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ABSTRACT

The present study aimed to evaluate the effects of titanium dioxide nanoparticles (T: 1 and 3%),
sheep manure biochar (B: 1 and 3%), and their combination (T0.5% + B0.5% and T1.5% + B1.5%)
on the degradation/sorption of methylene blue (MB: 100, 200, and 300 mg/kg soil) in sandy loam
(SL) and loam (L) soils with variable light radiation (ultravioletuv) and visibles)). According to
the results, the application of T (especially with UV radiation exposure), B, and their combination
significantly reduced the MB concentration in the soils compared to the control treatment (without
T and B). In addition, the combined application of T and B (T1.5% + B1.5%) was significantly
more efficient than the other treatments in the reduction of the MB extraction in the studied soils.
However, B and T application decreased the soil MB concentration, but due to the competition
between the ions in the soils and MB for adsorption on the B and T surfaces, insufficient water in
the soils to form appropriate amounts of degradable hydroxyl radicals, low absorption of UV
radiation by T (due to the high thickness of the soil layer), and consumption of large amounts of T
for soil organic matter degradation, the efficacy of these amendments decreased. Moreover, lack of
using specialized biochar for this cationic contaminant (modification of the B functional groups)
diminished the efficiency of this adsorbent in the soil, which requires further investigations.
Keywords: Titanium dioxide nanoparticles, Biochar, Methylene blue, Soil, Ultraviolet

Introduction

In recent decades, the release of various
contaminants (e.g., dye contaminants) into the
environment has increased dramatically due
to the remarkable growth of industrial
activities.! Dye contaminants are water-
soluble, synthetic, aromatic, organic pigments
with  potential application in  various
industries. Wastewater containing dyes could
pollute surface and subsurface water and soil.?
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According to a study by Zhou,? the levels
of azo dyes in the surface soil in the proximity
of dyeing and printing industries were 12-456
mg/kg on average, and these dyes could
stabilize within the soil colloids after a few
weeks, being retained in soil for a long time.
As dyes mainly have complex, aromatic
structures and are manmade, they are often
highly stable, and their removal from
environmental sources is difficult.?

Azo dyes are a large group of synthetic
dyes with one or more -N=N- bonds, which
adversely affect soil microbial populations®
and plant growth.> Methylene blue (MB) is a
dye cationic azo molecule with the molecular
formula of Ci16H1gN3SCI, which high
resistance to environmental degradation in
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soil due to the presence of benzene rings in its
structure. Unlike inorganic pollutants (e.g.,
heavy metals) and some organic pollutants
that have permissible levels in soil quality
standards, the permissible level of soil
contaminated with synthetic dyes have not
been recorded in soil quality standards.
Nevertheless, the toxicity and environmental
hazards of organic dyes are significantly
higher compared to organic pollutants, such
as polycyclic aromatic hydrocarbons (PAHS)
and polychlorinated biphenyls.? Therefore,
determination of the permissible levels and
refining of these pollutants (especially in
calcareous soils of Iran) is of paramount
importance.

Several methods are used for the removal
of dye contaminants from  aquatic
environments; however, data is scarce
regarding their refining in soil environments
due to the heterogeneous structure of soil.®
Among the common methods for the removal
of dyes from aqueous solutions, degradation
and adsorption are considered to be most
appropriate for dye removal,? the application
of which in the soils contaminated with these
contaminants has rarely been investigated.

In the photocatalytic  degradation
processes  of  organic  contaminants,
contaminants are completely degraded and
converted into CO2 and H2O in the presence
of semiconductor catalysts (e.g., T),
especially under UV  radiation® T
nanoparticles are strong photocatalysts that
could  effectively  remove  numerous
Environmental organic contaminants and
convert them into environmentally friendly
products.® On the other hand, pollutants are
not degraded in the adsorption process and are
adsorbed by various adsorption mechanisms
(e.g., adsorption, precipitation,
coprecipitation, and formation of surface
complexes).® Various adsorbents are used in
this process, and agricultural wastes have
been considered as cost-efficient and
environmentally friendly adsorbents in this
regard. Biochars produced from agricultural
waste and acts as a proper adsorbent for
cationic and anionic dyes owing to its unique
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properties, such as high specific surface area
and specific functional groups.’® The
functional groups at the B surface (e.g.,
carboxyl, hydroxyl, and phenolic) effectively
bind to soil pollutants, and these properties of
biochar indicate its potential as an effective
sorbent to be used for organic and inorganic
contaminants in soil and water.°

To date, no studies have been focused on
the use of photocatalytic materials in the soil
heterogeneous environment for the removal of
organic contaminants, as well as the effects of
B on the behavior of MB dye in the soil
environment. The present study aimed to
evaluate the effects of T nanoparticles and B
on the degradation/adsorption of MB dye in
two soils with various textures as affected by
different light radiation (UV and VS).

Materials and methods

In this study, two soil samples were
collected from different areas in Kerman,
Iran. After filtration through a two-millimeter
sieve, the physical and chemical properties of
the samples were determined using
conventional methods.!! The soils samples
had sandy loam (SL) and loam (L) textures.
The other properties of the studied soils are
presented in Table 1.

Table 1. Selected chemical and physical properties of
studied soils

Properties Sa_ndy loam Lo_am
soil soil
Clay (%) 5 11.6
Sand (%) 71 48.4
Silt (%) 24 40
Organic matter (%) 0.69 0.98
Calcium carbonate
equivalent (%) 8.32 173
Electrical conductivity
(ds/m) 2.39 7.84
pH 75 6.8
Cation exchange capacity 8.93 14.8

(cmol(+)/kg)

In order to investigate the effects of T
(Platonic Nanotech, 99% Anatase, 30-50 nm),
B (produced from sheep manure at the
temperature of 500 °C for 4 h in anaerobic
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conditions), and the combination of these
materials on the degradation/adsorption of
MB in the soils, the soil samples were
initially contaminated with the MB source at
the concentrations of 100, 200, and 300
mg/kg and incubated for one week in field
capacity (FC; moisture maintained at 20%V
for SL and 32% V for L) in the dark.
Following that, the T nanoparticles at 1 and
3%, B at 1 and 3%, and their combination
with equal weight percentages (T0.5 + B0.5

fremmm——— 1 Closed box
]

10 cm

L5cem ‘ N
-
MB100 T+B T+B v
I n " B B les] [as | TR
. !
- | MB200 T+B | | T+B
o |
N TI T3 BI B | |05 | | as | |CTR
MB300
T+B | | T+B
I TI 3 Bl B | | o8| | a8 | |CR®

wa g

R R e T

MB100 T+B T+B
I T1 T3 Bl B3 0.5) (15) CTR
i
MB200
1 T+B T+B
H T1 T3 B1 B3 05) (15) CTR
MB300 T+B T+B
I T1 LKl Bl B3 (0.5) (15) CTR

.- . N UUEL_DUUNL UL R \ I .. L L L ] . L.

10.5cm

I~ I TR R R AR DR MR R |

and T1.5 + B1.5%) were separately added to
the contaminated soil samples. Subsequently,
the samples were individually exposed to UV
and VS radiation in closed boxes containing
UV LEDs (365 nm) and VS (555 nm) 3W
individually, and 20 light in 0.3 m? were
assigned individually to each irradiation 8 h
per day for 60 days. The boxes were placed in
a room at the constant temperature of 25+3
°C. Fig. 1 shows the schematic of the
experimental setup.
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Fig. 1. Schematic of experimental setup (each soil sample in three replicates)

During 60 days of incubation, the
samples were stored in FC moisture
conditions and stirred once daily. After this
period, the samples were extracted using
distilled water (soil-to-water ratio: 1:2).
Afterwards, the samples were shaken for 2 h
at 190 rpm and centrifuged immediately at
2,500 rpm. The supernatants were filtered

through the Whatman 42 filter paper, and the
MB concentration was determined using the
spectrophotometric method (Cary 50 UV-VIS
spectrophotometer) at the maximum MB
wavelength (644 nm). Finally, MB was
calculated based on the MB standard curve.
Data analysis was performed in the SAS
software using the analysis of variance, mean
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comparison, and Tukey's test (alpha 0.05),
and graphs were also drown using the Excel
software version 2016.

Results and discussion

The results of the analysis of variance
(ANOVA) indicated that various levels of
MB contamination, amendments, radiation

sources, and their interactions had significant
effects on the extracted MB in the SL and L
soils, with the exception of the interactive
effects of the amendments and irradiation, at
0.01 significance level of Tukey's test (Table
2). Fig. 2 depicts the effects of various
concentrations of MB on the extracted MB
from the SL and L soils.

Table 2. Analysis of variance of extracted methylene blue in sandy loam and loam soils affected by Cd levels

and chelating agents

Mean squares

Source of variation DF+ Sandy loam Loam
MB levels 2 85134.3" 65911.8™
Amendments 6 5914.2™ 2324.2™
Radiation sources 1 920.1" 232.6™
MB levels x Amendments 12 10658.8™ 7427.4™
MB levels x Radiation sources 2 34246.8™ 26424.9™
Amendments x Radiation sources 6 2831.5™ 1096.77™
MB levels x Amendments x Radiation sources 12 5235.2*" 3636.6™
Error 84 70.73 28.86
"Degrees of freedom; *, **Significant at 5% and 1%, respectively; ™: Non-significant
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Fig. 2. Effects of various MB concentrations on extracted MB from SL and L soils (each column with average of 42
samples; different letters indicate significant differences in the mean of different treatments; P<0.05)

The extracted MB from both soils
significantly increased at higher MB
concentrations, which was predictable.
Another important finding in this regard was
the difference between the soil samples in
terms of the extracted MB, which was
approximately equal at low MB concentration
(100 mg/kg), while at the high concentrations
of MB (200 and 300 mg/kg), the extracted
MB level from the SL soil was higher
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compared to the L soil. This difference could
be attributed to the lower clay content in the
SL soil samples compared to the L soil
samples. Due to the higher specific surface
area and higher cation exchange capacity of
clay and silt than the sand particles, these
particles were able to retain greater amounts
of MB, thereby preventing MB desorption.*2
As results, the initial level of MB (100
mg/kg) led to the extraction of 50% of MB
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from the soils, and increasing the applied MB
to 200 and 300 mg/kg led to the MB
extraction of approximately 45 and 43% of
each the initial MB concentrations,
respectively, which indicated the increased
degradation or adsorption process, resulting in
the increased MB concentration in the soil
samples. This increment could be attributed to
degradation or adsorption, as well as the
increased availability of MB for T or B as the
added MB to the soil was greatly adsorbed on
the soil particle surfaces at low concentrations
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(physical adsorption on the negative surfaces
of the soil particles), and B and T could not
affect these samples properly. At the time of
extraction, MB was attached to the soil
particles (weak binding) and extracted more
rapidly, showing higher levels of MB.
Furthermore, the investigation of the effects
of the studied amendments on the extracted
MB from the SL and L soils (Fig. 3)
demonstrated that in both soils, the highest
level of the extracted MB was obtained in the
control samples (no amendments).
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Fig. 3. Effects of various levels of T and B on extracted MB from SL and L soils (each column: mean of 18 samples;
different letters indicate significant differences in means of different treatments; P<0.05)

According to the findings of the current
research, the extracted MB in the control
treatment of SL soil was 1.2 times higher than
the L soil, indicating the lower surface
adsorption of MB in the SL soil. On the other
hand, the highest reduction of the extracted
MB in both soil samples was obtained in
treatment of T1.5% + B1.5%. In the SL soil
samples, the application of T1%, T3%, B1%,
and B3% was observed to reduce the
extracted MB by 26, 41, 14.2, and 23.2%,
respectively compared to the control
treatment. In addition, the application of
T0.5% + B0.5% and T1.5% + B1.5% was
observed to decrease the extracted MB by 24

and 41.5%, respectively compared to the
control treatment in the SL soil. The
application of T1%, T3%, B1%, B3%, T0.5%
+ B0.5%, and T1.5% + B1.5% decreased the
extracted MB by 12.6, 23.4, 20, 28.2, 20.9,

and 30%, respectively compared to the
control samples in the L soil. In the
photocatalytic ~ degradation of  organic

contaminants such as MB, the light energy
(hv: UV or sunlight) in the form of a photon
with a specific wavelength (>387.5 nm)
excites the electrons (e ™) on the surface of T,
moving the electron from the valence bands to
the conduction bands, thereby resulting in the
electron-hole (e~ + h*) pair generation (Eq.
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l).13
Catalyst+ hv —» e~ + h* 1)
The generated electron-hole  pair
produces superoxide (O2") and hydroxyl free
radicals (OH°) through the reduction of
oxygen molecules and water oxidation,
respectively. During the following reactions,
the superoxide radicals were neutralized by
the proton, producing unstable hydrogen
peroxide (Eqgs. 2-4).

0;" +H* - HO, (2)
2HO; - H,0, + 0, (3)
H,0, + e~ —» OH" + OH™ (4)

Finally, the produced hydroxyl free
radicals reacted with MB as a dye, leading to
its degradation!* (Eq. 5).

OH" + Dye = Oxidized dye (5)

Due to the observed degradation
mechanism of T, the reduction of MB in the
soil was predictable although as expected of
the strong photocatalyst, the reduction trend
was gradual. In this regard, the low efficiency
of T could be attributed to the high thickness
of soil layers, lower photon absorption to the
photocatalyst surface (decreased hydroxyl
radicals), and inappropriate intensity of the
applied photon to the system.

In a research in this regard, Daneshvar et
al. reported that the zero point of charge of T
was 6.8, and at higher pH than this value, the
surface charge of T was negative due to the
absorbed hydroxyl.® Therefore, it was
concluded that increased pH in the
environment caused the negative charge on
the T surfaces to increase, and the conditions
of the formation of hydroxyl radicals
improved, increasing degradation. Based on
the pH values for the SL (7.5) and L soils
(6.8), it was expected that higher levels of
MB degraded in the SL soil due to the
increased production of destructive hydroxyls.
However, the heterogeneous soil conditions
led to the failure of this assumption.
Moreover, the application of B reduced the
extractable MB in both the SL and L soils
through  adsorption  and  distribution
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mechanisms.

According to the findings of Chen and
Yuan, the adsorption of organic contaminants
in the prepared B at low temperatures
occurred through the adsorption mechanism
on the non-carbonated biochar fraction, while
in the prepared B at high temperatures, the
main mechanism was adsorption on the
carbonized sections.'® Electrostatic adsorption
and desorption between organic contaminants
and B was reported to be another possible
mechanism in the mentioned study.*’

The biochar surface often has a negative
charge, which could adsorb cationic organic
contaminants through electrostatic adsorption.
This electrostatic adsorption has been
reported by Xu et al.X® With regard to the MB
adsorption on B in aquatic solutions, Yao et
al. have stated that as biochar increases in
soil, the ion exchange capacity of the soil
increases as well, which in turn affects the
adsorption of cationic contaminants.'® Fig. 4
shows the effects of UV and VS radiation
sources on the level of extracted MB from the
SL and L soils. Accordingly, a significant
difference was observed between the UV and
VS radiation sources on the MB content of
both soils, so that the extraction rate of MB in
the samples with VS radiation was higher
compared to the UV samples, indicating the
more significant effects of the UV source
compared to the VS samples on MB
degradation. The changes in the extracted MB
in the L soil compared to the SL soil indicated
that the L soil was less affected by UV
radiation (Fig. 4). Since the T energy band
gap was 3.2 eV, it could only adsorb the
wavelength of 370-370 nanometers, as well as
small amounts of visible energy.?’ According
to the results of the present study, due to the
specific energy band gap of T, it had
significantly lower efficiency in the presence
of VS light. Numerous studies have reported
the effectiveness of UV radiation compared to
VS light in the improvement of the
photocatalytic activity of T.2% 22
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Fig. 4. Effects of radiation sources on amount of extracted MB from SL and L soils (each column with mean of 63
samples; different letters indicate significant differences in means of different treatments; P<0.05)

Fig. 5 shows the interactive effects of the
MB levels and amendment treatments on the
extracted MB from the SL and L soils. As can
be seen, at all the levels of the applied MB in
both the studied soils, the soils without
amendments (control) had the highest level of
extracted MB compared to the other
treatments. At the MB concentrations of 100
and 300 mg/kg, T1.5% + B1.5% treatment
had the most significant effect on the
reduction of the extracted MB from the SL
and L soil, while 200 mg/kg of MB led to the
most significant decrease in the SL soil and L
soil at T3% and B3%, respectively. The
interactive effects of various MB pollution
levels and radiation sources on the level of the
extracted MB from the SL and L soil (Fig. 6)
indicated that at all the applied MB levels,
there was no statistically significant
difference between the two irradiations (same
contamination level) despite the lower
extractable MB in the UV samples compared
to the VS samples in both soils. Furthermore,
the findings of the current research
demonstrated that the extraction of MB was
higher in the SL soil compared to the L soil,
which was observed at all the MB
concentrations and irradiation  sources.

Fig. 7 shows the interactive -effects
between the amendments and radiation
sources on the extracted MB from the SL and
L soil. As is shown, various levels of different
amendments with the irradiation sources were

not statistically significant. Contrary to the
prediction regarding the B treatments, the
amount of the extracted MB with UV
irradiation showed lower levels of extracted
MB compared to the VS irradiation, which
was unexpected. In the previous studies in
this regard, the effect of UV irradiation on the
decomposition of organic compounds (even
soil organic matters) has been confirmed,??
while the involved mechanism has not been
elucidated. However, it is assumed that the
presence of various photocatalytic compounds
in soil (e.g., zinc oxide, TiO[rutile and
anatase], and ferric oxide) could be excited by
UV irritation, degrading more MB compared
to VS irradiation. According to our findings
regarding the interactive effects of various
levels of MB  pollution, different
amendments, and radiation sources on the
amount of the extracted MB from the SL and
L soil (Fig. 8), there was a significant
difference in all the soils treated with the
control treatment at every level of
contamination, so that the highest extracted
MB was observed in the control soil. In
addition, the lowest extracted MB in MB100
and MB300 in the SL soil was observed in the
treatment with T15% + Bl5% (UV
irradiation) and treatment T1.5% + B1.5%
(VS irradiation) in the L soil. On the other
hand, the highest extracted MB at both levels
of MB (100 and 300 mg/kg) was observed in
the control treatment with VS irradiation.
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Fig. 8. Effects of MB contamination levels, amendment treatments, and radiation sources on extracted MB from SL
and L soils (each column with mean of three samples; different letters indicate significant differences in means of

different treatments; P<0.05)

In the MB200 treatment of the SL soil,
the lowest and highest extracted MB was
observed in the T3% treatment with UV
irradiation and control samples with the VS
irradiation, respectively. Unexpectedly, the L
soil had the lowest amount of the extracted
MB, which was observed in the B3%
treatment with UV irradiation. In addition, the
highest amount of the extracted MB in this
soil was observed in the control samples with
VS irradiation. In general, the reduction of the
extracted MB at various concentrations of
MB in the SL and L soil was as follows:

SL soil with MB100 contamination:

= T1.5%+B1.5%(UV) < T3%(UV) <
T1.5%+B1.5%(VS) < T3%(VS)
<T1%(UV) < T0.5%+B0.5%(UV) <
T0.5%+B0.5%(VS) < T1%(VS)
<B3%(UV) < B3%(VS) < B1%(UV) <
B1%(VS) < Control(UV)< Control(VS).

L soil with MB100 contamination:

» T1.5%+B1.5%(VS) < B3%(UV) <
T1.5%+B1.5%(UV) < B3%(VS) <
T3%(UV) < T0.5%+B0.5%(UV) <
T0.5%+B0.5%(VS) < T3%(VS) <
B1%(VS) < B1%(UV) < T1%(UV) <
T1%(VS) < Control(UV)< Control(VS).

SL soil with MB200 contamination:

= T3%(UV) < T3%(VS) <
T1.5%+B1.5%(UV) <
T1.5%+B1.5%(VS) < T1%(UV) <

)
3
T/ _\MUK-JAEHR

T0.5%+B0.5%(UV) < T1%(VS) <
T0.5%+B0.5%(VS) < B3%(UV) <
B3%(VS) < B1%(UV) < B1%(VS) <
Control(UV) < Control(VS).

L soil with MB200 contamination:

= B3%(UV) < T1.5%+B1.5%(UV) <
B3%(VS) < T1.5%+B1.5%(VS) <
T0.5%+B0.5%(UV) < B1%(UV) <
B1%(VS) < T0.5%+B0.5%(VS) <
T3%(UV) < T3%(VS) < T1%(UV) <
T1%(VS) < Control (UV) < Control (VS).

SL soil with MB300 contamination:

= T1.5%+B1.5%(UV) <
T1.5%+B1.5%(VS) < T3%(UV) <
T3%(VS) < T1%(UV) < B3%(UV) <
B3%(VS) < T1%(VS) <
T0.5%+B0.5%(UV) <
T0.5%+B0.5%(VS) < B1%(UV) <
B1%(VS) < Control (UV) < Control(VS).

L soil with MB300 contamination:

= T1.5%+B1.5%(UV) < T3%(UV) <
T1.5%+B1.5%(VS) < T3%(VS) <
B3%(UV) < B3%(VS) <
T0.5%+B0.5%(UV) < B1%(UV) <
T0.5%+B0.5%(VS) < B1%(VS) <
T1%(UV) < T1%(VS) < Control(UV) <
Control(VS).

In a similar study regarding the effects of

T nanoparticles on a type of PAH

(phenanthrene) in the soil contaminated with

this pollutant, the optimum removal condition
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for the degradation of phenanthrene (85%)
was observed at 2% (w/w) of T in the
presence of water (100%; water saturated
soil), which indicated the significant effect of
water on the photocatalytic process in the soil
enviroment.?* In another research assessing
the destructive effects of T on phenanthrene
degradation in soil, Gu et al. claimed that T
had high efficiency in the degradation of the
pollutant, which in turn increased the
radiation intensity, H202, humic acid, and
efficiency of phenanthrene degradation.?
Furthermore, Shi et al. reported that the
application of B (rice straw) in phenanthrene-
contaminated soil decreased the phenanthrene
uptake by the maize seedlings.?®

In another research, Beesley et al.
applied B in the contaminated soil by PAH,
demonstrating that B could decrease the PAH
by 50% in the soil pore water concentration.?’
Based on the aforementioned studies, use of T
and B has been successful in the reducing the
availability of organic pollutants (non-dyes)
in soil. However, the present study did not
provide satisfactory results that may be
indicative of the stable molecular structure of
the dye (MB) compared to other organic
pollutants in soil.

Conclusion

According to the results, the application
of T nanoparticles with UV irradiation could
reduce the extracted MB in the studied soil
samples compared to the control samples.
However, these findings were not satisfactory,
and further investigations are required
regarding the changes in the type of the T
nanoparticles using particle doping for better
particle separation to enhance the effects of
light, changed soil conditions to saturate the
soil and increase the production of hydroxyl
free radicals to degrade MB, and developing a
thin layer of soil to enhance the effectiveness
of light in the T nanoparticles in order to
improve MB degradation by T nanoparticles.
Although the B application alone could
reduce the extracted MB in the soils
compared to the control samples, the obtained
results indicated that the adsorbent was not

efficient, and further assessment is required
regarding the changes in the biochar type
(engineered B) in order to enhance MB
degradation B. Moreover, use of various B in
aquatic environments has yielded favorable
outcomes, while the complex nature of the
soil environment compared to aqueous
solutions renders the use of B in the soil
environment inefficient, urging additional
research.
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