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ABSTRACT: Foliar nitrogen fertilizer (FNF) unabsorbed by
crops leaves eventually discharges into environment through
rainwater washing, leaching and volatilization, causing severe
pollution to water, soil and air. Therefore, improving the
adhesion capacity of FNF is sorely needed. This work
developed a loss-control foliar nitrogen fertilizer (LCFNF)
by adding a complex, as a loss control agent (LCA), including
attapulgite (ATP) irradiated by high-energy electron beam
(HEEB), and straw ash-based biochar and biosilica (BCS) to
traditional FNF. LCA possesses a porous micro/nano
networks structure and thus could bind a large amount of
nitrogen to form fertilizer-ATP-BCS system, which could be
then retained by the rough surface of crop leaves. As a result, LCFNF displayed higher adhesion performance on crop leaves,
lower loss amount and thus higher utilization efficiency compared with FNF. This work provides a novel and promising approach
to control the loss of traditional FNF and ultimately lower the environment pollution risk.
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■ INTRODUCTION

The environmental problems associated with the overuse of
nitrogen fertilizer are become increasingly severe.1 To lower
environment contamination, foliar nitrogen fertilizer (FNF) has
been developed and widely applied owing to its direct uptake
property and better utilization efficiency compared with root
applied fertilizer.2,3 However, the unused nitrogen on crop
leaves still tends to discharge into the environment through
foliar washoff and volatilization, causing environmental
contamination and a waste of manpower and energy.4−7

Therefore, there is demand to develop a new kind of FNF with
higher adhesion capacity on leaf surface and lower loss amount.
In this paper, we described a novel kind of FNF named loss-
control foliar nitrogen fertilizer (LCFNF) by adding an
appropriate amount of a complex, as a loss control agent
(LCA), consisting of attapulgite (ATP) modified by high-
energy electron beam (HEEB) and straw ash-based biochar and
biosilica (BCS) to traditional FNF. Compared with FNF,
LCFNF could effectively increase the adhesion capacity of
nitrogen on crops leaves, which is favorable to control the loss
of nitrogen, improve the utilization efficiency and reduce the
environment pollution.

ATP (Si8O20Mg5(Al)(OH)2(H2O)4·4H2O), a kind of nano-
clay, has a wide variety of applications such as paints,
adsorbents, construction materials, medicine and pesticide
carriers and so on, because of its nanorod structure, large
specific surface area and high adsorption capacity.8,9 However,
ATP nanorods tend to aggregate with each other to form
bunches, which greatly limits the application of ATP.
Therefore, it is indispensable to improve the dispersibility of
ATP so as to increase its properties and broaden the
applications. Herein, HEEB irradiation was used to separate
the ATP rods from each other to form a networks structure,
and thus more nitrogen could be adsorbed on ATP effectively.
Biomass, a novel fuel for generating electricity through

combustion, is gaining increasing attention due to its renewable
and low pollution properties.10,11 As a main biomass resource,
plenty of straw was burned for electricity, while generating a lot
of straw ash.12 Hence, it is necessary to develop effective
utilization technologies for the straw ash. Straw ash mainly
consists of biochar and biosilica (BCS), which displays a micro/
nanostructure with high porosity, large specific surface area and
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negative surface charge, so that it could be used herein as an
excellent carrier for FNF.13 In addition, the micro/nanoporous
structure of straw ash could be a benefit for the dispersion of
ATP through the stereohindrance effect.14,15

The objective of this work is to develop a new FNF named
LCFNF using ATP-BCS, and investigate the adhesion
performance of LCFNF on crop leaves as well as the migration
performance through washoff and volatilization, in comparison
with FNF alone. It was found that ATP-BCS could effectively
enhance the adhesion ability and reduce the loss of FNF. This
work may provide not only a promising method to control FNF
loss and reduce the pollution risk to environment, but also a
potential utilization technology for ATP and straw ash
generated in biomass power plants.

■ EXPERIMENTAL SECTION
Materials. Natural attapulgite powder (100−200 mesh) was

provided by Mingmei Co., Ltd. (Anhui, China). Straw ash-based
biochar and biosilica, with approximately 60% carbon and 35% SiO2
and average particle size of 10 μm, was provided by Kaidi Electric
Power Co., Ltd. (Wuhan, China). Other chemicals were of analytical
reagent grade and purchased from Sinopharm Chemical Reagent
Company (Shanghai, China). Deionized water was used throughout
this work. Peanut leaves, each with area of approximately 4 cm2, were
taken from experimental field of Hefei Institutes of Physical Science,
Chinese Academy of Sciences.
HEEB Irradiation. Attapulgite samples in plastic bags (100 g each)

were irradiated by high energy electron beam accelerator (10 MeV and
10 kW) with fluences of 10, 20, 30 and 40 kGy respectively at room

temperature, and the resulting samples were designated as ATP10,
ATP20, ATP30 and ATP40, respectively.

Preparation of LCFNF. ATP sample and BCS were mixed with
different weight ratios. The optimum ATP-BCS complex for urea (U)
(or NH4Cl (N)) was achieved through nutrients adhesion
determination and designated as the LCAU (or LCAN) which was
then added to U (or N), and the optimal addition amount of LCAU
(or LCAN) was also obtained through the nutrients adhesion
determination. Finally, LCAU (or LCAN) with the optimal amount
was added to U (or N) to achieve the LCFU (or LCFN).

Adhesion Performance Investigation. After ultrasonic treat-
ment (150 W, 40 kHz) for 10 min, an LCFNF suspension (1 mL)
with a designated concentration was sprayed evenly onto a peanut leaf
on a Petri dish with a tilt angle of 30° from the ground at 30 °C. Then,
5 mL of deionized water was sprayed evenly onto the resulting leaf to
simulate the rainwater. After air-drying, the leaf was immersed into 20
mL of deionized water and shaken for 10 min at 120 rpm to wash the
FNF off the leaf surface, and the concentration of FNF in deionized
water was determined.

Pot Experiments. Soil (280 g) was placed in a pot with a
trapezoidal shape, diameter of 10 cm (top) and 7 cm (bottom), and
height of 7 cm. Two corn seeds were planted in the middle layer of soil
(4 cm deep), and the pot stood in a dish. The system was kept in a
greenhouse at 20 °C, and a total amount of 50 mL of water was
sprayed on the top of the system every 4 days. After 15 days, 50 mL of
urea (5 g L−1), NH4Cl (5 g L−1), LCFU (urea, 5 g L−1; LCA, 0.75 g
L−1) or LCFN (NH4Cl, 5 g L−1; LCA, 0.75 g L−1) solution was
sprayed onto the surface of corn leaves in different pots, respectively.
The corn heights and the chlorophyll contents of the corn leaves were
investigated to obtain the promotion effects of LCFU and LCFN on
the growth of corn.

Figure 1. Adhesion performance of fertilizer nutrient on the peanut leaf surface. (A): (a) U, (b) U (40 g L−1)-ATP (3 g L−1), (c) U (40 g L−1)-BCS
(3 g L−1), (d-l) U (40 g L−1)-LCA (3 g L−1, actually ATP-BCS with WATP:WBCS of 9:1, 8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1, 1:1, respectively). (B): (a) N
(40 g L−1), (b) N (40 g L−1)-ATP (3 g L−1), (c) N (40 g L−1)-BCS (3 g L−1), (d-l) N (40 g L−1)-LCA (3 g L−1, actually ATP-BCS with WATP:WBCS
of 1:6, 1:5, 1:4, 1:2, 1:1, 2:1, 4:1, 5:1, 6:1, respectively). (C): U (40 g L−1)-LCA (3 g L−1, actually ATP-BCS with WATP:WBCS of 5:1) based on ATP
irradiated by HEEB with different doses. (D): N (40 g L−1)-LCA (3 g L−1, actually ATP-BCS with WATP:WBCS of 6:1) based on ATP irradiated by
HEEB with different doses.
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Characterization. The morphologies of ATP, BCS, peanut leaf
and LCFNF-leaf were observed with scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX) (Sirion 200,
FEI Co., USA). The structure and interaction were analyzed using X-
ray diffraction (XRD, TTR-III, Rigaku Co., Japan) and Fourier
transform infrared spectrometry (FTIR, Bruker Co., Germany). The
concentration of FNF was measured using a UV−vis spectropho-
tometer (UV 2550, Shimadzu Co., Japan) at a wavelength of 420 nm.
The chlorophyll contents of corn leaves were determined by a
chlorophyll meter (Konica Minolta Investment Ltd., Japan).

■ RESULTS AND DISCUSSION

Adhesion Performance Investigation. The adhesion
performance on the peanut leaf surface of U-ATP-BCS and N-
ATP-BCS with different weight ratios of ATP to BCS were
investigated compared with U and N alone. As shown in Figure
1A,B, the adhesion amounts of U-ATP (or N-ATP) and U-BCS
(or N-BCS) were higher compared with U (or N) alone,
indicating that ATP or BCS alone could increase the adhesion
of U and N on the leaf surface. Moreover, the adhesion capacity

of U-ATP-BCS (or N-ATP-BCS) was also significantly higher
compared with U (or N) alone, and reached the maximum
values at WATP:WBCS = 6:1 (or 5:1). This result indicated that
ATP-BCS with appropriate weight ratio could exhibit much
better effect on increasing the adhesion capacity of fertilizer
compared with ATP or BCS alone.
It could be seen clearly in Figure 1C,D, the adhesion

capacities of both U-ATP-BCS and N-ATP-BCS based on ATP
irradiated by HEEB obviously increased with HEEB doses
initially (0−30 kGy), reaching the maximum at 30 kGy, and
then decreased after 30 kGy. That was to say, ATP30 was the
most suitable for the adhesion performance of U-ATP-BCS and
N-ATP-BCS compared with the raw ATP, ATP10, ATP20 and
ATP40. According to our previous work,15 owing to the
thermal, physical impact and charge effects of HEEB, the
dispersion and BET specific surface area (BSA) of ATP
increased initially (0−30 kGy) and then decreased (30−40
kGy), achieving the maximum at 30 kGy. Therefore, the
dispersion and BSA could probably play key roles in improving

Figure 2. Adhesion performance of U-LCAU (a) and N-LCAN (b) with different LCAU and LCAN concentrations. The concentration of U or N
solution is 40 g L−1.

Figure 3. (A) Schematic diagram of the pot experiment system. (B) Digital photograph of corns. (C) Height of corn. (D) Chlorophyll contents in
the leaves of corn treated with different samples: (a) blank, (b) urea, (c) LCFU, (d) NH4Cl and (e) LCFN, respectively.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.5b00064
ACS Sustainable Chem. Eng. 2015, 3, 499−506

501

http://dx.doi.org/10.1021/acssuschemeng.5b00064


the adhesion capacities of both U-ATP-BCS and N-ATP-BCS.
In other words, the adhesion performance of LCFNF could be
attributed to the adsorption ability of ATP on FNF. According
to the preceding results, the optimal agent, actually the LCAU
(or LCAN), for U (or N) was obtained at WATP30:WBCS = 6:1
(or WATP30:WBCS = 5:1).
To further obtain the optimum addition amount of LCAU

and LCAN, the adhesion performance of U-LCAU and N-
LCAN with different LCAU and LCAN concentrations was

investigated. Figure 2 illustrates that the adhesion capacities of
both U-LCAU and N-LCAN increased initially (0−6 g L−1) the
increasing concentration of LCAU and LCAN and then
achieved the maximum at 6 g L−1. However, the adhesion
amount decreased when the LCAU (or LCAN) concentration
was larger than 6 g L−1, which was probably because LCAU (or
LCAN) with high concentrations could probably form large
aggregates which tended to be washed off or blown off from the
leaf surface, resulting in lower adhesion performance.

Figure 4. (a) Digital photo of peanut leaf; (b) SEM image of the square region marked with I in panel a; (c) SEM image with a higher magnification
of the square region marked with II in panel b; (d) SEM image with a higher magnification of the square region marked with III in panel c.

Figure 5. SEM images of LCAU (a−c) and LCFU (d−f) on peanut leaf surface; (b and c) magnified images of the square region marked with I; (e
and f) magnified images of the square region marked with II; (III and VII) BCS; (IV) ATP; (VI and V) U; (VIII) flake. The concentration of U or N
solution is 40 g L−1.
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Consequently, the optimal LCAU (or LCAN) concentration
for U-LCAU (or N-LCAN) was 6 g L−1. That was to say, the
optimal WU:WLCAU or WN:WLCAN for the adhesion perform-
ance of fertilizer nutrients was 20:3. Based on the preceding
analyses, the optimal U-LCAU (named as LCFU) and N-
LCAN (named as LCFN) were obtained at WU:WATP30:WBCS =
140:18:3 and WN:WATP30:WBCS = 40:5:1, respectively.
Effects of LCAU (or LCAN) on Corns. As shown in Figure

3, the effects of LCAU (or LCAN) on the growth of corns were
investigated through pot experiments (Figure 3A). It could be
seen clearly from Figure 3B,C that LCFU (or LCFN) displayed
obvious positive effects on the growth of corns during the
seedling stage (15 days after seeding), resulting in higher
heights and chlorophyll contents in the leaves compared with
the corns treated with or without traditional FNF. That was to
say, LCAU (or LCAN) could effectively increase the utilization

efficiency of U (or N), which was probably attributed to the
higher adhesion performance of LCFU (or LCFN) on corn
leaves compared with U (or N) alone.

Microstructure Modification Investigation. Naturally,
there are plenty of air pores (Figure 4b, c) on the peanut leaf
surface (Figure 4a), and FNF nutrients could be absorbed by
the leaf through these pores. Besides, a number of micro/
nanoflakes (Figure 4d) could be seen clearly on the leaf surface,
resulting in a rough surface. These flakes are beneficial for the
adhesion of FNF through the retaining effect. However, there
were still part of FNFs could not be retained by these micro/
nanoflakes and those FNFs tended to discharge into environ-
ment via washing-off and volatilization. Herein, ATP-BCS
composite was used as a carrier to improve the adhesion
capacity of FNF, because ATP-BCS possessed porous structure
(1 to 200 nm) contributing to high specific surface area (50−

Figure 6. SEM images of LCAN (a−c) and LCFN (d−f) on peanut leaf surface; (b and c) magnified images of the square region marked with I; (e)
and (f) magnified images of the square region marked with II; (III) N nano crystal with ATP rod as the nucleus; (IV) BCS; (V) N; (VI) flake. The
concentration of U or N solution is 40 g L−1.

Figure 7. Schematic diagram showing the fabrication process of LCFNF.
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150 m2 g−1), high surface activity and thus could adsorb FNF
into the pores or surface of ATP-BCS to form the ATP-BCS-
FNF composite, which could easily be retained by the flakes on
the leaf surface. Nevertheless, raw ATP tends to aggregate to
form compact bunches, so ATP-BCS also shows an aggregative
morphology (Figures 5a−c and 6a−c) with low dispersion and
specific surface area resulting in a weakened ability to bind with
FNF. In addition, raw ATP presents low adhesion performance
on the leaf surface because big ATP bunches tended to fall off
from the leaf under rain washing or wind blowing. In our
previous work,16 it was found that HEEB irradiation could
effectively enhance the dispersion of ATP and transform ATP
bunches to micro/nano networks, and the optimal fluence was
30 kGy. Therefore, ATP30-BCS was selected to further
improve the adhesion capacity of FNF. As shown in Figures
5d−f and 6d−f, compared with U-ATP-BCS (or N-ATP-BCS),
LCFU (or LCFN) displayed a higher dispersion, a porous
micro/nanonetworks structure and a larger specific surface area.
Thus, more U (or N) could be adsorbed and held in the LCAU
(or LCAN) networks (Figures 5f and 6f). Meanwhile, owing to
the high dispersion and networks structure, LCFU (or LCFN)
could be more easily retained by the flakes on the leaf surface
showing a higher adhesion capacity compared with U-ATP-
BCS (or N-ATP-BCS) (Figures 5III−VIII and 6III−VI),
because separated attapulgite particles could attach tightly to
the micro/nano flakes on the peanut leaf surface. Interestingly,
the bended nano fibers were found as shown in Figure 6III, and
this indicated that N could probably crystallize, with ATP rod
as the crystal nucleus, along the axial direction of ATP rod and
meanwhile form fiber-shaped crystals. The formation of N
crystals was also favorable for the improvement of the adhesion
capacity of N.
Besides ATP, the adhesion performance of LCFNF was also

dependent on the adsorption of BCS, which mainly consists of
micro/nano (50−200 nm) carbon and silica particles and has a
high specific surface area. Hence, FNF could effectively be
adsorbed into the pores and onto the surface of BCS.
Moreover, the porous structure of BCS also contributed to
the dispersion of ATP because ATP could insert into the pores
of BCS under UT and thus be dispersed through the
stereohindrance effect (Figure 7).
Interaction Analysis. To further investigate the modifica-

tion mechanism of HEEB irradiation on ATP, FTIR measure-
ments were carried out. As shown in Figure 8, both ATP and
ATP30 have the same characteristic peaks (987 cm−1 for Si−
O−Si and 480.2 cm−1 for −OH translational vibration, and
1684.5 cm−1 for −OH bending vibration), indicating that only
physical interaction occurred during the irradiation process.
However, the intensities of these peaks of ATP30 were much
higher compared with ATP, attributed to the larger specific
surface area after irradiation and thus more functional groups
on ATP30. LCAU possessed the characteristic peaks of both
BCS (789 cm−1 for Si−O−Si stretching vibration, 462 cm−1 for
−OH translation and 1066 cm−1 for Si−O stretching vibration)
and ATP30, manifesting that ATP30 was successfully bound
with BCS. The weakening of (Mg, Al)−OH stretching
vibration at 3610 cm−1 on ATP30 probably indicated the
formation of hydrogen bonds between (Mg, Al)−OH and Si−
O on BCS. Additionally, neither new peaks nor peak shifts were
detected in LCAU compared with ATP30 and BCS alone,
suggesting that no obvious chemical reactions occurred in the
binding process between ATP30 and BCS, and the main
interaction between ATP30 and BCS was a physical process.

The characteristic peaks (3450 and 3348 cm−1 for NH
stretching vibration) of urea could be seen clearly on LCFU
(Figure 9A), indicating a successful adsorption of urea onto
LCAU. The peaks (3450 cm−1 for NH stretching vibration,
1620 cm−1 for NH bending vibration and 1674 cm−1 CO
stretching vibration) of urea adsorbed onto LCAU were
intensified compared with urea alone, while the peak (1121
cm−1 for SiO stretching vibration) of ATP30 and BCS
weakened, which was probably attributed to the formation of
H-bonds among −NH of urea, −OH of ATP30 and SiOSi
of BCS. Meanwhile, other urea molecules might be adsorbed
onto LCAU through electrostatic attraction. In conclusion, the
main interactions between urea and LCAU could be hydrogen
bonding and electrostatic attraction.
As shown in Figure 9B, the characteristic peaks of both

LCAN and NH4Cl could be seen clearly on LCFN, suggesting
that NH4Cl was successfully adsorbed onto LCAN. Moreover,
the red shifted peaks (3037 and 3130 cm−1 for N−H stretching
vibration, 1400 cm−1 for N−H bending vibration) of NH4Cl
and the weakened peaks (486 cm−1 for −OH translation
vibration, 1090 and 1121 cm−1 for Si−O stretching vibration)
of ATP30 and BCS were probably because hydrogen bond
formed among NH4Cl, −OH of ATP30 or BCS, and Si−O−Si
of BCS. In addition, the remaining NH4Cl might be adsorbed
onto LCAN through electrostatic attraction. In a word, the
main interactions between NH4Cl and LCAN were also
probably hydrogen bonding and electrostatic attraction.
XRD measurements were performed to further investigate

the crystal structure information on the LCAU composite. It
could be seen clearly in Figure S1 (Supporting Information)
that no obvious new peak or peak shift was found in ATP30
spectra compared with ATP, indicating that no obvious
chemical or crystal structure change occurred during the
irradiation process. Additionally, no obvious peak shift
appeared on ATP30 after binding with BCS, illustrating that
BCS did not intercalate the crystal layers of ATP30. Some
characteristic peaks of ATP30 in LCAU in the square regions
weakened compared with ATP30 alone (Figure S1e,f,
Supporting Information), indicating the higher dispersion of
ATP30 in LCAU. That was to say, BCS could effectively
increase the dispersion of ATP30, and this corresponded to
Figure 1.

Figure 8. FTIR spectra of ATP (a), BCS (b), ATP30 (c) and LCAU
(d).
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It could be seen clearly in Figure S2 (Supporting
Information) that LCFU possessed the characteristic peaks of
both urea and LCAU, presenting that urea was successfully
adsorbed onto LCAU. Additionally, the characteristic peaks of
urea became weakened after binding with LCAU, which was
probably because urea molecules were adsorbed into the
porous structure of LCAU and thus the crystallinity of urea
decreased.
As shown in Figure S3 (Supporting Information), LCFN

showed the characteristic peaks of ATP30 and BCS, indicating
that NH4Cl was successfully adsorbed into the pores of LCAN.
Moreover, the characteristic peak (Figure S3a, Supporting
Information) of NH4Cl left shifted, which was probably due to
the intercalating effect of LCAN into NH4Cl crystals. That was
to say, ATP30 and BCS could probably intercalate the crystal
layers of NH4Cl. Compared with NH4Cl, some peaks (Figure
S3a,b, Supporting Information) of LCFN were intensified while
some peaks (Figure S3e, Supporting Information) weakened,
illustrating that the crystallinity of LCFN got higher in some
directions while lower in other directions. This was probably
because of the formation of NH4Cl crystals in some directions
with LCAN as the crystal nucleus.
Based on the preceding analysis, urea and NH4Cl could be

successfully adsorbed into LCAN, and the main interactions
between nitrogen and LCAN were hydrogen bonding and
electrostatic attraction.

■ CONCLUSION

In this paper, we developed an approach for improving the
adhesion capacity and thus controlling the loss of foliar
nitrogen fertilizer by adding BCS and HEEB-modified ATP to

traditional foliar nitrogen fertilizer to obtain LCFNF. The
results indicate that HEEB irradiation could significantly
disperse ATP aggregates because of the thermal, charge and
physical impact effects. In addition, BCS could further improve
the dispersion of ATP through the hindrance effect. Such well
dispersed ATP30-BCS possessed a porous networks structure,
and thus displayed a high adsorption capacity on nitrogen and
an outstanding retaining ability on the rough surface of peanut
leaf. Therefore, LCFNF showed a higher adhesion capacity on
peanut leaf surface compared with traditional foliar nitrogen
fertilizer, which was beneficial to control the loss, improve the
utilization efficiency, and ultimately decrease the environmental
risk of foliar nitrogen fertilizer.
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