge,
innovative strategies are required to recover and recycle nutrients
from corn industry wastewater with the expected purpose to reduce
threats to the basin environment.

Recent studies have highlighted the potential of agricultural
waste-derived materials to capture N and P for reuse in crop
production (Bermúdez et al., 2024; Rekaby et al., 2021). For
example, biochar produced from corncobs or straw can enhance
aqueous P adsorption by magnesium oxide nanoparticles (Zhou
et al., 2024; Zhu et al., 2020). Similarly, algal systems can recover
nutrients from dairy waste streams, suggesting their applicability in
corn wastewater (Luzzi et al., 2024; Mohsenpour et al., 2021). These
approaches align with circular economy principles that advocate
the transformation of waste components into resources (Vunnava
and Singh, 2021). The integration of technologies for optimizing
organic loading rates can further enhance the nutrient recycling
efficiency (Aamir and Hassan, 2025; Wan et al., 2023). The corn
industry can mitigate eutrophication risks by leveraging these
advancements to support sustainable agriculture (Fendel et al.,
2022). It is necessary to explore the feasibility and efficacy of such
waste-derived solutions and to draw on recent research to propose
pathways for nutrient management.

Wastewater generated by the corn starch deep-processing
industry is characterized by high ammonium nitrogen (N) (>260
mg/L), high total phosphorus (P) (>60 mg/L), and a low carbon-
to-nitrogen (C/N) ratio (<1.5) (Chamas et al., 2020; Zhai et al.,
2022; Zhang et al., 2022). Current nutrient removal methods
exhibit notable drawbacks because of the extensive use of P-
removal chemicals, which leads to the production of N- and
P-rich chemical sludges and increases the risk of secondary
environmental contaminants (Mohan et al., 2020; Zhang B.
et al., 2023). Poor performance stems from excessive reliance
on chemical precipitation, which fails to address low C/N ratios
and hinders biological nutrient removal (Zhang D. et al., 2023).
It has been suggested that recovering N and P using waste-
derived materials can significantly reduce residuals while recycling
nutrients (Lessmann et al., 2023; Sniatała et al., 2024; Tarigan
et al., 2025). These approaches are currently supported by the use
of biochar and algal systems, which offer sustainable pathways
for pollution mitigation and resource conservation (Rickard,
2023; Strawn et al., 2023). However, the effectiveness of nutrient
absorption by these biotic systems may be influenced by multiple
pre- and postprocessing treatments. Furthermore, the use of
biochar may pose additional risks in terms of adsorption variability,
potential contamination, and N collection (Dong et al., 2023;
Nobaharan et al., 2021; Zheng et al., 2018). The utilization of algae
may also be associated with high harvesting costs, pathogen and
toxin infections, and stringent land requirements (CDC, 2024; Kim
et al., 2018; Yaakob et al., 2021). Therefore, abiotic approaches are
more suitable for removing high N and P concentrations from
wastewater residuals, with reactions fully monitored by sensors in a
synthesized system.

Struvite crystallization is known as magnesium ammonium
phosphate (MgNH4PO4·6H2O). Struvite precipitation is a

promising method for nutrient recovery. It offers a sustainable
alternative to abiotic N–N–N-P-removers with a stable
effectiveness. This process occurs when the concentrations of
Mg2+, PO3−

4 , and NH+
4 in wastewater exceed the solubility

product constant (Ksp; the critical value of 2.5 × 10−13). This was
reported to further precipitate NH+

4 and PO3−
4 as struvite crystals

via the following reaction (Aka et al., 2024):

Mg2+ + PO3−
4 + NH+

4 + 6H2O → MgNH4PO4·6H2O↓ (1)

This can result in the reduction of residuals of N and P in
wastewater and mitigation of the environmental burden while
recovering nutrients for potential reuse (Tarigan et al., 2025).
Struvite crystallization in cornstarch wastewater curbs the high
demand for chemicals and energy in conventional treatments.
This can address alkali consumption by reducing the need for
external alkali addition to adjust the pH, which can further decrease
the amount of sludge generated through the recovery of valuable
nutrients (Geng et al., 2024). However, its efficacy hinges on
controlling the key process facets of the solution pH, molar ratios,
and reaction conditions, which must be optimized collectively to
ensure the maximization of success (He et al., 2022). Studies have
confirmed its potential to alleviate eutrophication by reducing P
discharge (Wang et al., 2023); however, its implementation requires
precise management to ensure consistent outcomes (Oliveira et al.,
2021; Pesonen et al., 2020).

The conditions that determine the efficacy of N and P extracts
using struvite include the optimum pH, molar ratio of Mg to P,
aquatic temperature, reaction time, and stirring rate (Mugwili et al.,
2023; Saidou et al., 2009; Santos et al., 2024). The pH value that
governs struvite solubility and precipitation efficiency is typically
optimal [approximately 9.5 (Aguilar-Pozo et al., 2023)]. The Mg
to P molar ratio is often maintained above 1:1, which ensures
sufficient magnesium availability for crystal formation (Patel et al.,
2023). The ideal water temperature for the reaction with struvite
is ideally−25–30◦C, as it was suggested to accelerate the reaction
kinetics and enhance the struvite yield (Qi et al., 2024). The reaction
time can range from minutes to hours, with a longer reaction time
resulting in greater nutrient removal (Li et al., 2019; Liu et al., 2011).
The reaction is promoted by the stirring rate; however, an adequate
stirring rate facilitates homogeneous mixing and crystal growth
(Jaramillo et al., 2018). These facets collectively dictate the process
efficiency, and it is necessary to precisely control their co-effects
using sensors for optimal overall performance.

Monitoring the reaction conditions using sensors is pivotal
for real-time process optimization. The pH sensors detect shifts
critical for ammonia stripping and P precipitation, as demonstrated
using hollow fiber membrane contactors (Noriega-Hevia et al.,
2023). Conductivity sensors correlate ion variations with P uptake
in sequencing batch reactors (Aguado et al., 2006; Kim et al.,
2007). Temperature sensors ensure optimal reaction conditions,
whereas oxygen uptake rate measurements adjust aeration duration
to enhance nitrification (How et al., 2019; Shourjeh et al.,
2020). Oxidation–reduction potential (ORP) sensors identify
denitrification endpoints that can be used to optimize anoxic
phases (Casellas et al., 2006). Such sensor-based control improves
N and P removal efficiencies, reduces energy costs, and adapts to
influent variability (Romero et al., 2023). Despite these advances,
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the synthesis of sensors for the simultaneous monitoring and
control of all facets remains scarce, owing to the limited number
of studies integrating multifaceted sensor systems (Siontorou et al.,
2017). Although the development of such technologies is essential
for comprehensive process management, research gaps persist,
underscoring the need for innovative sensor design (Alatawi et al.,
2025; Petrea et al., 2023).

In this study, we conducted an evidence-based study to
verify the reaction performance of the N and P recycling rates
from cornstarch wastewater using a self-manufactured facility
with multiple sensors. The objectives of this study were to
(1) optimize the recovery of nitrogen and phosphorus from
cornstarch wastewater using struvite precipitation and (2) evaluate
the purity and morphological characteristics of the recovered
product. Single-factor and orthogonal experimental designs were
used to identify key factors and determine the optimal levels
of N and P recovery. This approach aims to enhance the
recovery efficiency while simultaneously minimizing treatment
costs and environmental impacts. The main components, crystal
morphology, and purity of the recovered product were analyzed
using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive spectroscopy (EDS) to verify
its potential as a recycled fertilizer. In addition, we propose
three hypotheses. First, the recovery efficiency of nitrogen and
phosphorus from corn starch wastewater using the struvite
crystallization method was significantly influenced by the pH,
water temperature, molar ratio of Mg2+ to P, reaction time, and
stirring rate. Second, the optimal conditions for N and phosphorus
recovery from cornstarch wastewater using struvite crystallization
can achieve high recovery rates of PO3−

4 -P and NH+
4 -N, with

the recovered product being predominantly high-purity struvite.
Finally, struvite has the potential to be utilized as a slow-release
fertilizer owing to its composition, morphology, and purity.

Materials and methods

Wastewater materials

Effluent water quality was analyzed using the internal
circulation (IC) anaerobic reactor of a wastewater treatment plant
owned by a large cornstarch enterprise. Pre-investigation results
indicated that the chemical oxygen demand measured using
potassium dichromate (K2Cr2O3) (CODCr) ranged from 210 to
560 mg·L1, NH+

4 -N ranged from 260 to 380 mg·L1, PO3−
4 -P ranged

from 60 to 90 mg·L1, and pH fluctuated between 7.28 and 7.52.
Based on these values, simulated wastewater was prepared by
dissolving soluble starch, NH 3 Cl solution, KH2PO 3 solution, and
tap water. The specific composition of the simulated wastewater
was ρ(CODCr) of 300 mg L−1, ρ(NH+

4 -N) of 300 mg L−1, ρ(PO3−
4 -

P) of 80 mg L−1, and pH values 6.56 of 6.82.

Experimental materials

The chemical reagents used in this study included magnesium
oxide (MgO), magnesium chloride (MgCl2·6H2O), potassium

hydrogen phosphate (KH2PO4), ammonium chloride (NH4Cl),
sodium hydroxide (NaOH), and hydrochloric acid (HCl). All the
chemicals were of analytical grade and were not subjected to
further purification.

Experiment layout

Experimental layout and sensors placement
The experiment was conducted under controlled conditions in

a facility using an integrated sensor. The framework was supported
by a water bathing tank equipped with aquatic sensors to maintain
constant aquatic temperatures (HH-8, Kexi Instrument Inc., Jintan,
China). It was framed using a stirring blender skeleton, which was
pillared by a panel with three stirring rods (JJ-4A, Kexi Instrument
Inc., Jintan, China).

Experimental solutions were prepared in 500 mL aliquots and
added to a 1,000 mL beaker. Three beakers were grouped in bulk
for testing the main effect conditions in a water bath (Figure 1). The
aquatic temperature was monitored using a sensor that switched the
water heating to maintain the temperature at the intended level.
The electric current for the entire facility was switched using a
reaction time controller. Modification of the Mg/P molar ratio was
initiated and regulated by adding MgCl2·6H2O and MgO at a molar
ratio of 1:2 to adjust the initial Mg/P molar ratio to 1:1. When the
reaction reached the lateral stage, 6 mol L−1 HCl was added to the
solution to stop the reaction by stopping the crystallization. Struvite
crystallization was extracted by centrifugation to leave the solution
in a beaker for subsequent analyses. One stirring rod was placed
in one beaker, where NaOH was added to the solution to adjust
the pH value within the range of 8.0–10.5 for the experimental
environment, which was monitored by a pH sensor (Sensor 1)
equipped over the route of solution flow from beakers to the buffer.
The PO3−

4 anion was measured in this buffer, HCl was added
to the buffer to reduce the pH, and NaOH was added when it
was excessively acidic. The extracted samples were continuously
extracted from the buffer to the Mg2+ detector only when the pH
value fell in the range of 3.0–8.5 by another sensor 2. Before stirring,
the sample was extracted from the reaction beaker to the buffer at
a flow rate of 1.2 mL s−1 until a total of 15 mL flow went through.
The experiment commenced only when the pH value indicated by
sensor 1 met the required level and HCl was added to the buffer.
The flow continued through sensor 2 at a rate of 1.2 mL s−1 until
a total of 10 mL was added. When the pH of the flow decreased
to a range of 3.0–8.5, Mg was monitored using a specific sensor.
Subsequently, the molar Mg:P ratio is determined.

Ion and anion measures
The Mg2+ solution was monitored using a magnesium ion-

selective electrode (ISE) (NTsensor, Vila-Seca, Spain). The sensor
measures Mg2+ concentrations ranging from 2.4 to 2,400 mg
L−1, equivalent to 1×10−4 to 0.1 mol L−1, with a reproducibility
accuracy of ±20% of the full scale when calibrated between 10 and
1,000 mg L−1. It is affected by interfering ions, such as K+ and
Ca2+, and operates effectively within a pH range of 3–8.5 without
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FIGURE 1

Theoretical roadmap of experimental conduction and measurements with sensors for multiple parameters.

pH compensation. The sensor functions at temperatures ranging
from 5◦C to 50◦C without temperature compensation, exhibits an
electrode slope of 24 ± 5 mV, and has an electrode resistance of
1–4 MΩ . A minimum immersion depth of 2 mm was required,
with the body diameter varying depending on the specific sensor
model used.

The PO3−
4 anion was detected using an Alyza IQ electrode

(Xylem Analytics, YSI Inc., Yellow Springs, OH, USA). The YSI
Alyza PO4 analyzer provides precise measurement of phosphate
anions across the range from 0.02 to 15.00 mg L−1 PO3−

4 -P with
a displayed range of 0.00 to 15.00 mg L−1, 0.01 mg L−1 resolution,
and accuracy of ± 2% or ± 0.02 mg L−1 (whichever is greater) with
a displayed range of 0.0 to 50.0 mg L−1, 0.05 mg L−1 resolution,
and accuracy of ± 2% or ± 0.2 mg L−1 (whichever is greater). The
sampling conditions were maintained at 4–45◦C and the pH was
controlled from 5 to 9. An optional filtration unit was used for high
solids content (up to 6,000 mg L−1).

Chemical characterization of struvite was performed using a
series of experiments. Fourier-Transform Infrared Spectroscopy
(FTIR) was performed using a Nicolet iS50 model (Thermo Fisher
Scientific, Waltham, MA, USA) to analyze the vibrational modes
of NH+

4 (1,400–1,500 cm1) and PO3−
4 (900–1,100 cm1) in struvite

crystals (Kowalczuk and Pitucha, 2019). X-ray photoelectron
spectroscopy (XPS) (K-Alpha, Thermo Fisher Scientific) was used
to determine the surface elemental composition and oxidation
states of Mg, P, and N (Woodruff, 2016). The EDS settings (e.g., 5–
20 kV, ∼130 eV resolution) were specified, and the elemental ratios
(Mg: P: N) were quantified to validate the stoichiometry of struvite
(Sidorczuk et al., 2020).

Single factor experiment
Simulated wastewater (500 mL) was collected and placed in a

1,000 mL beaker. According to the initial molar ratio of NH+
4 -N

to PO3−
4 -P in the simulated wastewater (8.3), the NH+

4 -N content

was excessive compared to the ordinary levels. Therefore, during
the experiment, MgO and MgCl2·6H2O were added to the reactive
solution based on the PO3−

4 -P content (with the molar ratio of
MgCl2·6H2O to MgO fixed at 1:2). Single-factor experiments were
conducted under different conditions with varying pH, Mg/P molar
ratio, aquatic temperature, reaction time, and stirring rate. In detail,
pH was set in values of 8.00, 8.50, 9.00, 9.50, 10.00, 10.50; the molar
ratio of Mg/P in 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0; aquatic temperature
was set to be 5◦C, 10◦C, 15◦C, 20◦C, 25◦C, 30◦C, 35◦C, and 40◦C;
reaction time was set to be 5 min, 10 min, 20 min, 30 min, 35 min,
40 min, 50 min, and 60 min; stirring rate was set to be 50 r·min1,
80 r·min1, 100 r·min1, 120 r·min1, 150 r·min1, 180 r·min1, and
210 r·min1. Immediately after the reaction, 6 mol·L1 HCl was
added to the wastewater sample and the mixture was centrifuged.
The concentrations of NH+

4 -N and PO3−
4 -P were measured in

the filtrate, and the recovery rates of NH+
4 -N and PO3−

4 -P were
calculated. The main effects of different pH values, molar ratio of
Mg/P, aquatic temperature, reaction time, and stirring rate were
analyzed on the recovery efficiencies of NH+

4 -N and PO3−
4 -P.

Single-factor experiments were performed under specified
experimental conditions. A volume of 500 mL of cornstarch
wastewater was used as a simulation (CODCr: 300 mg/L, NH+

4 -N:
300 mg/L, PO3−

4 -P: 80 mg/L, pH 6.56–6.82) in 1,000 mL beakers.
MgO and MgCl2·6H2O (molar ratio 2:1) were added based on the
PO3−

4 -P. One factor varied per test in pH of 8.0–10.5, Mg/P molar
ratio of 1.0–2.0, aquatic temperature of 5–40◦C, reaction time of
5–60 min, and stirring rate of 50–210 rpm. In the post-reaction, a
volume of 6 mol/L HCl was added to stop crystallization; thereafter,
the samples were centrifuged, and NH+

4 -N/PO3−
4 -P recovery rates

were calculated.

Orthogonal experiment
The single-factor experiment preliminarily optimized the

factors affecting struvite crystal precipitation but did not identify
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the optimal combination of conditions for struvite precipitation.
Based on the single-factor experiment results, the pH value
(A), Mg/P molar ratio (B), aquatic temperature (C), stirring
rate (D), and reaction time (E) were selected as factors, with
the recovery rates of NH+

4 -N and PO3−
4 -P as the response

variables for the orthogonal experiment. An L16(45) orthogonal
experiment was designed (Table 1) targeting the range of values
around the single-factor optimization results, and a range analysis
was used to determine the significance of the effects of the
factors on the yield. Range analysis is a method for analyzing
orthogonal experimental results, where factors with a larger
range (R) have a greater impact on recovery rates, whereas
factors with a smaller range suggest lower significance. Range
R is the difference between the maximum and minimum
average values of the levels, with K1i and K2i representing
the average recovery rates for level i of each factor column in
Table 1.

Post-crystallization analysis

Immediately after the experiment, 6 mol·L1 hydrochloric
acid was added to the water sample to stop the crystallization
reaction. The sample was centrifuged to separate the supernatant,
which was then retained for analysis. The precipitated crystals
were filtered through a 0.45 μm membrane, dried at 40◦C
for 48 h, and used for subsequent purity determination,
as well as component and morphological analysis of the
recovered product.

Ammonia-N was measured using Nessler’s reagent photometric
method. The sample was pretreated with sodium thiosulfate to
eliminate any interference such as chlorine. If necessary, flocculent
precipitation was performed using zinc sulfate and NaOH followed
by filtration of the supernatant. For color development, alkaline
Nessler’s reagent (potassium tetraiodomercurate (II) in NaOH)
was added to the sample and reacted with ammonia to form
a yellowish-brown colloidal complex. Potassium sodium tartrate
was added as a stabilizer and the absorbance of the colored
solution was measured using a spectrophotometer at approximately
420–430 nm. The phosphate concentration was determined using
the molybdenum-antimony anti-spectrophotometric method. The
recovered product was analyzed using X-ray diffraction (XRD)
and scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX-EDS). XRD was performed using Cu-Kα

radiation (λ = 1.5406 Å) to analyze the crystallographic structure
and determine the phase composition, lattice parameters (e.g.,
a = 3.5–10 Å), and crystallite sizes (typically 10–100 nm) by
measuring the diffraction angles (2θ = 10–80◦). SEM with energy-
dispersive X-ray spectroscopy (EDS) provided morphological and
elemental insights during operation at 5–20 kV, resulting in
the generation of high-resolution images. Visible results can be
magnified up to 100,000 × until they reveal the surface features
of an apparent quality (e.g., 10 nm resolution). EDS has an
energy resolution of ∼130 eV and can be used to identify the
elemental compositions (e.g., C, O, and Fe) and quantify their
weight percentages.

Variable calculation and statistics

As struvite is the only crystalline substance that contains
N (magnesium ammonium phosphate, MgNH4PO4·6H2O,
abbreviated as MAP), the purity of struvite can be characterized by
its N content, according to the following formula:

μMAP = nN × MMAP

mc
× 100% (2)

where μMAP is the percentage of struvite purity, nN is the molar
amount of N component in struvite, MMAP is the molar amount of
struvite, and mc is the mass quality of the recovery. In addition,
the recovery rates (η) of NH+

4 -N and PO3−
4 -P were calculated

as follows:

η = (C0 − Ce)
C0

× 100% (3)

where C0 is the initial concentration of either NH+
4 -N or PO3−

4 -
P (mg L−1) and Ce is the concentration in the post-recycling
wastewater (mg L−1).

SAS software (9.4 version, SAS Statistics Inc., Cary, NC, USA)
was used for statistical analysis. In the single-factor experiment,
the results were compared using one-way analysis of variance
(ANOVA), and the results were calculated as means and standard
errors. The condition-response records were fitted using the curves
derived from the highest determinant coefficient. The XRD pattern
of the struvite precipitate was analyzed using the Jade 6.5 software
(Materials Data Inc., Livermore, CA, USA), and the XRD spectra
were plotted with data derived from either standard references or
struvite objectives. In SAS, the PROC FACTEX was used to generate
orthogonal fractional factorial designs, and the PROC GLM was
employed to analyze the results of the orthogonal model.

Results

Single-factor experiment results

pH value gradient
The responses of the residual N amount to pH values can be

curved by a symmetric power equation, which indicates that the
pH value was infinitely close to 11.10 to minimize the residual N
amount (Figure 2A). The recycled N ratio responded to the pH
values that could be fitted to the curve of a sigmoidal exponential
function (Figure 2B). Therefore, the midpoint that marks the
inflection was 23.37, which is against a reasonable situation; hence,
the pH value increased at a steepness lower than 2.31. The amount
of residual P responded to the pH values that could be fitted to an
exponential decay curve, which resulted in a decay rate of 0.8071
(Figure 2C). The response of the recycled P ratio to the pH value
can be fitted using the rise-to-maximum exponential function,
which indicates that the recycled P ratio reached a maximum ratio
of 100% when the pH value was 11.05 (Figure 2D).

Mg/P molar ratio
The residual N amount responded to the increase in the

Mg/P molar ratio, which could be fitted by an exponential decay
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TABLE 1 Factors and levels of orthogonal experiments for recovery process optimization.

Level Factors

pH (A) Mg/P molar ratio
(B)

Aquatic temperature
(◦C)/(C)

Stirring rate (r
min−1)/(D)

Reaction time
(min)/(E)

1 9.00 1.4 15 100 20

2 9.50 1.6 20 120 30

3 10.00 1.8 25 150 35

4 10.50 2.0 30 180 40

FIGURE 2

Amounts and recycled ratios of nitrogen (N) and phosphorus (P) in post-experiment residuals (A, C) over the process where N and P were recycled
(B, D) in response to the pH gradient. Plots mark means with boxes being representative for N and triangles for P. Error bars represent standard errors.
The full lines mark the fit curves, with dashed lines framing the 95% confidence bands. In cell D, the maximum of y-axis is capped to 100% to prevent
error overflow to the biased range over 100%.

curve, with a decay rate of 0.0214 (Figure 3A). The response of
the recycled N ratio to the Mg/P molar ratio was fitted by an
increase-to-maximum exponential curve, which had an increasing
rate of 2.90 with a theoretical maximum of 29.23% (Figure 3B).
The amount of residual P responded to the Mg/P molar ratios that
could be fitted by an exponential decay curve, which resulted in
a decay rate of 1.5415 (Figure 3C). The response of the recycled
P to the Mg/P molar ratio can be fitted by the rise-to-maximum
exponential function, which indicates that the recycled P ratio
reached a maximum ratio of 98.52% at an increasing Mg/P ratio
of 3.00 (Figure 3D).

Aquatic temperature
The response of the amount of residual N to aquatic

temperature can be fitted by a 3-parameter symmetric power curve
(Figure 4A). Therefore, the residual N amount can be 265.8 mg
L−1 at an initial aquatic temperature of 5◦C, and the residual N

amount would reach zero if the aquatic temperature was 49.0731◦C.
The responses of recycled N ratio can be fitted by a curve of
sigmoid function, where the midpoint was 191.05◦C which was
much higher than the highest reasonable temperature of 40◦C,
and the steepness was lower than 31.90 (Figure 4B). The response
of the residual P amount to aquatic temperature can be fitted
by a quadratic polynomial curve, which indicated a minimum
P amount of 1.49 mg L−1 when the aquatic temperature was
25.72◦C (Figure 4C). The response of the recycled P ratio to aquatic
temperature can also be fitted by a quadratic polynomial curve,
which indicated a maximum recycled P ratio of 98.12% when the
aquatic temperature was 25.72◦C (Figure 4D).

Reaction time
The response of the amount of residual N to the reaction time

can be fitted by an exponential decay curve, which results in a
decay rate of 0.0048 (Figure 5A). The recycled N ratio increased
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FIGURE 3

Amounts and recycled ratios of nitrogen (N) and phosphorus (P) in post-experiment residuals (A, C) over the process in which N and P were recycled
(B, D) in response to Mg/P molar ratios. Plots mark means with boxes being representative for N and triangles for P. Error bars represent standard
errors. The full lines mark the fit curves, with dashed lines framing the 95% confidence bands.

FIGURE 4

Amounts and recycled ratios of nitrogen (N) and phosphorus (P) in post-experiment residuals (A, C) over the process where N and P were recycled
(B, D) in response to aquatic temperature. Plots mark means with boxes being representative for N and triangles for P. Error bars represent standard
errors. The full lines mark the fit curves, with dashed lines framing the 95% confidence bands.

with the reaction time, which can be fitted by a rise-to-maximum
exponential curve, indicating that the maximum recycled N ratio
was 29.41% at an increasing rate of 0.07 (Figure 5B). In contrast,

the amount of residual P decreased with reaction time, which could
be fitted by an exponential decay curve at a decreasing rate of 0.07
(Figure 5C). Theoretically, the recycled P ratio was maximized at
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FIGURE 5

Amounts and recycled ratios of nitrogen (N) and phosphorus (P) in post-experiment residuals (A, C) over the process in which N and P were recycled
(B, D) in response to reaction time. Plots mark means with boxes being representative for N and triangles for P. Error bars represent standard errors.
The full lines mark the fit curves, with dashed lines framing the 95% confidence bands.

96.95% when the reaction time was infinitely increased (Figure 5D).
When the reaction time reached a maximum level of 60 min, the
recycled P ratio was 96.95%.

Stirring rate
The amount of residual N decreased with increasing stirring

rate, which could be fitted by an exponential decay curve at a
decreasing rate of 0.0011 (Figure 6A). In contrast, the recycled
N ratio increased with increasing stirring rate to a maximum
level of 31.93% (Figure 6B). Again, the residual P amount also
decreased with stirring rate, which was fitted by an exponential
decay curve at a decline rate of 0.02 (Figure 6C). The recycled P
ratio increased with increasing stirring rate to a maximum level of
97.84% (Figure 6D).

Orthogonal experiment results

The performance of a 5-factor and 4-level orthogonal
experiment yielded the results listed in Table 2. R1 values decreased
in the following order: pH > aquatic temperature > reaction
time > stirring rate > Mg/P molar ratio. Accordingly, the order
of significance of the factors affecting the NH4+-N recovery rate
in the simulated wastewater was pH > aquatic temperature >

reaction time > stirring rate > Mg/P molar ratio. Therefore,
the main factors that influenced the NH4+-N recovery rate were
pH and aquatic temperature, whereas the secondary factors were
reaction time, stirring rate, and Mg/P molar ratio. According
to the orthogonal experimental results for the average NH4+-N

recovery rate at the same level for each factor, the optimal recovery
process combination for struvite crystallization was a pH value
of 10.50, aquatic temperature of 30◦C, reaction time of 35 min
(consistent with single-factor experimental results), stirring rate of
180 r min−1, and Mg/P molar ratio of 2.0.

The R2 values increased in the following order: Mg/P molar
ratio > pH > aquatic temperature > reaction time > stirring
rate). The order of significance for the factors affecting the PO3−

4 -
P recovery rate was Mg/P molar ratio > pH value > aquatic
temperature > reaction time > stirring rate. It can be concluded
that the main factors influencing the PO3−

4 -P recovery rate were
the Mg/P molar ratio and pH, whereas the secondary factors were
aquatic temperature, reaction time, and stirring rate.

According to the average PO3−
4 -P recovery rate at the same

level for each factor in the orthogonal experimental results, the
optimal recovery process combinations for struvite crystallization
were 9.50, aquatic temperature of 20◦C, reaction time of 30 min,
stirring rate of 150 r min−1, and 2.0, respectively.

Analysis of surface characteristics of
recovered struvite particles under the
optimal process conditions

The optimal scheme obtained from the orthogonal experiment
is verified using a validation test. The resulting crystalline
precipitate was filtered using a filter paper, placed in an
oven, and dried at 40◦C for 48 h. The dried material was
subjected to X-ray diffraction (XRD) analysis, and the results
are shown in Figure 7. The XRD pattern of the struvite
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FIGURE 6

Amounts and recycled ratios of nitrogen (N) and phosphorus (P) in post-experiment residuals (A, C) during the process where N and P were recycled
(B, D) in response to stirring rates. Plots mark means with boxes being representative for N and triangles for P. Error bars represent standard errors.
The full lines mark the fit curves, with dashed lines framing the 95% confidence bands.

precipitate was compared to the standard diffraction pattern
of MgNH4PO4·6H2O (PTF card 15-0762). The XRD pattern
of the struvite crystals generated under optimal conditions
closely matched the characteristic peaks of the standard
struvite card, indicating that the main component of the
precipitate was the struvite crystals (Figure 7). Additionally,
the purity of the struvite recovered under optimal conditions
was 99.35%.

The SEM images of the struvite particles are shown in
Figure 8. At 500× magnification, the former struvite crystals
appeared rod-shaped (Figure 8A). At 1,000× magnification,
the surface of the recovered product showed the presence
of adherent substances (Figure 8B). At a higher magnification
of 5,000×, this phenomenon was more clearly observed and
layered structures within the particles were visible (Figure 8C).
Energy-dispersive spectroscopy (EDS) analysis revealed that
the primary characteristic peaks of the recovered products
were O, Mg, and P (Figure 8D). This further confirmed
that the main component of the recovered precipitate was
struvite crystals.

The results of the EDX elemental quantitative analysis are
listed in Table 3. The atomic percentage of Ca was only 0.12,
indicating that Ca impurities precipitated. It was formed from
Ca2+ in tap water that reacted with PO3−

4 , and both resulted
in a trace amount of Ca3(PO4)2·xH2O, which is consistent
with the previously determined purity results. The molar ratio
of Mg/P was 1.15, suggesting the presence of other trace
Mg salt impurities such as Mg(OH)2 precipitates, in addition
to struvite.

Discussion

N removal from wastewater in response to
single-factor experiments

The single-factor experiments conducted in this study
elucidated the nuanced responses of N removal from cornstarch
wastewater via struvite crystallization. The experimental process
highlighted the influence of a single factor: pH, Mg/P molar ratio,
aquatic temperature, reaction time, and stirring rate. Specifically,
residual N exhibited a symmetric power curve response to pH,
approaching a minimum near pH 11.10. These findings align with
those of previous studies, which suggested that pH significantly
governed struvite solubility and precipitation efficiency, with
optimal N removal typically occurring around pH 9.5–10.5
due to enhanced ammonia availability for struvite formation
(Zeng et al., 2021; Zhao et al., 2024). This pH range was close
to the minimum amount of N removal, and the difference
between the studies resulted from variations in the reaction
performance of the wastewater types. However, the unusually
high inflection point observed in this study may reflect specific
wastewater characteristics such as high ammonium concentrations,
necessitating further investigation.

The Mg/P molar ratio influenced the amount of residual N
through an exponential decay curve with a decay rate of 0.0214.
The recycled N ratio followed an exponentially increasing trend,
reaching a theoretical maximum of 29.23%. These corroborate
studies demonstrating that an Mg/P ratio above 1:1 ensures
sufficient magnesium for struvite crystal formation, thereby
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TABLE 2 Results of the orthogonal experiment.

Experiment
number

A B C D E NH+
4 -N

Recovery
PO3−

4 -P
Recovery

pH Mg/P molar
ratio

Aquatic
temperature (◦C)

Stirring rate
(r·min−1)

Reaction
time (min)

% %

1 9.00 1.4 15 100 20 9.34 87.70

2 9.00 1.6 20 120 30 14.75 94.09

3 9.00 1.8 25 150 35 19.27 96.99

4 9.00 2.0 30 180 40 23.32 96.38

5 9.50 1.4 20 150 40 19.72 96.86

6 9.50 1.6 15 180 35 20.62 96.99

7 9.50 1.8 30 100 30 23.78 95.54

8 9.50 2.0 25 120 20 19.72 95.78

9 10.00 1.4 25 180 30 23.78 95.42

10 10.00 1.6 30 150 20 18.81 92.28

11 10.00 1.8 15 120 40 19.72 98.55

12 10.00 2.0 20 100 35 22.87 98.07

13 10.50 1.4 30 120 35 27.83 83.24

14 10.50 1.6 25 100 40 26.48 89.87

15 10.50 1.8 20 180 20 22.87 93.85

16 10.50 2.0 15 150 30 22.87 97.83

K11 16.67 20.17 18.14 20.62 17.69

K12 20.96 20.17 20.05 20.51 21.29

K13 21.29 21.41 22.31 20.17 22.65

K14 25.02 22.20 23.44 22.65 22.31

K21 93.79 90.81 95.27 92.79 92.40

K22 96.29 93.31 95.72 92.92 95.72

K23 96.08 96.23 94.51 95.99 93.82

K24 91.20 97.02 91.86 95.66 95.42

R1 8.35 2.03 5.30 2.48 4.96

R2 5.09 6.21 3.86 3.20 3.32

enhancing N recovery (Zheng et al., 2018; Zin and Kim, 2021).
For example, the study of Zin and Kim (2021) demonstrated that
using a Mg/P molar ratio of about 1:1 in the presence of Mg-
biochar significantly enhanced struvite formation, which recovered
92.2% of PO3−

4 -P and 54.8% of NH+
4 -N from food wastewater

and sewage sludge ash (Zin and Kim, 2021). In our study, aquatic
temperature affected residual N via a symmetric power curve that
predicted zero residual N at 49.07◦C. The recycled N ratio followed
a sigmoid function with a midpoint at 191.05◦C, which far exceeded
practical temperatures. This suggests limited practical impacts of
the solution temperature within the tested range (5–40◦C), which is
consistent with the findings that optimal struvite formation occurs
at 25–30◦C (Zhang et al., 2020).

The reaction time exhibited an exponential decay in residual N
at a rate of 0.0048 and an exponential increase in the recycled N
ratio (up to a maximum of 29.41%). These results are consistent

with those of previous studies, which indicated that a longer
reaction time can enhance N removal by promoting sufficient
crystal growth (Yang et al., 2024). Similarly, the stirring rate
exponentially reduced the residual N (rate 0.0011) and increased
the recycled N ratio to 31.93%, which supports the evidence that
adequate stirring can promote homogeneous mixing and crystal
formation (Zhai et al., 2022). The fitted curves for Mg/P, reaction
time, and stirring rate can be described by exponential models,
and the fitted curves for pH and temperature can be described
by sigmoidal or power models. Together, these factors contribute
to the reflection of the complex interactions between chemical
kinetics and physical conditions. These findings are consistent with
those of previous studies on the struvite precipitation dynamics
(Zhou et al., 2024; Zhu et al., 2020). These results underscore
the need for the precise control of these facets through sensor-
based monitoring systems to optimize N recovery and minimize
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FIGURE 7

The XRD pattern of struvite crystallization was obtained under
optimal reaction conditions.

environmental impacts. This was highlighted by the high purity
(99.35%) of the struvite obtained under the optimal conditions in
this study.

P removal from wastewater in response to
single-factor experiments

The findings of this study confirm that struvite crystallization
is a viable approach for recovering P from cornstarch wastewater,
which aligns with the principles of circular economy by
transforming waste into a valuable resource (Achilleos et al., 2022).
The recovery rates of PO3−

4 -P can be as high as 98.52%, which
is higher than that of NH+

4 -N (up to 31.93%) under optimized
conditions, underscoring the potential of struvite as a slow-release
fertilizer. This P recovery rate was comparable to that reported
by Wang et al. (2021); however, the N recovery rate in the
present study was much lower. The use of a sensor-equipped
facility enabled precise control of reaction conditions that further
enhanced the process efficiency and product purity by removing
P. This was verified by XRD and SEM-EDS analyses, which
corroborated previous studies demonstrating the efficacy of struvite
for nutrient recovery from various waste streams, such as swine
manure (Zhang et al., 2020) and urine (Zheng et al., 2018). The
orthogonal experiment revealed that pH and the Mg/P molar ratio
were the most significant factors influencing P recovery, whereas
pH and aquatic temperature were more critical for N recovery.
These conditions are consistent with findings that emphasize the
importance of these parameters in struvite formation (Zeng et al.,
2021; Zhao et al., 2024). For example, a pot experiment validated the
agronomic potential of recovered struvite, with results unraveled
through enhanced plant growth compared to superphosphate,
which can be explained by the slow-release properties (Li et al.,
2025). However, challenges existed in results caused by factors such
as the trace impurities of calcium phosphate [Ca3(PO4)2]. Precise

sensor-based monitoring is required in future research to optimize
scalability and cost-effectiveness (Zhu et al., 2020; Zin and Kim,
2021).

The single-factor experiments provided detailed insights into
the P removal dynamics in response to the pH, Mg/P molar ratio,
water temperature, reaction time, and stirring rate. The exponential
decay curve for the amount of residual P with increasing pH
reached a minimum at pH 11.05, which reflects the enhanced
solubility and precipitation of struvite at higher pH levels (Zhou
et al., 2024). The rise-to-maximum exponential function for 100%
recycled P ratio peaked at pH 11.05, which aligns with results
indicating optimal struvite formation around pH 9.5–10.5 (Zeng
et al., 2021). The exponential decay of residual P and the rise-
to-maximum curve for recycled P (98.52% at an Mg/P molar
ratio of 3.00) indicated that adequate Mg availability is essential
for effective P precipitation. According to a study by Zhu et al.
(2020), MgO-biochar (synthesized via fast pyrolysis of MgCl2-
impregnated corn stalks) achieved a 99% phosphate removal rate
from a 198.705 mg P/L solution, which endorsed the critical role
of magnesium availability in effective phosphorus precipitation
with evidence by the formation of Mg3(PO4)2 and MgHPO4
precipitates at an optimal Mg/P molar ratio (Zhu et al., 2020). The
quadratic polynomial curve for P removal with respect to aquatic
temperature and temperature peaked at 25.72◦C that resulting in a
98.12% recovery rate. This indicates an optimal temperature range
for reaction kinetics, which is consistent with the findings of Zhao
et al. (2024). The exponential decay of residual P increased with the
reaction time and was coupled with a maximum recycled P ratio
of 96.95% in 60 min. This highlights the importance of adequate
reaction duration, as noted by Zin and Kim (2021). Similarly, the
exponential decay of residual P went with the increase in stirring
rate and reached a 97.84% recovery at 210 r·min1. This underscores
the role of homogeneous mixing in crystal growth and explains
the findings of Yang et al. (2024). These curve characteristics
together contributed to the higher recovery rates for both N and P,
which were attributed to the integrated sensor system and real-time
optimization of multifaceted reaction conditions (Zhai et al., 2022;
Zhang S. J. et al., 2023). Future studies should explore the scalability
of sensor-based systems and long-term stability of struvite under
diverse soil conditions to further enhance its practical application.

In the single factor of pH mediation, error bars for recycled
P presented standard errors, which resulted in large variations in
treatments with pH values of 8.5, 9.0, and 9.5, caused by large
variations among replicated observations. This variability likely
stems from the sensitivity of struvite crystallization to pH, which
significantly influences the solubility and precipitation efficiency
of P in struvite (MgNH4PO4·6H2O). At pH 8.5–9.5, struvite
formation was highly sensitive to pH fluctuations, even within
a small range. This pH range is close to the optimal pH range
(approximately 9.0–10.0) for precipitation, where slight deviations
can cause inconsistent crystal formation or dissolution. These
inconsistent pH values can be critical because they straddled the
threshold where struvite solubility shifted and led to variable
P recycling rates. Factors such as inconsistent mixing, sensor
calibration errors, and minor variations in wastewater composition
(e.g., ion concentrations) could amplify this variability and result in
large standard errors. The study noted that pH is a primary factor
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FIGURE 8

SEM-EDS images of recovered products. (A), 500 × magnification; (B), 1000 × magnification; (C), 5000 × magnification; (D), EDS spectrum with
elemental peaks.

affecting recovery rates, and orthogonal experiments confirmed its
significant impact. At these pH levels, the sensitivity of the system
to external conditions likely caused the high variability observed.
Overall, the high variation in the recycled P ratio is reasonable;
however, future work is suggested to overcome this variability.

N and P removals from wastewater in
response to multi-factor experiments

This study elucidated the efficacy of struvite crystallization for
N and P recovery from cornstarch wastewater, which aligns with
the need for sustainable nutrient management in agroindustrial

systems. The experimental design incorporated both single-
factor and orthogonal experiments, which together provided a
robust framework for identifying key factors influencing struvite
precipitation. The use of sensors for real-time monitoring of
pH, Mg2+, and PO3−

4 concentrations ensured optimal reaction
conditions and minimized chemical inputs and sludge production.
This approach contrasts with conventional chemical precipitation
methods, which often generate secondary contaminants (Mohan
et al., 2020). The high purity of the recovered struvite (99.35%)
was confirmed by XRD and SEM-EDS analyses, which highlights
its suitability as a slow-release fertilizer and offers a sustainable
alternative to conventional phosphate fertilizers (Zhou et al., 2024).

The optimal conditions for NH+
4 -N recovery were determined

to be a combination of factors at a pH of 10.50, Mg/P molar
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TABLE 3 EDX element quantitativean alysis results.

Element Atomic percent (%)

C 32.21 ± 0.2

N 2.94 ± 0.14

O 44.97 ± 0.24

Na 0.15 ± 0.02

Mg 10.23 ± 0.07

P 9.12 ± 0.06

K 0.26 ± 0.01

Ca 0.12 ± 0.01

Total 100

ratio of 2.0, aquatic temperature of 30◦C, reaction time of 35 min,
and stirring rate of 180 rpm. Otherwise, the optimization for
PO3−

4 -P was characterized by a combination of pH of 9.50, Mg/P
molar ratio of 2.0, aquatic temperature of 20◦C, reaction time of
30 min, and stirring rate of 150 r·min1. These conditions yielded
NH+

4 -N and PO3−
4 -P recovery rates of up to 27.83% and 98.55%,

respectively, surpassing those reported in similar studies using
biochar or algal systems (Mohsenpour et al., 2021; Zhu et al., 2020).
Compared to the results of 99.2% P recovery from swine manure
via catalytic-thermal hydrolysis found by Zhang et al. (2020), our
study demonstrated a comparable P recovery with lower energy
inputs due to sensor-driven optimization. However, our N recovery
remains lower than that in previous systems, such as the case
reported by Yang et al. (2024), where N recovery of 89% was
obtained through bipolar membrane electrodialysis.

The struvite crystals exhibited a rod-shaped morphology and
high purity, which is consistent with the findings of Zheng et al.
(2018), who noted enhanced N and P recovery with biochar-
assisted struvite precipitation. The rod-shaped morphology of the
struvite crystals likely resulted from a controlled crystallization
process influenced by the specific concentrations and ratios of
magnesium, ammonium, and phosphate ions in corn-processing
wastewater. This controlled environment was coupled with efficient
precipitation conditions that favored the formation of struvite.
Pot experiments confirmed the fertilizer potential of the recovered
struvite, which concurs with the results of efficacy in vegetable
growth (Li et al., 2025). These results advocate scaling up sensor-
integrated struvite crystallization systems to address nutrient
pollution, while promoting resource recovery. They also offer
a model for sustainable wastewater management in the corn
processing industry.

The surface feature characteristics of
post-experiment struvite

The surface characteristics of the struvite crystals recovered
from cornstarch wastewater were analyzed using XRD, SEM,
and EDS. Surface features provide critical insights into their
composition and potential as fertilizers. The XRD patterns
confirmed that the precipitate consisted primarily of struvite with

a purity of 99.35%, which closely aligned with the standard
diffraction pattern (PTF card 15-0762). This high purity is
consistent with findings from studies on struvite precipitation
from nutrient-rich wastewater, where controlled pH and molar
ratios enhance crystal formation (Zhang et al., 2020; Zheng
et al., 2018). SEM images revealed rod-shaped crystals at 500×
magnification, with layered structures and adhered substances
visible at higher magnifications (1,000× and 5,000×, respectively).
These morphological features corroborate the observations of
struvite used for nutrient recovery from swine manure, where
struvite exhibited similar rod-like structures under optimized
conditions (Zhang et al., 2020). EDS analysis identified the
dominant elements (O, Mg, and P) and trace impurities, such as
Ca (0.12%). This suggests minor calcium phosphate formation,
which is a common byproduct of wastewater containing tap water
(Zeng et al., 2021). A Mg/P molar ratio of 1.15 indicates potential
Mg(OH)2 impurities, which is in agreement with previous studies
on urine-derived struvite (Zhang B. et al., 2023). Compared to
biochar-based struvite recovery (∼88.0%), which often shows lower
purity due to high adsorption variability (Zhou et al., 2024; Zhu
et al., 2020), our sensor-controlled precipitation achieved superior
crystal quality. These characteristics enhance the applicability of
struvite as a slow-release fertilizer, as validated by pot experiments
showing improved plant growth (Zhao et al., 2024). The integration
of real-time sensor monitoring is likely to minimize impurities and
advance nutrient recovery systems.

The recovered struvite exhibited rod-shaped morphology,
which was confirmed by SEM with EDS at 5–20 kV. It was
revealed with high purity (98.55%) and a specific spectrum of
elemental composition (Mg, P, and N). To further elucidate
the microscopic morphology, Transmission Electron Microscopy
(TEM, JEOL JEM-2100F, 200 kV) was employed to visualize the
nanoscale crystal structure of struvite to reveal the lattice fringes
and confirm the rod-shaped morphology. Brunauer-Emmett-Teller
(BET) analysis (Micromeritics ASAP 2020) can be used to measure
the surface area and pore size distribution of struvite, depending
on its suitability for slow-release fertilizer applications. These
approaches were suggested by Zheng et al. (2018), who highlighted
that the controlled crystallization process is influenced by specific
concentrations of magnesium, ammonium, and phosphate ions in
corn-processing wastewater, enhancing the potential of struvite for
sustainable nutrient recovery.

Applicative suggestions for using struvite in
N and P removals in corn wastewater

The present study demonstrated the efficacy of struvite
crystallization for N and P recovery from cornstarch wastewater,
achieving high recovery rates and producing a high-purity struvite
product suitable as a slow-release fertilizer. These results support
previous findings that struvite precipitation can effectively mitigate
the risk of eutrophication by reducing the nutrient discharge (Zeng
et al., 2021). The orthogonal experimental design revealed that pH
and Mg/P molar ratio are critical for optimizing PO3−

4 -P recovery,
while pH and aquatic temperature significantly influence NH+

4 -N
recovery. These findings corroborate earlier research emphasizing
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the precise control of reaction conditions to maximize struvite yield
(Wang et al., 2023; Zhao et al., 2024).

The high purity (99.35%) of the recovered struvite was
confirmed by XRD and SEM-EDS analyses, which underscores
its potential for agricultural reuse, consistent with studies
highlighting struvite slow-release properties (Li et al., 2025).
The rod-shaped crystal morphology observed enhanced its
applicability as a fertilizer, but the trace impurities [like Ca3(PO4)2]
suggest a need for further refinement to eliminate secondary
precipitates, as noted in nutrient recovery studies (Zhang B. et al.,
2023). Compared to conventional chemical precipitation, struvite
crystallization reduces sludge production and chemical inputs,
offering a sustainable alternative strategy compared to conventional
methodology (Zhai et al., 2022). The integration of biochar or
algal systems was explored in prior studies, and their results were
further enhanced in our study for nutrient capture, but they faced
challenges such as adsorption variability or high harvesting costs,
as mentioned by previous scholars (Mohsenpour et al., 2021; Zhu
et al., 2020). The abiotic approach used in this study avoided such
biotic limitations and ensured more stable performance.

A sensor-based system was used to monitor the pH, Mg/P
ratio, aquatic temperature, reaction time, and stirring rate, which
together enabled real-time optimization to synthesize the best
conditions for these facets. Their combination can improve
efficiency and reduce energy costs, which is essential for industrial
popularization because high precision can meet advancements
in sensor-driven wastewater treatment (Zheng et al., 2023). The
adaptability of the system to influent variability supports its
scalability for industrial applications.

Policies should incentivize struvite recovery facilities and
integrate sensor technologies for process control to promote N and
P recycling in the corn deep-processing industry. Subsidies can be
considered for adopting waste-derived fertilizers and regulations
enforcing nutrient discharge limits that may have driven the
adoption of circular economic principles (Bermúdez et al., 2024).
Future research should focus on cost-effective sensor integration
and long-term field trials to validate the agricultural benefits
of struvite.

Conclusion

This study explored struvite crystallization as a sustainable
method to recover N and P from cornstarch wastewater, with
the aim of addressing eutrophication risks and promoting circular
economic principles. This study utilized a sensor-equipped facility
to optimize the reaction conditions and achieve high-purity struvite
for potential use as a slow-release fertilizer. This study employed
both single-factor and orthogonal experiments to identify the
optimal conditions for N and P recovery. Key factors that
influence the recovery rate include pH, Mg/P molar ratio, aquatic
temperature, reaction time, and stirring rate. For NH+

4 -N, the
optimal recovery (up to 27.83%) occurred under the combined
conditions of pH 10.50, Mg/P ratio of 2.0, 30◦C, reaction time
of 35 min, and stirring at 180 rpm. For PO3−

4 -P, however, the
optimal recovery was much higher up to 98.55% which was
achieved at another combination of facets in pH 9.50, Mg/P

ratio of 2.0, aquatic temperature at 20◦C, reaction in 30 min, and
stirring at 150 r·min1. Both were attributed to the employment
of a sensor-based monitoring system that ensured precise control,
minimized chemical inputs, and controlled sludge production
compared to conventional methods. XRD, SEM, and EDS analyses
confirmed the high purity of the recovered struvite (99.35%)
and its rod-shaped morphology with minimal impurities, such as
calcium phosphate. These characteristics together enhance their
suitability as controlled-release fertilizers in theory, supported
by prior botanical studies. This approach outperformed biochar
and algal systems by avoiding adsorption variability and high
harvesting costs. Overall, these findings advocate scaling up sensor-
integrated struvite crystallization in corn-processing industries to
mitigate nutrient pollution and recover resources. Policy incentives,
cost-effective sensor integration, and long-term field trials are
recommended for promoting sustainable wastewater management
and agricultural reuse.
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