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Abstract: 3,4-dimethylpyrazole (DMPZ), when used as a nitrification inhibitor, ex-
hibits volatility, poor thermal stability, high production costs, and limited functional-
ity restricted to nitrogen fixation. To address these limitations and introduce novel
phosphorus-solubilizing and soil-loosening abilities, herein, a poly (acrylamide-co-acrylic
acid)-encapsulated NI (P(AA-co-AM)-e-NI) is synthesized by incorporating linear P(AM-
co-AA) macromolecular structures into NI systems. The P(AA-co-AM)-e-NI demonstrates
an obvious phase transition from a glassy state to a rubbery state, with a glass transition
temperature of ~150 ◦C. Only 5 wt% of the weight loss occurs at 220 ◦C, meeting the tem-
perature requirements of the high-tower melt granulation process (≥165 ◦C). The DMPZ
content in P(AA-co-AM)-e-NI is 1.067 wt%, representing a 120% increase compared to our
previous products (0.484 wt%). P(AA-co-AM)-e-NI can effectively reduce the abundance of
ammonia-oxidizing bacteria and prolong the duration during which nitrogen fertilizers
exist in the form of ammonium nitrogen. It can also cooperatively enhance the conversion
of insoluble phosphorus into soluble phosphorus in the presence of ammonium nitro-
gen (NH4

+-N). In addition, upon adding P(AA-co-AM)-e-NI into soils, soil bulk density
and hardness decrease by 9.2% and 10.5%, respectively, and soil permeability increases
by 10.5%, showing that it has a good soil-loosening ability and capacity to regulate the
soil environment.

Keywords: nitrification inhibitor; 3,4-dimethyl pyrazole; soil-loosening ability; phosphorous-
solubilizing ability; nitrogen fixation ability; high-temperature stability

1. Introduction
Amide N fertilizers in the soil can be hydrolyzed into NH4

+-N, which is readily
absorbed and utilized by plant roots. Therefore, in agriculture, amide N fertilizers, like
ammonium N fertilizers, are extensively employed to increase crop yields [1–3]. However,
under the influence of ammonia-oxidizing bacteria (AOB), NH4

+-N can be converted
into nitrate nitrogen (NO3

−-N), which is prone to loss through leaching into soil and
water [4–6]. Research has demonstrated that NIs can effectively inhibit the activity of AOB
and further slow down the transformation of the above conversion process [7–11], and
they are therefore commonly utilized as fertilizer additives to reduce the loss of nitrogen
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fertilizers and prolong the efficacy period of NH4
+-N. Correspondingly, the reduction in

nitrogen fertilizer losses also mitigates their impact on crop quality and yield, as well as
the environmental pollution of the atmosphere, surface water, and groundwater. However,
currently widely used NIs, such as DMPZ [10–14], exhibit volatility, high production costs,
poor high-temperature stability, and limited nitrogen fixation capabilities.

Volatilization and temperature resistance are improved by introducing the polyacrylic
acid (PAA) macromolecular structure into NI systems, and a novel phosphorus-solubilizing
ability is also given [15–17]. However, in previous studies, the content of DMPZ remained
relatively low, and further enhancements in other functionalities are required. In addition,
issues such as soil compaction, reduced air and water permeability, and severe crusting
caused by excessive fertilization necessitate further resolution. Therefore, introducing the
flocculating macromolecular structures of polyacrylamide (PAM) [18–23] into NI systems
represents a significant challenge, aiming to endow NI with a novel soil-loosening ability
while preserving its original nitrogen fixation and phosphorus-solubilizing capabilities.

In this work, by complexing high-temperature-resistant silica (H2SiO3) with DMPZ
and subsequent encapsulation with P(AM-co-AA), a P(AA-co-AM)-e-NI with a structure of
P(AM-co-AA)/H2SiO3·DMPZ/P(AM-co-AA) is synthesized. In this way, the macromolecu-
lar structures of P(AM-co-AA) are introduced into the NI systems, thereby endowing NI
with novel soil-loosening and phosphorous-solubilizing abilities. Its resistance to high
temperatures is enhanced by the complexation of H2SiO3 with DMPZ and by the encap-
sulation of the polymer matrix. Furthermore, the content of DMPZ in P(AA-co-AM)-e-NI
has been increased by optimizing the synthesis processes and conditions. The cooper-
ative ability of P(AA-co-AM)-e-NI to accelerate the conversion of insoluble phosphorus
into soluble phosphorus in the presence of NH4

+-N was also investigated. This study
addresses the shortcomings of the currently widely used NI and fills the research gap re-
garding the simultaneous possession of high-temperature resistance, soil-loosening ability,
phosphorous-solubilizing ability, and nitrogen fixing ability. It also provides innovative
ideas and methods on how to develop NI.

2. Experimental Sections
2.1. Fabrication Processes

The fabrication processes of P(AA-co-AM)-e-NI, as illustrated in Figure S1, are de-
scribed as follows:

(I) A total of 10 g of sodium silicate (Na2SiO3, 97%, Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China) was dissolved in 200 g of deionized water under magnetic stirring
(C MAG HS7, KA Werke GmbH & Co. KG, Guangzhou, China) at 100 rpm for 20 min.
After ensuring that the Na2SiO3 was completely dissolved, 10 g of sulfuric acid (H2SO4,
98%, Yantai Yuandong Fine Chemicals Co., Ltd., Yantai, China) was added to react with
the Na2SiO3 to produce H2SiO3. Then, 20 g of acrylamide (AM, 99%, Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China) and 5 g of acrylic acid (AA, 99%, Tianjin Damao
Chemical Reagent Factory, Tianjin, China) were injected. Subsequently, 5.6 g of self-made
compound initiators was slowly introduced into the mixture, which was then magnetically
stirred at a speed of 100 rpm for 30 min. The reaction temperature was lastly increased to
45 ◦C, where AM was co-polymerized with AA for a duration of 3.5 h.

(II) A total of 100 g of the solution obtained from step (I) was redissolved in 100 g of
deionized water. To ensure complete dissolution, the magnetic stirring speed was set at
250 r/min. After complete dissolution, equal masses of Na2SiO3 and H2SO4 were added
again, and the reaction between Na2SiO3 and H2SO4 was carried out at room temperature
for 30 min. Subsequently, 30 g of AA and 10 g of DMPZ (Xiya Reagent Co., Ltd., Linyi,
China) were successively added and magnetically stirred at 250 rpm for 10 min. Once
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DMPZ was fully dissolved, 4.5 g of the self-made compound initiator was slowly injected
to induce the copolymerization of P(AM-co-AA) with AA and the complexation of H2SiO3

with DMPZ. Finally, P(AA-co-AM)-e-NI was obtained after reacting at 75 ◦C for 4 h.
Herein, the compound initiator was prepared in our laboratory according to ref. [16].
The powder samples, which were prepared by precipitating P(AA-co-AM)-e-NI in

anhydrous ethanol (99.5%, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China),
followed by drying at 70 ◦C for 1 h and subsequent grinding, were used to test the glass
transition temperature (Tg), temperature resistance, and chemical structure of P(AA-co-
AM)-e-NI.

2.2. Methods

To obtain the appearance time range of the DMPZ absorption peak, a high-performance
liquid chromatograph (HPLC, VERTEX-70, Bruker, Ettlingen, Germany) equipped with a
C18 column was first used to test the HPLC images of DMPP standard aqueous solutions
with different concentrations and then the HPLC image of P(AA-co-AM)-e-NI aqueous
solution with a concentration of 17.18025 g/mL. Based on the relationship between the
DMPZ absorption peak area and the concentration of the DMPP standard aqueous solution,
a linear standard equation was obtained between them to calculate the content of DMPZ
complexed in P(AA-co-AM)-e-NI. During the test, the C18 column temperature was set to
30 ◦C, the test wavelength was 224 nm, the flow rate of acetonitrile/0.1‰ phosphoric acid
(flow phase) was controlled at 0.8 mL/min, and the injection volumes of both DMPP and
P(AA-co-AM)-e-NI aqueous solutions were controlled at 5 µL.

Chemical structures of P(AA-co-AM)-e-NI at a wavenumber range between 4000 and
500 cm−1 were characterized by Fourier transform infrared spectroscopy (FTIR, Vertex-
70, Bruker, Karlsruhe, Germany). The resolution and number of scans during FTIR tests
were set to 4 cm−1 and 32, respectively. The components in P(AA-co-AM)-e-NI among
the 2θ rang of 5~90◦ were also characterized using a high-resolution X-ray diffractometer
(XRD, D8 Advance, Bruker, Karlsruhe, Germany). The emission source employed Cu Kα

radiation with a wavelength of 1.5405 nm. During the XRD tests, the scanning speed was
set to 0.4 s per step, while the tube voltage and current were maintained at 40 kV and
40 mA, respectively.

The temperature resistance of P(AA-co-AM)-e-NI at 25~700 ◦C was measured using
thermogravimetric analysis (TGA, 18 TGAQ50/DSAQ20, New Castle County, DE, USA).
The phase transition behavior and Tg of P(AA-co-AM)-e-NI at 25~200 ◦C were characterized
by using a differential scanning calorimeter (DSC, TGAQ50/DSAQ20, New Castle County,
DE, USA). During both DSC and TGA tests, the temperature gradient was controlled at
5 ◦C/min, and dry nitrogen was utilized as a protective gas. Herein, Tg is defined as the
midpoint of the step-like increase in Cp, while the decomposition temperature (Td) was
determined as the temperature corresponding to 5% weight loss.

The phosphorus-solubilizing capability of P(AA-co-AM)-e-NI was evaluated by as-
sessing its ability to convert insoluble phosphates into soluble phosphorus. Specifically, a
turbid insoluble phosphate solution was prepared by mixing 5 mL of 0.05 g/mL calcium
nitrate solution and 5 mL of an orthophosphate solution (pH = 7.8) in 200 mL of deionized
water. Subsequently, P(AA-co-AM)-e-NI was added into the above suspension to observe
whether clarification occurred. The entire phosphorus-solubilizing process was recorded
using a camera. Additionally, the influence of the NH4

+-N content on the time and degree
of clarification of the insoluble phosphate turbid solution was investigated.

The soil-loosening ability of P(AA-co-AM)-e-NI was demonstrated by comparing the
formation of soil aggregates in soil aqueous solution before and after its addition. The
experimental protocol consisted of adding 50 g of finely sieved soil and 200 mL of deionized
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water into two graduated cylinders, followed by vigorous shaking to create a homogeneous
soil suspension. Then, 2 mL of P(AA-co-AM)-e-NI was put into one cylinder, and the other
served as a control group without the additive. To observe changes in soil particle behavior,
including settling time, the final settling height of soil particles, and aggregate formation,
both cylinders were shaken again and placed side by side.

Changes in soil density and compactness at a depth of 0~10 cm after the application
of 15 g of P(AA-co-AM)-e-NI were quantitatively assessed using the cutting ring method
and a soil compaction tester (TJSD-750-II, Zhejiang Top Cloud-Agri Technology Co., Ltd.,
Hangzhou, China). Soil porosity was calculated from bulk density and soil-specific gravity
(2.65 g/cm3). The test was conducted on a 10 m2 plot located in two adjacent areas on the
campus of Qilu University of Technology, Shandong Academy of Sciences.

The nitrogen fixation ability of P(AA-co-AM)-e-NI was investigated by detecting the
changes in soil NH4

+-N, NO2
−-N and NO3

−-N contents, as well as AOB abundance under
different incubation times. Three treatments were prepared, 0 g of P(AA-co-AM)-e-NI (CK),
0.4573 g of P(AA-co-AM)-e-NI (test group), and 0.0503 g of DMPP (comparison group),
each dissolved in 100 mL of deionized water and mixed with 1.0714 g of urea dissolved
in 100 mL of deionized water. These mixtures were evenly sprayed onto 25 g of dry
corn–wheat rotation soil. All groups were cultured under controlled conditions at 25 ◦C
with 20% relative humidity for 0 h, 16 h, 32 h, 48 h, 72 h, 120 h, 168 h, 240 h, 360 h, and
600 h, respectively. Changes in the contents of soil NH4

+-N, NO2
−-N and NO3

−-N were
quantified using destructive sampling methods combined with a continuous flow analytical
system. The copy numbers of AOB at 168 h, 240 h, 360 h, and 600 h were determined by
real-time PCR analysis. It is worth noting that the DMPZ content in the total amount of
P(AA-co-AM)-e-NI is comparable to that in the total amount of DMPP.

3. Results and Discussion
3.1. Content of DMPZ in P(AA-co-AM)-e-NI

HPLC figure of the DMPP standard sample with different aqueous solution concen-
trations is shown in Figure S2. It can be seen that the absorption peak of DMPZ appears
between 8 and 10 min. The linear standard equation (y = 2.6733x − 0.8473, R2 = 0.9994), as
demonstrated in Figure S3, is also obtained by fitting the concentrations of DMPP standard
aqueous solutions with the integral areas of the DMPZ absorption peaks. The HPLC picture
of P(AA-co-AM)-e-NI with an aqueous solution concentration of 17.18025 µg/mL is shown
in Figure 1.
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Although some small miscellaneous peaks of other components appear in the 2~5 min
time range, the DMPZ absorption peak, with an integral area of 18.8736, still appears signifi-
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cantly in the 8~10 min time range. This confirms the successful complexation of DMPZ with
H2SiO3, indicating that P(AA-co-AM)-e-NI contains DMPZ. Using Equations (S1) and (S2)
and the linear standard linear equation (y = 2.6733x − 0.8473, R2 = 0.9994), The calculated
DMPZ content in P(AA-co-AM)-e-NI is 1.067 wt%, which is 120% higher than that in our
previous product (0.484 wt%) [16]. The higher the content of DMPZ in P(AA-co-AM)-e-NI,
the better the inhibitory effect on AOB activity, thus significantly inhibiting the conversion
of NH4

+-N to NO3
−-N. As a result, the utilization rate of nitrogen fertilizers can be effec-

tively improved, and crop yields can also be significantly increased, even with reduced
application amounts of nitrogen fertilizers.

3.2. Chemical Structures

The actual product is demonstrated in Figure 2a. The XRD and DSC curves of P(AA-
co-AM)-e-NI are shown in Figures 2b and 2c, respectively. During the synthesis of P(AA-co-
AM)-e-NI, the formation of sodium sulfate (Na2SO4) was observed. Furthermore, P(AA-co-
AM)-e-NI exhibits an obvious phase transition from a glassy state to a rubbery state. The
FTIR spectrum of P(AA-co-AM)-e-NI is shown in Figure 2d. In this figure, the absorption
peaks corresponding to SO4

2− at 1138 cm−1 and 619 cm−1, as well as the absorption peak
of Si-O-H at 967 cm−1, are identified. These findings confirm the successful production
of H2SiO3 and Na2SO4, which aligns with the results obtained from XRD analysis. In
addition, no absorption peaks are detected for the =CH2 and =CH groups present in both
AA and AM at 983 cm−1 and 818 cm−1, respectively. This indicates that AM is completely
copolymerized with AA. This result is further supported by the observation that the Tg of
P(AA-co-AM)-e-NI (~150 ◦C) lies between those of pure PAA (~80 ◦C) and PAM (~180 ◦C).
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New absorption peaks at 1618 cm−1 and 1414 cm−1, which are absent in AA, AM,
and DMPZ, are found. It has been proved that the asymmetric and symmetric stretch-
ing vibration peaks of COO− in COONa appear at 1546 cm−1 and 1405 cm−1, respec-
tively [15,16]. However, these peaks are prone to redshift due to the hydrogen bonding
interactions [24–26]. Therefore, the absorption peaks observed at 1618 cm−1 and 1414 cm−1

correspond to the asymmetric and symmetric stretching vibrations of COO− in COONa,
respectively. These vibrations result from hydrogen bonding interactions between the
NH2 and COOH groups within the P(AA-co-AM) macromolecular chain. Additionally, the
absorption peak at 1722 cm−1 is attributed to the stretching vibration of non-dissociated
COOH groups [27].

Given that the DMPZ content in P(AA-co-AM)-e-NI is lower (1.067 wt%) than the
theoretical value (3.78 wt%), and considering the presence of COOH and NH2 in the
side chains of P(AA-co-AM)-e-NI, it is reasonable to conclude that the absorption peak at
3433 cm−1 results from the combined stretching vibrations of the NH group on the DMPZ
pyrazole ring, the COOH and NH2 groups in the side chains of P(AA-co-AM)-e-NI, as
well as the OH group in H2SiO3. Despite the weak spectral information regarding the
pyrazole ring structure of DMPZ due to its low concentration [28], Sections 3.1 and 3.4 have
comprehensively validated the presence of DMPZ molecules in P(AA-co-AM)-e-NI and
their efficacy in inhibiting the transformation of nitrogen elements in soil. Based on this
analysis, the chemical reactions involved in the synthesis of P(AA-co-AM)-e-NI are shown
in Figure 2e.

3.3. High-Temperature Resistance

The weight losses of P(AA-co-AM)-e-NI between 25 and 700 ◦C are illustrated in
Figure 3. P(AA-co-AM)-e-NI exhibits two primary thermal degradation stages, which occur
between 100~300 ◦C and 300~550 ◦C, respectively. The corresponding losses are 13.6 wt%
and 40.1 wt%, respectively. At 700 ◦C, (AA-co-AM)-e-NI exhibits a final carbon residue
of 44.0 wt%, with a Td of ~220 ◦C. This Td is significantly higher than both the volatiliza-
tion temperature of pure DMPZ (<50 ◦C) and the value reported for our earlier products
(216 ◦C) [16]. The above results show that P(AA-co-AM)-e-NI can withstand high tempera-
tures, fully satisfying the temperature requirements (≥165 ◦C) for the high-tower melting
granulation process. Consequently, it can be employed directly as a functional additive in
this process to produce compound fertilizers with superior comprehensive properties. In
addition, P(AA-co-AM)-e-NI demonstrates versatility as a functional additive in liquid and
water-soluble fertilizers, which exhibit no dependency on high-temperature processing.
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3.4. Nitrogen Fixation Ability

The variations in soil NH4
+-N content under different incubation times are illustrated

in Figure 4a. The NH4
+-N content in the blank group (CK), test group (P(AA-co-AM)-e-NI),

and comparison group (DMPP) exhibited a consistent pattern: an initial increase, followed
by a gradual decline, ultimately stabilizing at approximately 3 mg·N·kg−1. Specifically, the
NH4

+-N content in CK reached its maximum value of 204.8 mg·N·kg−1 at 48 h and then
rapidly dropped to 25 mg·N·kg−1 by 120 h and further stabilized at 3 mg·N·kg−1 after
120 h. By contrast, the NH4

+-N content in the other two groups increased to the maximum
value at 72 h (163.1 mg·N·kg−1 for P(AA-co-AM)-e-NI and 139.5 mg·N·kg−1 for DMPP),
followed by a gradual reduction to ~3 mg·N·kg−1 by 360 h. These results indicate that
P(AA-co-AM)-e-NI significantly extends the retention duration of NH4

+-N in soil.
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Changes in soil NO2
−-N accumulation amounts across different incubation peri-

ods are illustrated in Figure 4b. The NO2
−-N accumulation amount in CK remains con-

sistently higher than those in the other two groups and reaches its maximum value of
26.4 mg·N·kg−1 at 48 h. However, the NO2

−-N accumulation amount in the test and com-
parison groups reach their respective maximum values (~1.22 mg·N·kg−1) at 120 h, which
are considerably lower than that in CK. Changes in soil NO3

−-N contents across different
incubation periods are illustrated in Figure 4c. The NO3

−-N contents in the CK group
remain consistently higher than those in the other two groups throughout the experimental
period, with nitrification rates of NH4

+-N to NO3
−-N maintained at near-identical levels

by 168 h. These results demonstrate that P(AA-co-AM)-e-NI effectively reduces NO2
−-N

accumulation, slows the conversion of NH4
+-N to NO3

−-N, and extends the retention
period of NH4

+-N in soil.
The AOB copy numbers across the three experimental groups at 168 h, 360 h, and

600 h are presented in Figure 4d. The AOB copy numbers in the CK group are 8.01 × 107,
6.09 × 107, and 2.37 × 107 copies·g−1, respectively. The AOB copy numbers in the test
group are 1.91 × 107, 2.00 × 107, 7.96 × 106 copies·g−1, respectively. The AOB copy
numbers in the comparison group are 1.74 × 107, 1.60 × 107, and 7.54 × 106 copies·g−1,
respectively. Statistical analysis revealed that the CK group maintains significantly higher
AOB copy numbers than the other two groups (p < 0.05), demonstrating that P(AA-co-AM)-
e-NI has a notable inhibitory effect on AOB activity. It is noteworthy that both P(AA-co-
AM)-e-NI and DMPP contain DMPZ as their inhibitory component, and the DMPZ content
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is identical in the test and comparison groups. Consequently, no statistically significant
differences are observed in soil NH4

+-N, NO3
−-N, and NO2

−-N contents, nor in AOB copy
numbers, between these two groups at different incubation times.

3.5. Phosphorous-Solubilizing Capacity

Movie S1 demonstrates the phosphorous-solubilizing process of P(AA-co-AM)-e-NI.
The dose-dependent effects on phosphorous-solubilizing ability are illustrated in Table 1.
When the dosage of P(AA-co-AM)-e-NI exceeds 1 mL, the white insoluble phosphate
precipitations disappear, and the turbid solution becomes clear. This transformation is
likely driven by the ionic complexation of carboxyl groups on the P(AA-co-AM) molecular
chains with metal ions in the phosphate precipitates. Subsequent encapsulation of these
complexes within the polymer matrix inhibits their reinteraction with phosphate ions. In
addition, the solubilizing time of phosphorus initially decreases and subsequently increases
with an increase in the dosage of P(AA-co-AM)-e-NI. This phenomenon can be attributed to
the fact that a higher dosage of viscous P(AA-co-AM)-e-NI leads to a prolonged dissolution
time in water, thereby extending the contact and reaction time with insoluble phosphates.
Furthermore, we discovered that the dosage of P(AA-co-AM)-e-NI required for turbidity
solution clarification is reduced to 0.1 mL, and the time for the turbidity clarification is
shortened to 9 s after adding 0.5 g of NH4

+-N into the white turbid solution. This indicates
that P(AA-co-AM)-e-NI can act in a cooperative manner to promote the conversion of
insoluble phosphorus into soluble phosphorus.

Table 1. The dose-dependent effects on phosphorous-solubilizing ability.

Solubilizing Ability
Dosage (mL)

0.1 0.5 1.0 2.0 3.0 5.0

Degree turbidity turbidity clarification clarification clarification clarification
Time (s) ∞ ∞ 10 7 11 15

3.6. Soil-Loosening Capacity

The soil-loosening capacity of P(AA-co-AM)-e-NI is shown in Movie S2 and Figure 5.
Upon injecting P(AA-co-AM)-e-NI into a soil aqueous suspension, rapid soil aggregate for-
mation occurs, as captured in Figure 5a. The newly formed aggregates undergo sequential
phase separation, with the denser aggregates precipitating first. After settling for 168 s, as
illustrated in Figure 5a–d, the soil aggregates have been completely settled to the bottom of
containers. The final height of the settled soil is 23.1% higher than the initial addition of
fine soil, as illustrated in Figure 5e. In contrast, the fine soils in the comparison group began
to settle in a discernible manner at 168 s. The preceding analysis results demonstrate that
P(AA-co-AM)-e-NI not only exhibits excellent nitrogen fixation and phosphate-solubilizing
abilities but also exhibits good soil-loosening properties.

The results of the soil density, porosity, and hardness tests are illustrated in Table 2.
Following the incorporation of 15 g of P(AA-co-AM)-e-NI into 10 m2 of soil, soil density
obviously decreases from 1.41 ± 0.06a g/cm3 to 1.28 ± 0.05a g/cm3. Similarly, soil hardness
reduces from 419 ± 9a N/cm2 to 375 ± 8a N/cm2, while soil porosity increases from
46.8% to 51.7%. This corresponds to a 9.2% reduction in soil density, a 10.5% decrease in
compactness, and a 10.5% increase in porosity. P(AA-co-AM)-e-NI is capable of promoting
the formation of soil aggregates, thereby reducing soil density, increasing soil porosity,
regulating the soil microenvironment, and promoting the healthy growth and development
of plants.
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Table 2. Effects of P(AA-co-AM)-e-NI on soil density, compactness and porosity.

Sample Density (g/cm3) Compactness (N/cm2) Porosity (%)

Without
P(AA-co-AM)-e-NI 1.41 ± 0.06 a 419 ± 9 a 46.8%

With P(AA-co-AM)-e-NI 1.28 ± 0.05 a 375 ± 8 a 51.7%

4. Conclusions
In summary, a high-temperature-resistant and multifunctional soil amendment

material, namely P(AA-co-AM)-e-NI, featuring an encapsulation structure of P(AA-co-
AM)/H2SiO3·DMPZ/P(AA-co-AM), has been successfully synthesized. By regulating the
structures and optimizing the synthesis processes, the DMPZ content (1.067 wt%) in P(AA-
co-AM)-e-NI has been significantly enhanced. The temperature resistance (Tg: ~150 ◦C,
Td: ~220 ◦C) of P(AA-co-AM)-e-NI has also been markedly improved, and a novel soil-
loosening ability has been successfully endowed. Furthermore, P(AA-co-AM)-e-NI not
only inhibits the conversion of NH4

+-N to NO3
−-N and AOB activity but also catalyzes

the conversion of insoluble phosphorus into soluble phosphorus in a cooperative manner.
Therefore, when used as a nitrogen-phosphorus synergist and high-efficiency fertilizer ad-
ditive, the high-temperature resistant and multifunctional P(AA-co-AM)-e-NI can regulate
the soil environment, mitigate environmental pollution, improve crop yields and quality,
and reduce production costs by 101–102 RMB per kilogram.

Supplementary Materials: The supporting information for this study is available for download
at https://www.mdpi.com/article/10.3390/polym17091280/s1, Figure S1: Illustration of the fab-
rication processes involved in the synthesis of the novel P(AA-co-AM)-e-NI; Figure S2: High-
Performance Liquid Chromatography (HPLC) profiles of the DMPP standard sample at concen-
trations of (a) 51.60 µg/mL, (b) 102.04 µg/mL, and (c) 130.76 µg/mL; Figure S3: A plot depicting
the linear relationship between the concentration of the DMPP standard aqueous solution and the
integrated area of the DMPZ absorption peak; Figure S4: Changes in soil particles in soil aqueous
solution after adding P(AA-co-AM)-e-NI; Equations (S1) and (S2): Formula for calculating the mass
concentration ω of DMPZ in P(AA-co-AM)-e-NI; Movie S1: The phosphorous-solubilizing process of
P(AA-co-AM)-e-NI; Movie S2: The soil-loosening process of P(AA-co-AM)-e-NI.

https://www.mdpi.com/article/10.3390/polym17091280/s1


Polymers 2025, 17, 1280 10 of 11

Author Contributions: Conceptualization, H.G. and F.X.; data curation, H.G.; formal analysis, Y.F.
and H.G.; funding acquisition, H.G. and M.L.; investigation, Y.F. and T.W.; methodology, Y.F. and
T.W.; project administration, H.G. and F.X.; resources, H.G. and F.X.; software, H.G., Y.F. and T.W.;
supervision, M.L.; validation, Y.F. and T.W.; visualization, H.G., Y.F., J.M. and T.W.; writing—original
draft, H.G., Y.F. and T.W.; writing—review and editing, H.G., M.L., F.X. and J.M. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors extend their gratitude to the National Natural Science Foundation of China
(No. 52201260), the Natural Science Foundation of Shandong Province (No. ZR2021QB102), the
Fundamental Research Projects for Integrating Science, Education, and Industry of Qilu University
of Technology (Shandong Academy of Sciences) (No. 2023PX056, 2023RCKY180), the Shandong
Province Science and Technology based Small and Medium sized Enterprises Innovation Capability
Enhancement Project (No. 2023TSGC0947), and the Taishan Scholars Program of Shandong Province
for their support.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no competing financial interests.

References
1. Wei, Q.; Xu, J.; Liu, Y.; Wang, D.; Chen, S.; Qian, W.; He, M.; Chen, P.; Zhou, X.; Qi, Z. Nitrogen losses from soil as affected by

water and fertilizer management under drip irrigation: Development, hotspots and future perspectives. Agric. Water. Manag.
2024, 296, 108791. [CrossRef]

2. Ren, B.; Guo, Y.; Liu, P.; Zhao, B.; Zhang, J. Effects of urea-ammonium nitrate solution on yield, N2O emission, and nitrogen
efficiency of summer maize under integration of water and fertilizer. Front. Plant Sci. 2021, 12, 700331. [CrossRef] [PubMed]

3. Kumar, R.; Kumar, R.; Karmakar, S.; Kumar, A.; Singh, A.K.; Kumar, A.; Singh, J. Impact of amide fertilizer on carbon sequestration
under the agroforestry system in the eastern plateau region of India. Sustainability 2023, 15, 9775. [CrossRef]

4. Liu, Y.; Xu, Z.; Bai, S.H.; Fan, H.; Zuo, J.; Zhang, L.; Hu, D.; Zhang, M. Non-targeted effects of nitrification inhibitors on soil
free-living nitrogen fixation modified with weed management. Sci. Total Environ. 2024, 912, 169005. [CrossRef]

5. Deng, M.; Zhao, X.; Senbati, Y.; Song, K.; He, X. Nitrogen removal by heterotrophic nitrifying and aerobic denitrifying bacterium
Pseudomonas sp. DM02: Removal performance, mechanism and immobilized application for real aquaculture wastewater
treatment. Bioresour. Technol. 2021, 322, 124555. [CrossRef]

6. Zhou, T.; Xu, Z.; Bai, S.H.; Zhou, M.; Tang, W.; Ma, B.; Zhang, M. Asymmetries among soil fungicide residues, nitrous oxide
emissions and microbiomes regulated by nitrification inhibitor at different moistures. J. Hazard. Mater. 2024, 470, 134301.
[CrossRef]

7. Bundy, L.G.; Bremner, J.M. Effects of nitrification inhibitors on transformations of urea nitrogen in soils. Soil Biol. Biochem. 1974,
6, 369–376. [CrossRef]

8. Ren, B.; Huang, Z.; Liu, P.; Zhao, B.; Zhang, J. Urea ammonium nitrate solution combined with urease and nitrification inhibitors
jointly mitigate NH3 and N2O emissions and improves nitrogen efficiency of summer maize under fertigation. Field Crop. Res.
2023, 296, 108909. [CrossRef]

9. Wang, X.; Bai, J.; Xie, T.; Wang, W.; Zhang, G.; Yin, S.; Wang, D. Effects of biological nitrification inhibitors on nitrogen use
efficiency and greenhouse gas emissions in agricultural soils: A review. Ecotoxicol. Environ. Safe 2021, 220, 112338. [CrossRef]

10. Peixoto, L.; Petersen, S.O. Efficacy of three nitrification inhibitors to reduce nitrous oxide emissions from pig slurry and mineral
fertilizers applied to spring barley and winter wheat in Denmark. Geoderma Reg. 2023, 32, e00597. [CrossRef]

11. Rose, T.J.; Kearney, L.J.; Zeng, Y.; Van Zwieten, L.; Rose, M.T. DMPP-urea restricts nitrification in the first month without
improving agronomic N use efficiency. Nutr. Cycl. Agroecosys. 2023, 126, 115–125. [CrossRef]

12. Yu, Q.; Ma, J.; Zou, P.; Lin, H.; Sun, W.; Yin, J.; Fu, J. Effects of combined application of organic and inorganic fertilizers plus
nitrification inhibitor DMPP on nitrogen runoff loss in vegetable soils. Environ. Sci. Pollut. Res. 2015, 22, 472–481. [CrossRef]

13. Tufail, M.A.; Naeem, A.; Arif, M.S.; Farooq, T.H.; Shahzad, S.M.; Dar, A.A.; Albasher, G.; Shakoor, A. Unraveling the efficacy of
nitrification inhibitors (DCD and DMPP) in reducing nitrogen gases emissions across agroecosystems: A three-decade global data
synthesis (1993–2021). Fuel 2022, 324, 124725. [CrossRef]

14. Casali, L.; Broll, V.; Ciurli, S.; Emmerling, F.; Braga, D.; Grepioni, F. Facilitating nitrification inhibition through green,
mechanochemical synthesis of a novel nitrapyrin complex. Cryst. Growth Des. 2021, 21, 5792–5799. [CrossRef]

https://doi.org/10.1016/j.agwat.2024.108791
https://doi.org/10.3389/fpls.2021.700331
https://www.ncbi.nlm.nih.gov/pubmed/34413867
https://doi.org/10.3390/su15129775
https://doi.org/10.1016/j.scitotenv.2023.169005
https://doi.org/10.1016/j.biortech.2020.124555
https://doi.org/10.1016/j.jhazmat.2024.134301
https://doi.org/10.1016/0038-0717(74)90046-7
https://doi.org/10.1016/j.fcr.2023.108909
https://doi.org/10.1016/j.ecoenv.2021.112338
https://doi.org/10.1016/j.geodrs.2022.e00597
https://doi.org/10.1007/s10705-023-10279-9
https://doi.org/10.1007/s11356-014-3366-x
https://doi.org/10.1016/j.fuel.2022.124725
https://doi.org/10.1021/acs.cgd.1c00681


Polymers 2025, 17, 1280 11 of 11

15. Gao, H.; Li, J.; Xu, F. Synthesis of a novel polymer nitrification inhibitor with acrylic acid and 3,4-Dimethylpyrazole. J. Agric. Food
Chem. 2021, 69, 3307–3311. [CrossRef] [PubMed]

16. Gao, H.; Wang, Y.; Huang, W.; Xu, F. A novel high temperature resistant and multifunctional nitrification inhibitor: Synthesis,
characterization, and application. J. Agric. Food Chem. 2022, 70, 13832–13838. [CrossRef]

17. Liu, Y.; Gao, H.; Liu, S.; Li, J.; Kong, F. Synthesizing a water-soluble polymeric nitrification inhibitor with novel soil-loosening
ability. Polymers 2023, 16, 107. [CrossRef]

18. Kebede, B.; Tsunekawa, A.; Haregeweyn, N.; Tsubo, M.; Mulualem, T.; Mamedov, A.I.; Meshesha, D.T.; Adgo, E.; Fenta, A.A.;
Ebabu, K.; et al. Effect of polyacrylamide integrated with other soil amendments on runoff and soil loss: Case study from
northwest Ethiopia. Int. Soil Water Conservat. 2022, 10, 487–496. [CrossRef]

19. Ng, C.W.W.; So, P.S.; Lau, S.Y.; Zhou, C.; Coo, J.L.; Ni, J.J. Influence of biopolymer on gas permeability in compacted clay at
different densities and water contents. Eng. Geol. 2020, 272, 105631. [CrossRef]

20. Abulaiti, A.; She, D.; Liu, Z.; Sun, X.; Wang, H. Application of biochar and polyacrylamide to revitalize coastal saline soil quality
to improve rice growth. Environ. Sci. Pollut. R 2023, 30, 18731–18747. [CrossRef]

21. Pan, Y.; She, D.; Shi, Z.; Chen, X.; Xia, Y. Do biochar and polyacrylamide have synergistic effect on net denitrification and ammonia
volatilization in saline soils? Environ. Sci. Pollut. Res. 2021, 28, 59974–59987. [CrossRef] [PubMed]

22. Guo, S.; Xu, P.; Zhang, P.; Wang, S. Numerical investigation of the anti-infiltration and anti-erosion performance of composite
layers mixed with polyacrylamide and basalt fibre for the protection of silt subgrade slopes. Front. Earth Sci. 2022, 10, 815602.
[CrossRef]

23. Huang, J.; Kogbara, R.B.; Hariharan, N.; Masad, E.A.; Little, D.N. A state-of-the-art review of polymers used in soil stabilization.
Constr. Build. Mater. 2021, 305, 124685. [CrossRef]

24. Hobza, P.; Havlas, Z. Blue-shifting hydrogen bonds. Chem. Rev. 2000, 100, 42534–43264. [CrossRef] [PubMed]
25. Pullanchery, S.; Kulik, S.; Rehl, B.; Hassanali, A.; Roke, S. Charge transfer across C–H. . .O hydrogen bonds stabilizes oil droplets

in water. Science 2021, 374, 1366–1370. [CrossRef] [PubMed]
26. Li, H.; Sun, J.; Qin, S.; Song, Y.; Liu, Z.; Yang, P.; Li, S.; Liu, C.; Shen, C. Zwitterion functionalized graphene ox-

ide/polyacrylamide/polyacrylic acid hydrogels with photothermal conversion and antibacterial properties for highly efficient
uranium extraction from seawater. Adv. Funct. Mater. 2023, 33, 2301773. [CrossRef]

27. Kirwan, L.J.; Fawell, P.D.; van Bronswijk, W. An in situ FTIR-ATR study of polyacrylate adsorbed onto hematite at high pH and
high ionic strength. Langmuir 2004, 20, 4093–4100. [CrossRef]

28. Sundaraganesan, N.; Kavitha, E.; Sebastian, S.; Cornard, J.P.; Martel, M. Experimental FTIR, FT-IR (gas phase), FT-Raman
and NMR spectra, hyperpolarizability studies and DFT calculations of 3,5-dimethylpyrazole. Spectrochim. Acta Part A 2009,
74, 788–797. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.jafc.0c07093
https://www.ncbi.nlm.nih.gov/pubmed/33709696
https://doi.org/10.1021/acs.jafc.2c04477
https://doi.org/10.3390/polym16010107
https://doi.org/10.1016/j.iswcr.2021.12.001
https://doi.org/10.1016/j.enggeo.2020.105631
https://doi.org/10.1007/s11356-022-23511-w
https://doi.org/10.1007/s11356-021-14886-3
https://www.ncbi.nlm.nih.gov/pubmed/34151406
https://doi.org/10.3389/feart.2022.815602
https://doi.org/10.1016/j.conbuildmat.2021.124685
https://doi.org/10.1021/cr990050q
https://www.ncbi.nlm.nih.gov/pubmed/11749346
https://doi.org/10.1126/science.abj3007
https://www.ncbi.nlm.nih.gov/pubmed/34882471
https://doi.org/10.1002/adfm.202301773
https://doi.org/10.1021/la036248u
https://doi.org/10.1016/j.saa.2009.08.019

	Introduction 
	Experimental Sections 
	Fabrication Processes 
	Methods 

	Results and Discussion 
	Content of DMPZ in P(AA-co-AM)-e-NI 
	Chemical Structures 
	High-Temperature Resistance 
	Nitrogen Fixation Ability 
	Phosphorous-Solubilizing Capacity 
	Soil-Loosening Capacity 

	Conclusions 
	References

