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ABSTRACT: A novel type of water- and nutrient-retaining
fertilizer (WNRF) was prepared by mixing, melting, and extruding
high-energy electron-beam (HEEB)-irradiated corn straw, urea,
and starch. HEEB irradiation technique effectively killed
pathogenic microorganisms in straw and further improved the
adsorption and binding capacity of straw to urea and water.
Compared to nonirradiated HEEB samples, the optimal WNRF
improved the water retention rate by 25.63%, the migrate-to-
surface loss control rate by 60.2%, and the leaching loss control
rate by 34.71%, respectively. Thus, it effectively facilitated the
growth of pak choi with a 24% increase in the dry matter weight of
the shoot. This work provides a promising approach to improve
water and nutrient availability in arid and semi-arid regions and to promote the efficient utilization of straw resources.

1. INTRODUCTION
According to the United Nations Population Fund (UNFPA),
the world population is projected to reach 9.8 billion by 2050
due to rapid population growth.1 However, 84% of the world’s
total arable land comprises arid and semi-arid regions, where
crop yields are relatively low due to water scarcity and
nutrition deficiencies.2 The food crisis will intensify if relevant
technologies and products are not used to improve soil quality
and increase food production.3−5

Water- and nutrient-retaining fertilizers (WNRFs) prepared
by physical adsorption,6,7 chemical crosslinking,8−11 and
coating12,13 can release water and fertilizer into the soil
continuously and slowly, which are particularly suitable for arid
and semi-arid regions,14−18 not only to promote crop growth
and yield19 and reduce the frequency of fertilizer application20

but also to alleviate the environmental problems of
eutrophication in water bodies caused by fertilizer loss.21,22

Most types of WNRFs incorporate chemical polymers such as
polyacrylamide and polyacrylic acid to adsorb water,23−25 but
this may cause potential environmental safety problems during
fertilizer production and agricultural cultivation.26,27 Therefore,
the study of WNRFs based on nontoxic biobased materials will
be beneficial to protect the environment and promote the
sustainable development of green agriculture.

Straw is an extremely productive but underutilized biobased
material in nature. Large amounts of straw are burned directly,
resulting in environmental pollution and waste of valuable
biomass resources. Some straw is returned directly to the field,
but it causes crop diseases and yield loss due to the presence of

pathogens.28 Corn straw has high adsorption properties and a
complex grid skeleton structure consisting of cellulose (38 to
44%), hemicellulose (32 to 36%), and lignin (10 to 15%), and
it also contains nitrogen, phosphorus, potassium, calcium,
magnesium, and organic matter,29 which endow it with great
potential to become a base material for WNRFs. High-energy
electron-beam (HEEB) irradiation is a novel physical treat-
ment method with simple, efficient, safe, and nontoxic features,
which is widely used for sterilization and modification of
materials by applying a certain dose of ionizing radiation of
extremely short wavelength.30−32

In this study, we focused on developing an environmentally
friendly WNRF prepared by mixing HEEB-irradiated corn
straw, starch, and urea. HEEB might effectively kill pathogens
and reduce potential crop diseases caused by straw returned to
the field, and the porous and loose structure formed might also
improve the release control effect. This method could
effectively reduce the manufacturing cost of WNRF, improve
the safety performance of WNRF products, and promote the
comprehensive utilization of straw.
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2. MATERIALS AND METHODS
2.1. Materials. Corn straw was collected from a field in

Changqing (Jinan, China). Edible-grade corn starch was
purchased from Yufeng Industrial Group Co. (Xingtai,
China). Analytical-grade urea was purchased from Sinopharm
Chemical Reagent Co. (Shanghai, China). Pak Choi
“Shanghai” (Brassica rapa subsp. chinensis) seeds were provided
by the Shandong Academy of Agricultural Sciences (Jinan,
China).
2.2. Preparation of Samples. Straw powder (100−150

mesh) obtained after drying and ultrafine pulverization was
irradiated with an HEEB accelerator (10 MeV and 10 kW)
(Lanfu Irradiation Technology Co., Jinan, China) at room
temperature at doses of 0, 10, 20, 30, 40, and 50 kGy, and the
samples obtained were named SW-0, SW-10, SW-20, SW-30,
SW-40, and SW-50, respectively. The above six straw materials
were separately mixed with corn starch (CS) and urea (U) in
the same weight ratio of 3:1:7. The resulting six mixtures were
heated at 85 °C for 30 min and then pressed into WNRFs
using a powder compactor (pressure 50 kN), and the resulting
products were named SSRM-0, SSRM-10, SSRM-20, SSRM-
30, SSRM-40, and SSRM-50, respectively.
2.3. Evaluation of Water Retention Performance. To

verify the water retention performance of WNRFs, an
experimental system was constructed in which 30 g of dry
sand was placed in a 50 mL round-bottom centrifuge tube,
followed by the slow addition of 10 mL of aqueous solutions
(pH 5, 6, 7, 8, 9, or 10) of water containing 0.1 M Na2CO3,
respectively. According to the experimental arrangement, no
sample or 2 g of SSRM samples (SSRM-0, SSRM-10, SSRM-
20, SSRM-30, SSRM-40, or SSRM-50) were spread on sand
and then covered with 40 g of dry sand. The above systems
were treated in a constant temperature incubator at 30 °C and
10% rh for 72 h and then weighed. The water retention
performance of the SSRM samples was assessed by calculating
the water retention rate (WRR). In eq 1 for WRR, the initial and
time-specific weights are denoted as Wc0 and Wct for the
control group and W0 and Wt for the experimental groups,
respectively.

(1)

2.4. Evaluation of the Nutrient Loss Control Capacity.
To verify the nutrient loss control capacity of the WNRF,
experimental systems for the migrate-to-surface (MS) perform-
ance and leaching performance assessment were constructed as
follows.33

Thirty grams of dry sand was placed in a 50 mL round-
bottom centrifuge tube, 10 mL of water was slowly added, and
then 2 g of urea and SSRM samples (SSRM-0, SSRM-10,
SSRM-20, SSRM-30, SSRM-40, or SSRM-50) with the same
urea content (2 g urea) were spread on the sand, respectively.
Then, 30 g of dry sand was spread smoothly on the top. The
above systems were placed in an oven at 30 °C for 24 h. Next,
the top layer of sand (1 cm depth) of each treated system was
taken out and transferred into a triangular flask containing 50
mL of water, shaken at 180 rpm for 40 min, and the centrifugal
supernatant was collected to determine the urea concentration
as the MS amount of the control group (MSCG) or
experimental group (MSEG). The MS loss control rate
(LCRMS) of the SSRM sample was calculated using eq 2

(2)

Thirty grams of dry sand was placed in a 50 mL round-bottom
centrifuge tube with a hole (2 mm in diameter) at the bottom,
and then 2 g of urea and SSRM samples (SSRM-0, SSRM-10,
SSRM-20, SSRM-30, SSRM-40, or SSRM-50) with the same
urea content (2 g urea) were spread on the sand, respectively.
Then, 10 g of dry sand was smoothly spread on the top,
followed by spraying 50 mL of water on the top layer of sand
and collecting the leaching solution, where the concentration
of urea was calculated as the amount of leaching loss in the
control group (LLCG) or experimental group (LLEG). The
leaching loss control rate (LCRleaching) of each system was
calculated using eq 3

(3)

2.5. Pot Trials. Pot trials of pak choi seeds were conducted
in a double-glass greenhouse with temperature control (25 ±
2.5 °C) and humidification equipment (50 ± 6%). First, 1.3 kg
of soil was spread on the bottom of each rectangular pot (side
length, width, and depth were 45, 20, and 15 cm, respectively);
then, 0.4 g of urea (as the control group) or different SSRM
samples (SSRM-0, SSRM-10, SSRM-20, SSRM-30, SSRM-40,
or SSRM-50) containing 0.4 g of urea (as experimental
groups) were spread evenly on the surface and covered with
1.7 kg of soil, respectively. The soil (clay loam) used in the
experiment was from Dehui County (Jilin, China), with a
particle size of 6.0 ± 2.0 mm, moisture content of 52.5 ± 10%,
organic carbon content of 20 ± 3.2%, total nitrogen of 319.3 ±
6.6 mg/kg, elemental K concentration of 272.83 ± 5.89 mg/kg,
elemental P concentration of 75.42 ± 1.57 mg/kg, and pH of
5.0 ± 2.5. Eight pak choi seeds were planted in each group, and
the trial period was 40 days, with 120 mL of watering every 7
days.33

2.6. Characterization. 2.6.1. Microbiological Count
Statistics. The nutrient agar medium consisted of 10 g/L
peptone, 3 g/L beef extract, 5 g/L sodium chloride, and 20 g/L
agar powder. Potato dextrose agar medium (PDA medium)
was formulated by boiling 200 g of peeled potatoes cut into
small strips in a pot containing 1000 mL of water for 30 min,
filtering through 8 layers of gauze, adding water to a volume of
1000 mL, and then adding 20 g of glucose and 20 g of agar
powder to the melt. Both the nutrient agar medium and the
PDA medium were sterilized at 121 °C for 20 min.

Each SW sample (SW-0, SW-10, SW-20, SW-30, SW-40, and
SW-50) was weighed, and 5 g was added to sterilized triangle
flasks containing 95 g of normal saline (pre-set with the
appropriate amount of glass beads in the flasks) and placed on
an oscillator to shake for 30 min to dilute the liquid evenly.
The above dilutions of rice straw soaking solution were
separately spread on nutrient agar medium plates and PDA
medium plates. The treated nutrient agar medium plates were
placed in a constant temperature incubator at 37 °C for 36 h,
then the number of colonies was counted, and the total
number of bacteria contained in the samples was calculated
accordingly. The treated PDA medium plates were placed in a
constant temperature incubator at 30 °C for 72 h, then the
number of colonies was counted, and the total number of
mucedine contained in the samples was calculated.
2.6.2. Characterization of Material Properties. Scanning

electron microscopy (SEM) (SUPRA 55, Zeiss, Germany),
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Fourier transform infrared (FTIR) spectroscopy (Nicolet IS10,
Thermo Scientific), and X-ray powder diffraction (XRD)
(Empyrean, Malvern Panalytical, U.K.) were performed to
collect and analyze SEM images, FTIR spectra, and X-ray
spectra, respectively. Ultraviolet−visible (UV−vis) spectropho-
tometry (U-2910, Hitachi, Japan) was performed to determine
the concentration of urea at a wavelength of 420 nm.
2.6.3. Evaluation of Plant Growth Parameters. The dry

weights of the roots or shoots were weighed after treatment at
85 °C for 48 h. The total root length, mean root diameter, root
surface area, root volume, and number of root tips were
analyzed using ESPON perfectionV700 Photo and WinRHI-
ZO software.

3. RESULTS AND DISCUSSION
3.1. Effect of HEEB Irradiation on Microorganisms in

Straw. The presence of pathogenic microorganisms in straw is
one of the main factors limiting the direct return or reuse of
straw; therefore, the influence of HEEB treatment on the
sterilization effect of straw was first investigated. As shown in
Figure 1, the total number of microorganisms in the straw

samples treated with irradiation doses greater than 20 kGy was
almost zero, meaning that common parasitic and hemiparasitic
pathogens hidden in the straw, such as Pucciniasorghi,
Rhizoctoniasolani, Fusarium gminearum, and Bipolarismaydis,
could be inactivated by HEEB, effectively preventing the
potential biohazards associated with straw return to the field.
This is because HEEB directly or indirectly destroys
ribonucleic acids, proteins, and enzymes in microorganisms
and even pest eggs, thus acting as a disinfectant, sterilizer, and
insect repellent. Compared to traditional high-temperature and
chemical disinfection methods, HEEB has the remarkable
features of low energy consumption, high efficiency, safety, and
nontoxicity.34,35

3.2. Evaluation of Water Retention Behavior. To
evaluate the water retention capacity of SSRM samples, the
WRR of the experimental group supplemented with SSRM-0
was first compared with that of the blank control group (no
sample in the water retention experimental system). As shown
in Figure S1, the WRR of SSRM-0 was maintained at high levels
of 60−73% under pH 5−9 and high saline-alkali conditions,
which might be attributed to the specificity of SSRM samples
in terms of materials and the preparation process. Straw and

starch had more hydrophilic groups of biobased materials; the
addition of starch in the high-pressure preparation process
increased the bonding ability of the materials, making straw
powder and starch closely form more spatial structures and
increase the hydrophilic ability of the materials. Therefore, the
mixture of straw, starch, and urea could maintain a certain
water retention capacity in acidic soil (pH 5.5−6.5), neutral
soil (pH 6.5−7.5), and even saline-alkali soil (salinity > 0.6%).

The WRR of SSRM samples treated with different irradiation
doses of HEEB (as experimental groups) versus the non-
irradiated material SSRM-0 (as the control group) were then
measured to verify the effect of HEEB irradiation under pH 5−
9 or high saline-alkali conditions. Figure 2 shows a similar
trend of WRR gradually increasing when the HEEB irradiation
dose was 10−40 kGy, but this parameter decreased as the
irradiation intensity was further increased to 50 kGy. Further
analysis suggested that HEEB irradiation might affect the
formation of physical rough spots or irradiation etching spots
on the surface of ultrafine straw powder through direct
collision, elastic scattering, and inelastic scattering, resulting in
an increase in the number of pores and specific surface area of
straw powder36 to favor the adsorption and storage of water
molecules. However, with further increase in the HEEB
irradiation dose, the enhancement of the HEEB sputtering
effect increased the number of pores in straw powder,37 which
might lead to the collapse of the pore structure, reduction of
the adsorption and storage space of water molecules, and
decrease of the water retention rate of SSRM-50.

The WRR of the same HEEB-irradiated material also varied
under different conditions; for example, the values of SSRM-40
versus SSRM-0 were 14.32, 18.35, 22.29, 25.63, 16.31, and
17.89% under pH 5−9 and high saline-alkali conditions,
respectively. The straw material itself contained hydrophilic
groups, such as carboxyl, carbonyl, hydroxyl, and amide groups,
which could enhance the adsorption capacity of SSRM samples
to water molecules. Under the conditions of high salinity or
abnormal soil pH, the significantly increased ions in water
could compete with water molecules for the binding site of
hydrophilic groups, thus reducing the adsorption capacity of
SSRM samples to water molecules and resulting in the
downregulation of the water retention effect.
3.3. Evaluation of the Nutrient Loss Control Behavior.

In general, due to the low humidity in arid and semi-arid areas,
urea in soil tends to migrate to the surface with water
evaporation and decompose into NH3, CO2, CH4, and N2O,
resulting in nitrogen fertilizer loss. The LCRMS is an important
indicator of a WNRF. Compared to the direct application of
urea (as the control group), SSRM-0 displayed a higher level of
controlled release under different pH and high-salt environ-
ments (Figure S2). The LCRMS values of SSRM-10 to SSRM-
50 samples (as experimental groups) versus SSRM-0 indicated
that HEEB irradiation from 10 to 40 kGy was beneficial in
improving the controlled release capacity of sustained-release
materials (Figure 3). SSRM-40 had the highest LCRMS of
60.12% at pH 8 versus SSRM-0 and was 3.28 times higher than
that of SSRM-10, while the LCRMS of SSRM-50 was only
39.12% after exceeding the irradiation dose. This indicated that
high saline-alkali and abnormal soil pH conditions reduced the
positive effect of HEEB irradiation treatment.

The LCRleaching is also an important indicator of WNRF as
arid and semi-arid areas predominantly contain sandy soils
where fertilizer nutrients are susceptible to loss through
leaching during irrigation and rain. In this study, the effects of

Figure 1. Effects of HEEB irradiation on the number of colonies in
straw powder. SW-0, SW-10, SW-20, SW-30, SW-40, and SW-50
represent the straw powder (100−150 mesh) irradiated at 0, 10, 20,
30, 40, and 50 kGy, respectively. All experiments were repeated three
times.
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Figure 2. Water retention rate (WRR) of SSRM-10 (WSW‑10/WCS/WU = 3:1:7), SSRM-20 (WSW‑20/WCS/WU = 3:1:7), SSRM-30 (WSW‑30/WCS/WU
= 3:1:7), SSRM-40 (WSW‑40/WCS/WU = 3:1:7), and SSRM-50 (WSW‑50/WCS/WU = 3:1:7) versus SSRM-0 (WSW‑0/WCS/WU = 3:1:7) at (a) pH 5,
(b) pH 6, (c) pH 7, (d) pH 8, (e) pH 9, and (f) high saline-alkali conditions (0.1 M Na2CO3). WSW‑10 to WSW‑50 represent the weights of different
SW samples, respectively, while WCS and WU represent the weight of corn starch (CS) and urea (U), respectively. For the preparation and
nomenclature of SSRM samples, refer to Section 2.2. All experiments were repeated 3 times. Different letters on the bars indicate significant
difference at the 0.05 probability level.

Figure 3. MS loss control rates (LCRMS) of SSRM-10 (WSW‑10/WCS/WU = 3:1:7), SSRM-20 (WSW‑20/WCS/WU = 3:1:7), SSRM-30 (WSW‑30/WCS/
WU = 3:1:7), SSRM-40 (WSW‑40/WCS/WU = 3:1:7), and SSRM-50 (WSW‑50/WCS/WU = 3:1:7) relative to SSRM-0 (WSW‑0/WCS/WU = 3:1:7) at (a)
pH 5, (b) pH 6, (c) pH 7, (d) pH 8, (e) pH 9, and (f) high saline-alkali condition (0.1 M Na2CO3). WSW‑10 to WSW‑50 represent the weight of
different SW samples, respectively, while WCS and WU represent the weight of corn starch (CS) and urea (U). For the preparation and
nomenclature of SSRM samples, refer to Section 2.2. All experiments were repeated three times. Different letters on the bars indicate significant
difference at the 0.05 probability level.
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different pH gradients and high ionic concentrations on SSRM
samples were investigated. SSRM-0 (as the experimental

group) showed an excellent controlled-release performance
in 0.1 M Na2CO3 solution at pH 5−9, with an LCRleaching

Figure 4. Leaching loss control rate (LCRleaching) of SSRM-10 (WSW‑10/WCS/WU = 3:1:7), SSRM-20 (WSW‑20/WCS/WU = 3:1:7), SSRM-30
(WSW‑30/WCS/WU = 3:1:7), SSRM-40 (WSW‑40/WCS/WU = 3:1:7), and SSRM-50 (WSW‑50/WCS/WU = 3:1:7) versus SSRM-0 (WSW‑0/WCS/WU =
3:1:7) at (a) pH 5, (b) pH 6, (c) pH 7, (d) pH 8, (e) pH 9, and (f) high saline-alkali conditions (0.1 M Na2CO3). WSW‑10 to WSW‑50 represent the
weights of different SW samples, respectively, while WCS and WU represent the weights of corn starch (CS) and urea (U), respectively. For the
preparation and nomenclature of SSRM samples, refer to Section 2.2. All experiments were repeated three times. Different letters on the bars
indicate significant difference at the 0.05 probability level.

Figure 5. SEM images of SW-0, SW-10, SW-20, SW-30, SW-40, and SW-50 samples by HEEB irradiation at 0, 10, 20, 30, 40, and 50 kGy,
respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07787
ACS Omega 2023, 8, 32331−32339

32335

https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07787?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


higher than 90% compared to that of conventional urea (as the
control group) (Figure S3). Under all conditions, SSRM-10 to
SSRM-50 samples (as experiment groups) exhibited higher
nutrient loss control than SSRM-0 (as the control group), with
SSRM-40 reaching a maximum LCRleaching of 34.71% at pH 8
(Figure 4), indicating that this material was suitable for
application in weakly alkaline soils, such as arid and semi-arid
soils.

All of the above results indicate that different HEEB
irradiation intensities, pH values, and salt concentrations have
similar effects on the nutrient loss control and water retention
of SSRM samples. This might be attributed to the enhanced
water retention capacity of SSRM, allowing it to effectively
absorb the surrounding water, thus reducing the diffusion rate
of urea from the composite and slowing its release. HEEB
irradiation increased the specific surface area of straw powder,
which enhanced the adsorption and binding capacity of water
and urea. The addition of starch promoted the solidification of
the powder to form particles, and the high-pressure and hot-

melting treatment of SSRM samples shortened the distance
between the hydrophilic groups and increased the local
concentration of the groups, which facilitated the formation
of the hydrophilic network structure and in turn amplified the
physical effects of HEEB irradiation. However, an increase in
the HEEB irradiation intensity might decrease the retarding
capacity due to the collapse of the spatial structure of the
materials under high pressure. Changes in pH and ion
concentration might lead to changes in the binding ability of
urea to groups such as carboxyl groups in straw, thus affecting
the slow-release ability of SSRM samples. In summary, HEEB
improved the retention performance of SSRM samples, in
which SSRM-40 had the best control ability against urea loss
caused by MS and leaching.
3.4. Electron Microscopy, FTIR Spectroscopy, and

XRD Analysis. Electron microscopy images, as shown in
Figure 5, indicated that the physical effects of HEEB resulted
in a series of small pore structures appearing on the surface of
straw, the number of which might gradually increase with

Figure 6. SEM images of SSRM-0 (WSW‑0/WCS/WU = 3:1:7), SSRM-10 (WSW‑10/WCS/WU = 3:1:7), SSRM-20 (WSW‑20/WCS/WU = 3:1:7), SSRM-
30 (WSW‑30/WCS/WU = 3:1:7), SSRM-40 (WSW‑40/WCS/WU = 3:1:7), and SSRM-50 (WSW‑50/WCS/WU = 3:1:7). WSW‑0 to WSW‑50 respectively
represent the weights of different SW samples, while WCS and WU represent the weights of corn starch (CS) and urea (U), respectively.

Figure 7. (a) FTIR and (b) XRD spectra of SSRM-0 (WSW‑0/WCS/WU = 3:7:1), SSRM-10 (WSW‑10/WCS/WU = 3:1:7), SSRM-20 (WSW‑20/WCS/
WU = 3:1:7), SSRM-30 (WSW‑30/WCS/WU = 3:1:7), SSRM-40 (WSW‑40/WCS/WU = 3:1:7), SSRM-50 (WSW‑50/WCS/WU = 3:1:7), urea, straw, and
starch. WSW‑0 to WSW‑50 represent the weights of different SW samples, respectively, while WCS and WU represent the weights of corn starch (CS)
and urea (U), respectively. For the preparation and nomenclature of SSRM samples, refer to Section 2.2.
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increasing radiation dose, thus increasing the specific surface
area and improving its capacity to retain water and nutrients.
The morphology of the SSRM samples was observed by SEM
and is shown in Figure 6. Compared with Figure 5, the surface
of the SSRM samples was covered with urea, i.e., melted urea
filled the pore structures formed by HEEB irradiation as well as
the tubes and sieves of the straw itself.

To investigate the interaction in SSRM samples, FTIR
measurements were performed, and the results are shown in
Figure 7a. Compared with urea alone, the FTIR spectra of the
SSRM series samples formed by mixing straw, starch, and urea
showed certain differences in regions I, II, and III,
corresponding to the characteristic peaks of 2853 cm−1 for

the stretching vibration of C−H in the −CH3 and −CH2−
groups, 1637−1605 cm−1 for the stretching vibration of lignin-
conjugated −C�O in xylogen, and 1061−1042 cm−1 for the
stretching vibration of −C−O in cellulose or hemicellulose,
indicating the successful conjugation of urea with straw and
starch, respectively. In addition, the positions and intensities of
the peaks of SSRM samples prepared at different HEEB
irradiation doses of 0−50 kGy were similar, and no new peaks
or peak shifts were found in SSRM samples compared with
straw, starch, and urea.

The XRD study of the crystal structure revealed that the
main diffraction peaks of urea present in the SSRM samples
(22.32, 35.5, and 37.1°) were significantly weaker compared to

Figure 8. Effects of urea and SSRM fertilizers on the growth of pak choi according to several parameters, including (a) dry matter weight of shoot,
(b) plant height, (c) dry matter weight of root, (d) total root length, (e) root surface area, (f) average root diameters, (g) root volume, and (h) root
tip numbers. CK represents the control group. SSRM samples include SSRM-0 (WSW‑0/WCS/WU = 3:7:1), SSRM-10 (WSW‑10/WCS/WU = 3:1:7),
SSRM-20 (WSW‑20/WCS/WU = 3:1:7), SSRM-30 (WSW‑30/WCS/WU = 3:1:7), SSRM-40 (WSW‑40/WCS/WU = 3:1:7), and SSRM-50 (WSW‑50/WCS/
WU = 3:1:7). WSW‑10 to WSW‑50 represent the weights of different SW samples, respectively, while WCS and WU represent the weights of corn starch
(CS) and urea (U), respectively. For the preparation and nomenclature of SSRM samples, refer to Section 2.2. All experiments were repeated three
times. Different letters on the bars indicate significant difference at the 0.05 probability level.
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those of urea alone, as shown in Figure 7b, which is possibly
due to the low crystallinity of urea in some directions after
melting. Increasing the HEEB irradiation intensity did not
cause significant changes in the XRD pattern, which was
consistent with the preceding FTIR analysis.

The results of SEM, FTIR, and XRD analyses indicated that
there was no obvious chemical reaction during the preparation
of SSRM samples, including HEEB irradiation and urea
melting. In other words, the preparation process of SSRM
samples was primarily through the physical interaction
between urea, corn straw, and starch.
3.5. Effect of SSRM on the Growth of Pak Choi.

Because of the loss of fertilizers in soil, multiple applications of
fertilizer are required during the growth and development of
crops; otherwise, crop growth is limited at the later stage. To
verify the agronomic effect of SSRM samples, pak choi was
selected for a water-limited pot trial. When pak choi was
transplanted, urea and SSRM samples containing the same
nitrogen content were applied at once, and growth data were
collected after 40 days (Figure 8). Compared to the control
with urea application only, the irradiated SSRM samples
showed significant differences in pak choi shoot and root dry
matter weight, total root length, root surface area, root volume,
and root tip numbers. The SSRM samples irradiated at doses
between 30 and 50 kGy did not show significant differences in
growth. SSRM-40 particularly facilitated root growth in pak
choi, increasing the dry matter weight, total root length, root
surface area, root volume, and root tip numbers by 41.17,
13.56, 24.37, 34.36, and 35.88%, respectively, and promoting
shoot dry weight and plant height by 37.51 and 19.04%,
respectively. These results indicated that SSRM-40 could
effectively retain water and control urea loss, thus reducing
fertilizer use and contributing to the sustainable development
of green agriculture.

4. CONCLUSIONS
The HEEB-irradiated corn straw combined with urea and
starch to form novel WNRFs, named SSRM samples.
Compared to the nonirradiated material SSRM-0, the optimal
WNRF SSRM-40 irradiated by HEEB at a dose of 40 kGy
displayed a water retention rate of 25.63%, migrate-to-surface
loss control rate of 60.2%, and leaching loss control rate of
34.71%. Compared with urea alone, HEEB irradiation
effectively killed residual disease microorganisms in straw
and significantly improved the slow release of SSRM samples,
which facilitated plant root growth and yield improvement.
Therefore, SSRM-40 effectively promoted the growth of pak
choi with a 24% increase in the shoot dry matter weight. This
WNRF achieved the resource utilization of straw, reduced the
cost of fertilizer production, and could be used to improve the
crop yield in arid and semi-arid areas.
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