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Tricyclazole, propiconazole, imidacloprid, and thiamethoxam are commonly used pesticides in paddy fields.

It is necessary and practical to remove pesticides from the water environment because the low utilization

rate of pesticides will produce residues in the water environment. It is known that there are few studies on

the preparation of biochar adsorption pesticides by the walnut shell and few studies on the removal of

tricyclazole and propiconazole. Based on this, this paper used the walnut shell as raw material and boric

acid as an activator to prepare biochar by the one-step method. The boric acid modified walnut shell

biochar (WAB4) with a specific surface area of 640.6 m2 g−1, exhibited the high adsorption capacity of all

four pesticides (>70%) at pH 3–9. The adsorption capacities of tricyclazole, propiconazole, imidacloprid,

and thiamethoxam were 171.67, 112.27, 156.40, and 137.46 mg g−1, respectively. The adsorption kinetics

fitted the pseudo-second-order kinetic model and the adsorption isotherm curves conformed to the

Freundlich isotherm model. The adsorption of pesticides by WAB4 was associated with hydrogen

bonding, pore filling, hydrophobic effects, and p–p interactions. More significantly, WAB4 has excellent

adsorption capacity compared to other adsorbents for real water samples. Finally, walnut shell biochar

has no significant acute toxicity to Daphnia magna. This work shows that walnut shell-based biochar has

a good effect on the removal of pesticides at a wide range of pH and is economical and safe, providing

a new idea for the removal of pesticides in water.
1. Introduction

Oryza sativa L. is one of the main crops of agriculture and one of
the main foodstuffs for the world's population.1 To ensure rice
production can cope with population growth, pesticides play an
important role in rice growth. Tricyclazole and propiconazole
are commonly used in rice paddy elds as fungicides2 to prevent
Pyricularia oryzae and Rhizoctonia solani.3,4 Imidacloprid and
thiamethoxam mainly prevent rice pests Nilaparvata lugens,
Sogatella furcifera, and Laodelphax striatellus.5 These four
pesticides are frequently detected in the environment due to
their higher water solubility, migration, and good owability.6–9

Tricyclazole (1.20 mg L−1) and propiconazole (0.291–1.15 mg L−1)
were frequently detected in surface water.10,11 Some studies have
detected neonicotinoids in groundwater, with maximum
concentrations of imidacloprid of 1.93 mg L−1 and thiame-
thoxam of 8.93 mg L−1.7 Tricyclazole is persistent in paddy soil,
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which may cause potential risks to nearby natural water sour-
ces.12,13 Propiconazole has a half-life of 101–336 days 14 and
exhibits relatively high toxicity to a variety of aquatic organ-
isms.15 It was found that tricyclazole caused carbohydrate and
lipid metabolism disorder and hepatocyte apoptosis in zebra-
sh liver.16 The detection of pesticides in the aquatic environ-
ment may have adverse effects on aquatic organisms and
humans. Thus, it is necessary and important to remove pesti-
cides from water.

Currently, the main methods for the removal of pesticides
from the environment include photocatalysis, advanced oxida-
tion process (AOPs), bioremediation, and adsorption.17,18

Because of its low cost, abundant resources, and organic func-
tional groups, biochar is a widely used adsorption material in
current adsorption methods.19–21 The main methods of biochar
preparation include pyrolysis, gasication, and hydrothermal
carbonization (HTC).22 Most of the current biochar adsorbents
have a long adsorption time (ranging from a few hours to tens of
days) and a large amount of adsorbent, so it is necessary to
develop new adsorbents with fast adsorption, easy regeneration,
and environmental friendliness. The adsorption capacity of
biochar without modication by simple pyrolysis is low, which
can be overcome by adding the functionalized groups through
modication. Boric acid is a novel low-toxicity activation
RSC Adv., 2023, 13, 8765–8778 | 8765
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reagent.23 At the moment, boric acid modied biochar has been
proven to remove antibiotics and sulfamethoxazole from
water.23–25 The material prepared by metal–organic skeleton-
cyclodextrin adsorbed and removed nicotinoid pesticides, and
the adsorption capacity of thiamethoxam was 2.88 mg g−1.26

According to statistics, there have been few studies on the
adsorption of tricyclazole and propiconazole by biochar in
recent years, with a poor adsorption effect and a hazy adsorp-
tion capacity.27

In recent years, various plant-based wastes have been recog-
nized as effective adsorbents to replace activated carbon. The
annual output of walnut (with shell) in the world is about 2
million tons,28 of which the walnut shell is an easily neglected
waste29with the advantage of large volume and low cost.30Walnut
shell is a lignocellulosic agricultural waste composed of cellulose
(17.74%), hemicellulose (36.06%), and lignin (36.90%).31 Because
the walnut shell has a high lignin content and the adsorption
functional groups primarily include carboxyl and phenolic
hydroxyl groups, it is an ideal material for biochar preparation.
The walnut shell has been widely used in adsorption studies of
heavy metals32 and antibiotics.33 Few studies use the boric acid-
modied walnut shell for pesticide adsorption.

In this study, to solve the problems of low adsorption
capacity, complex preparation process, and high cost, we
selected agricultural waste walnut shell as a raw material,
modied with boric acid, to prepare novel biochar in one-step
and to investigate the potential for pesticide removal in water.
The specic objectives were to: (1) characterization of the
prepared biochar materials mainly including specic surface
area, porosity, elemental composition, and morphological
characteristics; (2) investigate the effects of pH, contact time,
and initial concentration of pesticides on the removal of pesti-
cides by modied biochar; (3) investigate the possible adsorp-
tion mechanisms of biochar on selected pesticides; (4) compare
with other adsorbents, examine the regeneration capacity and
the adsorption capacity of real water samples; (5) assessing the
safety of biochar materials.
2. Material and methods
2.1. Materials and reagents

The chemical reagents in this paper were all of the analytical
grades. Several pesticides: tricyclazole (98%), propiconazole (98%),
imidacloprid (95%), and thiamethoxam (98%) were purchased
from Aladdin Chemistry Co. Ltd. The walnut shell was obtained
from the local market. Boric acid (H3BO3, 99.8%) and formic acid
(99%) were purchased from Shanghai Macklin Biochemical Co.,
Ltd. HPLC grade acetonitrile was purchased from Thermo Fisher
Scientic. Ultrapure water (18.2 MU cm−1) produced on a Milli-Q
purication system was used throughout the experiment.
2.2. Preparation of walnut shell biochar and modication

The walnut shell was sieved through a 100-mesh sieve and then
used. Walnut shell powder (2 g), impregnated with boric acid (0.5
M) in a solid–liquid ratio set at 1 : 0, 1 : 0.5, 1 : 1, 1 : 2, 1 : 4, was
placed in a covered crucible in the central area of the muffle
8766 | RSC Adv., 2023, 13, 8765–8778
furnace. The crucible was rst heated to 600 °C at a heating rate of
10 °Cmin−1 and kept at 600 °C for 2 h, and then cooled naturally.
The resulting product was ground uniformly, washed with water,
dried in a lyophilizer, and prepared for use. The resulting mate-
rials were labeled WA, WAB0.5, WAB1, WAB2, and WAB4.
2.3. Characterizations of adsorbents

The composition and morphology of adsorbents were charac-
terized by scanning electronmicroscopy (SEM, Quanta FEG 250,
FEI Company, Hillsboro, USA). The Specic surface area (SSAs),
pore volumes (PVs), and pore size of the products were deter-
mined using 3H-2000PS2 (Beishide Instrument, China). The
sample was degassed at 120 °C for 3 h before determination.
Brunauer–Emmett–Teller (BET) method was used to calculate
the specic surface area of activated carbon, and Barrett–Joy-
ner–Halenda (BJH) method was used to calculate the pore size
distribution. Raman spectroscopy was used to determine the
carbon defects and graphitization of the modied biochar
(DXR2 Raman microscope, Thermo Fisher Scientic, USA).
Surface functional groups of adsorbents were analyzed by
Fourier-transform infrared spectroscopy (FTIR) on a Perki-
nElmer instrument (Massachusetts, USA) within the 4000–
450 cm−1 region (KBr pellets). The zeta potentials of the
adsorbents were measured by Zetasizer Nano ZS90 (Malvern
Panalytical company, Britain). X-ray photoelectron spectroscopy
(XPS) was used to probe the surface chemistry and chemical
states. All binding energies were calibrated with C 1s at
284.8 eV. The elemental compositions including C, H, O, N, and
B contents of the adsorbents were measured using an organic
element analyzer (Elementar Vario EL cube, Germany) and an
ICP analyzer (Thermo ICP-OES 7200, USA).
2.4. Adsorption experiments

The sorbent screening experiments were carried out in 10 mL of
a system containing four 2 mg L−1 pesticide mixtures at 0.5 g
L−1 sorbent, pH = 7 and T = 298 K. Adsorption kinetics
experiments were carried out with four pesticide solutions of
5 mg L−1 at 298 K. The amount of WAB4 was 1 g L−1, pH = 7,
and the adsorption time was 0–30 min. Adsorption isotherm
experiments were carried out using WAB4 (1 g L−1) on tricy-
clazole (1–500 mg L−1), propiconazole (1–150 mg L−1), imida-
cloprid (1–500 mg L−1), and thiamethoxam (1–400 mg L−1),
respectively. The temperatures were set at 298 K, 308 K, and 318
K and shaken at 170 rpm for 2 h until equilibrium was reached.
Aer the adsorption was completed, the carbon material was
separated by a centrifuge, passed through a microltration
membrane (13 mm × 0.22 mm) to obtain a residual solution,
and then the residual pesticide was quantitatively analyzed.
2.5. Regeneration experiments

The desorption and regeneration performance of adsorbent is
very important in the application process. The concentration of
WAB4 was 1 g L−1 according to the above optimized conditions.
The aqueous solution of four pesticides mixed with 5 mg L−1

was prepared with pure water with pH = 7. Five adsorption–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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desorption cycles were performed. In each cycle, the adsorbed
pesticide was washed with acetonitrile and re-dried for use.

2.6. Experiment on risk evaluation of aquatic organisms
Daphnia magna

Daphnia magna is a model species sensitive to environmental
change in the aquatic environment and is frequently used to
assess pollutant toxicity.34 The safety assessment of biochar can
be evaluated using the Daphnia magna acute toxicity test. The
acute toxicity test was designed under Organisation for
Economic Cooperation and Development (OECD) guideline
202.35 Five concentrations of 1, 10, 50, 100, and 200 mg L−1 were
selected for the experiment according to the guidelines and
limited experimental concentration, and blank control was set
at the same time. Oxygen-saturated water of 30 mL was added to
a 50 mL beaker, oxygen-saturated water of 30 mL was added to
a 50 mL beaker, and homogenized samples (n = 20) were born
for 6–24 h were selected. The light cycle was maintained at 16 h
light: 8 h dark and a temperature of 21 ± 1 °C.36 Inhibition and
death at 24 and 48 h were then observed.

2.7. Analytical methods

The concentrations of the four pesticides were determined
using liquid chromatography-tandem mass spectrometry (LC-
MS/MS, Agilent 6410B). The mobile phase was acetonitrile
and formic acid water (0.1%) in a volume ratio of 70 : 30, with
a ow rate of 0.2 mL min−1 and a column temperature of 25 °C.
The chromatographic column was an Athena C18-WP (2.1 × 50
mm, 3 mm). The injection volume for one sample was 5 mL.
Quantitative analysis was performed under an electrospray
positive ion source (ESI+) and multiple reaction monitoring
mode (MRM). Specic MRM parameters for the four pesticides
are shown in Table S1 and Fig. S1.†

3. Results and discussions
3.1. Physiochemical characterization of the biochar

3.1.1. Elemental analysis. Elemental analysis was per-
formed on all biochars to obtain their chemical compositions
and the corresponding contents of each component. Table S2†
summarizes the types and contents of the elements. The
unmodied biochar is dominated by the C element, and the
content of B, H, and O elements in the modied biochar
increases with the increase of the boric acid aqueous solution
ratio, indicating that the boric acid aqueous solution can
improve the elemental composition of the biochar surface. The
O content in the biochar was all greater than 10%, and the H/C,
O/C and N/C molar ratios were all higher than those of the
unmodied biochar because the carbon content decreased and
the oxygen content increased aer boric acid modication. This
method of boric acid modication increases the content of
oxygen in biochar, some oxygen atoms were stored in the
modied biochar in the form of oxygen-containing functional
groups.30 The results of H/C, O/C, and N/C showed that the
degree of carbonization decreased aer modication, which
was consistent with the later Raman spectroscopy results. WAB4
© 2023 The Author(s). Published by the Royal Society of Chemistry
has the highest oxygen content, which is consistent with the
FTIR and XPS results. Simultaneously, the content of element B
aer activation is not high, which may be due to the low content
of boron in the boric acid solution.

3.1.2. Surface morphology of biochars. SEM analyses were
performed to determine morphological differences betweenWA
and WAB4. As shown in Fig. 1, WA is directly carbonized with
a smooth surface, whereas WAB4 aer boric acid activation is
rich in pores and contains a porous structure. The formation of
pores is attributed to the pyrolysis of boric acid at high
temperatures to produce boron trioxide and water, which forms
pores when the water evaporates.37,38

3.1.3. Specic surface area and pore size distribution. The
main physical properties that affect biochar adsorption capacity
are porosity and specic surface area.39 Fig. 2a shows the
nitrogen adsorption–desorption isotherms at 77 K. WA and
WAB0.5 show microporous structures with relatively small
outer surface microporous volumes with reversible type I
isotherms, and adsorption quickly reaches saturation. The
isotherms of WAB1, WAB2, and WAB4 also show typical type I
isotherms without obvious hysteresis loops, indicating that the
modied biochar is dominated by microporous structures.40–42

The specic surface area and pore size of all biochar were
measured, and the results are shown in Table 1. In the prepa-
ration process of WA, high-temperature carbonization will form
a part of ash,43 which will not be fully converted into biochar.
Thus, it is essential to activate the raw materials. The specic
surface area of raw materials is only 1.44 m2 g−1, and the pris-
tine biochar carbonized at 600 °C reached 436.29 m2 g−1. With
the addition of 0.5 M boric acid content, the specic surface
area of the modied biochar increased. The largest was WAB4
with a specic surface area of 640.6 m2 g−1 and 89.6% of
micropores. Improved specic surface area and pore volume are
known to enhance the adsorption of organic pollutants on
biochar.42,44 As the aqueous solution of boric acid increases,
more gases (e.g., HBO2, B2H6, and H2O) are produced during the
pyrolysis process, while at higher temperatures, evaporation
produces more pores, promoting the generation and formation
of porous structures, with a consequent increase in SBET.45,46

Thus, the aqueous boric acid solution increases the specic
surface area and porosity of the biochar.

3.1.4. Chemical surface characterization. In the Raman
spectrum of the biochar in Fig. 2c, two characteristic bands are
located at approximately 1350 cm−1 (D band) and 1590 cm−1 (G
band).47,48 The G band may be the graphite structure of sp2 or is
alkene C]C. The D band points to the presence of defective and
unsaturated carbon atoms.39 As the ratio of boric acid aqueous
solution increases, ID/IG increases, and the disordered structure
of biochar increases. The increase of oxygen-containing func-
tional groups during the modication process is an impetuous
reason for the increase of amorphous carbon.

The FTIR spectrum of WA, WAB0.5, WAB1, WAB2, andWAB4
are depicted in Fig. 2d. The peak at 3300 cm−1 was ascribed as –
OH (alcoholic and phenolic) stretching. The wave number
2322 cm−1 was attributed to the stretching vibration of the
C^C49 or the C^N stretching,40 which is veried by the results
of elemental analysis. Wave number 1921 cm−1 was the
RSC Adv., 2023, 13, 8765–8778 | 8767
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Fig. 1 SEM images of pristine WA (a and b) and WAB4 (c and d).

Fig. 2 (a) Nitrogen adsorption–desorption isotherms, (b) pore size distribution, (c) Raman spectra, (d) FTIR of WA, WAB0.5, WAB1, WAB2, and
WAB4.
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Table 1 BET surface area and pore volume of different biochars

Sample
Specic surface
area (m2 g−1)

Total pore
volume (cm3 g−1)

Micropore
volumea (cm3 g−1)

Micropore surface
area (m2 g−1)

Micropore
percentage (%)

Average pore
width (nm)

W 1.44 0.0069 0 0 0 19.15
WA 436.29 0.26 0.1971 378.5665 0.868 2.34
WAB0.5 446.39 0.26 0.2177 416.4498 0.933 2.29
WAB1 538.50 0.32 0.2535 496.4523 0.922 2.35
WAB2 552.92 0.33 0.2738 526.0977 0.951 2.37
WAB4 640.60 0.39 0.2970 574.2535 0.896 2.41

a The micropore volume and micropore surface area were calculated by t-plot.
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stretching vibration absorption peak of C]O. The character-
istic band at 1710 cm−1 belongs to the C]O stretching of
ketones, aldehydes, and esters, which is the characteristic
absorption peak of the lignin structure, demonstrating that the
carbonized biochar still retains the lignin structure.50 The broad
band centered at 1583 cm−1 was due to stretching vibrations of
C]O and C]C,51,52 which increased signicantly in modied
biochar, indicating an improvement in the oxygen-containing
functional groups. Compared with the pristine biochar, the C–
B/B–O/C–O bond broad peak is slightly enhanced at 1211 cm−1

aer boron incorporation, indicating the presence of hydroxyl-
derived B–O deformation here. FTIR analysis revealed that the
boric acid modication altered the structure of oxygen-containing
functional groups of biochar, and the characteristic peaks were
similar before and aer themodication, indicating that the boric
acid modication had little effect on the organic functional group
types of biochar. However, it increased the stretching vibration of
oxygen-containing groups such as hydroxyl groups in biochar,
among which WAB4 was the most obvious.

The XPS test explored the carbon bonding state of the biochar
surface (Table S3†). Fig. 3a shows the XPS survey spectra of
unmodied WA and modied WAB4 with increased O content
aer modication. The C 1s of WA (Fig. 3b) can be deconvoluted
into three peaks: 284.80, 286.3, and 289.49 eV, which were
respectively assigned to the sp2 C (63.21%), C–O (16.5%), and
O–C]O (7.55%).23,53 The sp2 C content decreased while the –

COOH content increased with the increase of the activation ratio.
Similarly, the O 1s spectrum (Fig. 3c) of WA contains two distinct
convolution peaks: 531.62 and 533.35 eV, which were respectively
assigned to the C]O (5.43%) and –OH (5.44%).54,55 WAB4 had
the highest C]O and –OH content, implying that activation can
increase the content of reactive groups. The aqueous boric acid
solution produces water vapor during the pyrolysis process and
oxidizes the carbon surface by generating mainly H2, CO, and
CO2, so there is a small amount of CO and CO2 in WAB4.52 The
two main peaks 192.14 eV and 190.63 eV in Fig. 3d are attributed
to BCO2 (0.51%) and BC3 (0.12%), respectively.56,57 The B1 content
was consistent with the elemental analysis.
3.2. Screening for the best adsorption conditions

First, the modied biochar was prepared under different ratios
of boric acid aqueous solutions, and then the prepared biochar
(WA, WAB0.5, WAB1, WAB2, and WAB4) were adsorbed for four
© 2023 The Author(s). Published by the Royal Society of Chemistry
pesticides. It can be observed from Fig. 4a, that WA showed
poor adsorption of pesticides, especially imidacloprid, and
thiamethoxam. The poor adsorption of imidacloprid and thia-
methoxam by WA may be because WA is unmodied, has
a small specic surface area, small and few pores, and few
adsorption sites available. Same as the molecular volume of
imidacloprid and thiamethoxam is larger compared to tricy-
clazole and propiconazole, the small pores will affect the
adsorption efficiency of large molecules.58 The adsorption effect
increased with the proportion of aqueous boric acid solution,
with WAB4 exhibiting the highest adsorption effect on four
pesticides. WAB4 contains electron-decient B, and the vacant
p-orbitals feature can act as Lewis acid sites to facilitate pesti-
cide adsorption.46 Meanwhile, WAB4 contains more pores,
which are favorable for pore lling of pesticides. Then, the
adsorption conditions of pesticides adsorbed by WAB4 were
optimized, including the amount of WAB4, the selection of
initial concentrations of four pesticides, and the adsorption
time.

3.2.1. Selection of adsorbent dosage. The adsorption was
performed by adding 2–20 mg (2, 5, 10, 15, and 20) of WAB4 in
a mixed system of 10 mL of the four pesticides at an initial
concentration of 5 mg L−1. As can be seen from Fig. 4c, the
removal efficiency of pesticides gradually increased with the
increase of WAB4. The removal rate of all four pesticides
reached more than 90% when the adsorbent dosage reached 1 g
L−1. Then, combining cost and resource saving considerations,
rstly, walnut shells are domestic and agricultural waste,
a renewable and green resource, and secondly, the one-step
synthesis makes the preparation process simple and cost-
saving. 1 g L−1 was chosen as the best adsorbent dosage in
this experiment. According to the hydrophobic mechanism of
action (Table S4†), the adsorption effect should be: propicona-
zole > tricyclazole > imidacloprid > thiamethoxam. However, the
actual adsorption effect was: tricyclazole > propiconazole >
imidacloprid > thiamethoxam, where the neonicotinoid insec-
ticides imidacloprid and thiamethoxam were consistent with
the hydrophobic effect, also demonstrating that there were
other mechanisms of action besides hydrophobic effects to
control the adsorption of pesticides by WAB4.59

3.2.2. Screening of the initial concentration of pesticides.
Adsorption experiments were carried out on aqueous solutions
of a mixture of four pesticides at initial concentrations of 0.1–
RSC Adv., 2023, 13, 8765–8778 | 8769
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Fig. 3 (a) XPS survey spectra of WA and WA4; (b–d) high-resolution XPS spectra of C 1s, O 1s, and B 1s.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/6

/2
02

6 
1:

37
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
10 mg L−1 in 10 mL centrifuge tubes with 10 mg of adsorbent.
The relationship between initial concentration and capacity is
plotted in Fig. 4b, with tricyclazole, propiconazole, and imida-
cloprid showing a linear increase in adsorption capacity as the
concentration increased. However, the adsorption capacity of
thiamethoxam was signicantly lower than the other three
pesticides at 10 mg L−1. This is because xed doses of adsorbent
do not provide sufficient adsorption sites, resulting in a gradual
approach to the satiation of the adsorption capacity. Therefore,
an initial concentration of 5 mg L−1 in the mixed aqueous
solution was chosen as the optimum test dose.

3.2.3. Optimization of adsorption time. The adsorption
time is one of the important factors affecting the adsorption
effect. A 200 mL pesticide mixture was prepared at a concentra-
tion of 5 mg L−1, and 10 mL was sampled at 0, 1, 2, 3, 5, 7, 10, 15,
20, and 30 min, respectively, and each point was repeated three
times. Then 10 mg of WAB4 was added, vortex shaken for
different times, and the supernatant was centrifuged to determine
the concentration. The results are shown in Fig. 4d, tricyclazole,
propiconazole, and imidacloprid reached adsorption equilibrium
at 15 min, while thiamethoxam tended to equilibrium at 30 min.
Therefore, the optimal adsorption time was selected as 30 min.
3.3. Effect of pH

Zeta potential is closely related to pH and was measured with
ZS90 for all materials in aqueous solutions at pH 3–11. A
concentration of 1 g L−1 was chosen for the materials and the
8770 | RSC Adv., 2023, 13, 8765–8778
results are shown in Fig. S4.† Where WA is the unmodied
biochar, which is positively charged at pH < 5, the absolute
value of the zeta potential is low, indicating that WA is less
stable. The overall trend in zeta potential for the boric acid
modied biochar was consistent, with all being negatively
charged at pH 3–11, indicating that the boric acid modica-
tion increased the surface charge of the biochar. The smaller
differences may be due to the different addition ratios of
boric acid. At pH 3–11, WAB4 was negatively charged and at
pH 7–11, the absolute value was larger and the system was
more stable. The absolute value of the zeta potential increases
with increasing pH due to the production of hydroxyl and
carboxyl groups during the pyrolysis process.60–62 As shown in
Fig. 5a, the removal of all four pesticides was favorable at pH
7. The removal of imidacloprid and thiamethoxam was higher
at pH 3. Compared with pH 7, imidacloprid and thiame-
thoxam undergo partial decomposition under alkaline
conditions.63 Tricyclazole and propiconazole maintained
a high removal effect under all conditions and seemed to be
independent of pH values,3 indicating that the electrostatic
effect was weak, whereas mechanisms such as hydrogen
bonding, pore lling, and p–p interactions might be the
main adsorption mechanisms for the above four pesticides.41

However, except for the degradation of the pesticides them-
selves, the removal effects of all four pesticides were greater
than 70% at pH 3–9, which proved that WAB4 has broad pH
adaptability.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Adsorption optimization of modified biochar (WA, WAB0.5, WAB1, WAB2, and WAB4) (C0 = 2 mg L−1, pH = 7, T = 298 K); (b) initial
concentrations of four pesticides (C0 = 0.1–10 mg L−1, pH = 7, T = 298 K); (c) optimization of adsorbent dosage (C0 = 5 mg L−1, adsorbent
dosage= 0.2–2 g L−1, pH= 7, T = 298 K); (d) optimization of adsorbent and pesticides contact time (C0 = 5 mg L−1, adsorbent dosage= 1 g L−1,
pH = 7, T = 298 K, time = 0–30 min).
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Fig. 5d showed the removal of the four pesticides by recy-
cling the biochar material ve times. Aer 5 adsorption–
desorption cycles, the removal efficiency can still reach 90%.
The adsorption efficiency of tricyclazole, propiconazole, imi-
dacloprid, and thiamethoxam was 97.6%, 98%, 96.2%, and
90.6% respectively. The adsorption efficiency of pesticides has
decreased, probably because the cleaning material was not
thorough and some pesticides were not desorption. These
results suggest that WAB4 may be an efficient and economical
adsorbent for pesticide removal from practical aqueous
environments.
3.4. Adsorption kinetics

Fig. 6a–c shows the adsorption action of WAB4 for four pesti-
cides at 5 mg L−1. The adsorption increased rapidly within
10 min and then gradually reached equilibrium. Three kinetic
models, the pseudo-rst-order, pseudo-second-order, and Elo-
vich kinetic models were used to simulate the adsorption
process to understand the adsorption mechanism of WAB4 on
four pesticides. The expressions of the three models are shown
in eqn (S1)–(S3).† Table 2 shows the kinetic parameters and
correlation coefficients, where the value of R2 for the pseudo-
second-order kinetic model (>0.9967) is greater than the value
of the pseudo-rst-order kinetic model.64–66 Besides, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
equilibrium quantity (qe) estimated by the pseudo-second-order
kinetic model is closer to the experimental values.

The intra-particle diffusion model (the formula is in eqn
(S4)†) can be used to explore the adsorption rate controlling
steps throughout the adsorption process.67 At different stages of
adsorption, the adsorption rate is controlled by different types
of diffusion, where Kp is the slope of a straight line. The larger
the value of Kp, the easier it is for the adsorbate to diffuse inside
the adsorbent. C is the straight line intercept, which is related to
the thickness of the boundary layer, the larger the C value, the
greater the inuence of the boundary layer, if C = 0, it indicates
that intra-particle diffusion is the only rate control step, if C s
0, it indicates that the adsorption mechanism is more complex,
intraparticle diffusion is not the only rate-controlling step.68 The
adsorption of each pesticide consists of three linear segments
(Fig. 6d and Table 3). The intra-particle diffusion constant (Kp)
values (Table 3) decrease in the following order Kp1 > Kp2 > Kp3

which indicates that internal diffusion is closely associated with
the adsorption process. In the rst stage of tting, the slope is
larger, indicating that its mass transfer rate is larger. This is
because the concentration of pollutants in the solution in the
early stage is relatively high, so the concentration gradient is
relatively large, the mass transfer resistance is small, and the
adsorption rate is large. In the second stage, the slope becomes
RSC Adv., 2023, 13, 8765–8778 | 8771
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Fig. 5 (a) The effect of pH on adsorption performance and zeta potential of WAB4; (b) compared with common adsorbents (PSA, AC, RGO, GO,
C18, and GCB); (c) adsorptive removal of pesticides by WAB4 in real water samples; (d) regeneration study for four pesticides removal onto the
WAB4 (C0 = 5 mg L−1, adsorbent dosage = 1 g L−1, pH = 7, T = 298 K).
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smaller, because the concentration of pollutants decreases, the
corresponding concentration gradient becomes smaller, the
adsorption sites decrease, and the adsorption rate slows down.
In the third stage, the adsorption gradually reached equilib-
rium. The trends in the adsorption of the four pesticides by
WAB4 were consistent, while the tted curves did not pass the
origin, indicating that intra-particle diffusion is not the only
rate control step for pesticide adsorption by WAB4.64
3.5. Adsorption isotherm

The Langmuir, Freundlich, and Temkin models (equations in
ESI (S5)–(S7)†) were used to t the sorption data. The Langmuir
isotherm model is one of the commonly used adsorption
isotherm models. It assumes that the adsorbent is uniformly
adsorbed on the surface and that there are a uniform number of
adsorption sites on the surface of the adsorbent material. All
adsorption sites have the same energy, which is suitable for the
monolayer adsorptions model.49 The Freundlich isotherm
model has a wide range of applications and is primarily used to
t the adsorption of multilayer heterogeneous surfaces and
active sites with different energies. The Temkin isothermmodel
is mainly used for electrostatic interactions of adsorbents and
adsorbates.69,70

Fig. 7a shows the tted curves of the relationship between
the equilibrium concentration (Ce) and the equilibrium
8772 | RSC Adv., 2023, 13, 8765–8778
adsorption amount (qe) of tricyclazole at different temperatures.
The adsorption of WAB4 on tricyclazole, propiconazole, and
imidacloprid gradually increased with the increase of the initial
concentration of pesticides. This is attributed to the concen-
tration gradient driving force.71 In addition, as the temperature
increased from 25 °C to 45 °C, the adsorption capacity of tri-
cyclazole, propiconazole, and imidacloprid increased. This is
attributed to the fact that increased temperature increases the
thermal movement of pesticides in the WAB4 pores, increasing
the chance of collision. On the contrary, the adsorption capacity
of thiamethoxam decreased with increasing temperature. The
energy required for WAB4 to remain in the aqueous thiame-
thoxam solution for a longer period may increase with
increasing temperature.72 The model t revealed that the
correlation between the adsorption process of tricyclazole and
the Freundlich (Fig. 7c) isotherm was better than that of the
Langmuir (Fig. 7b) and Temkin (Fig. 7d) isothermmodels. From
the data (Table 4), it can be seen that the Freundlich isotherm
model (R2 > 0.99) was the best t for the four pesticides. It is
suggested that the adsorption of all four pesticides on WAB4
was multi-point non-homogeneous, which may be related to the
heterogeneity of the adsorbent surface. In Table 4, 1/n between
0–1 means it is favorable (if 1/n = 0 it is irreversible, if 1/n > 1, it
is unfavorable). The adsorption of imidacloprid on bio-
composites prepared from peanut shells and polypyrrole
conforms to the Freundlich isotherm model, likewise.73
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The kinetic models of four pesticides: (a) pseudo-first-order kinetic model; (b) pseudo-second-order kinetic model; (c) Elovichmodel; (d)
intra-particle diffusion model (C0 = 5 mg L−1, adsorbent dosage = 1 g L−1, pH = 7, T = 298 K, time = 0–30 min).
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According to the tting results of the Langmuir model, the
adsorption capacities of the four pesticides were 171.67 mg g−1

(tricyclazole), 112.27 mg g−1 (propiconazole), 156.40 mg g−1

(imidacloprid), and 144.63 mg g−1 (thiamethoxam), respec-
tively. The maximum adsorption capacities tted by the Lang-
muir model were very close to the experimental data.

3.6. Adsorption thermodynamics

Thermodynamic parameters can be used as another indicator to
speculate a reasonable adsorption mechanism. Thermody-
namic parameters include standard Gibbs free energy change
(DG0), standard enthalpy change (DH0), and standard entropy
change (DS0), the equation is as follows:

DG0 = −RT lnK0
Table 2 Parameters of kinetic models for four pesticides adsorption on

Kinetic model Pseudo-rst-order

Pesticides qe (mg kg−1) k1 (min−1) R2

Tricyclazole 0.1490 0.12865 0.91
Propiconazole 0.2207 0.20184 0.91
Imidacloprid 0.4537 0.15251 0.94
Thiamethoxam 0.9875 0.13389 0.92

© 2023 The Author(s). Published by the Royal Society of Chemistry
DG0 = DH − TDS0

ln K0 ¼ �DH
R

� 1

T
þ DS

R

where R (8.314 J mol−1 K−1) is the universal gas constant, T (K) is
the absolute temperature, and K0 (dimensionless) is the equi-
librium constant.42

The thermodynamic parameters (Table S5†) of adsorption
were calculated from the van't Hoff plots (Fig. S2†) and the
above equations. The DG of the adsorption process was negative
at all the selected temperatures, indicating that the adsorption
process of the materials on the pesticides was spontaneous. The
absolute values of DG increased with increasing temperature for
WAB4

Pseudo-second-order

qe (mg kg−1) k2 (g mg−1 min−1) R2

45 4.96 3.668 0.9998
28 4.99 3.836 0.9999
26 4.93 1.295 0.9998
78 4.70 0.4815 0.9989

RSC Adv., 2023, 13, 8765–8778 | 8773
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Table 3 Intra-particle diffusion parameters for four pesticides adsorption on WAB4

Pesticides Kp1 (mg g−1 min−1) C (mg g−1) R2 Kp2 (mg g−1 min−1) C (mg g−1) R2 Kp3 (mg g−1 min−1) C (mg g−1) R2

Tricyclazole 0.113 4.72 0.887 0.0098 4.870 0.958 0.01106 4.900 0.959
Propiconazole 0.267 4.50 0.852 0.0162 4.880 0.686 0.00522 4.950 0.906
Imidacloprid 0.176 4.39 0.530 0.0673 4.595 0.948 0.02310 4.797 0.758
Thiamethoxam 0.491 3.41 0.834 0.0738 4.017 0.818 0.06830 4.310 0.787
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the adsorption processes of tricyclazole, propiconazole, and
imidacloprid while both DH and DS were positive, indicating
that increasing the temperature favors the adsorption process
and that the adsorption is voluntary, endothermic and disorder-
increasing.74 The adsorption process of thiamethoxam
decreases with the increase of temperature, and the absolute
value of DG decreases, while DH and DS are both negative
values, the adsorption is spontaneous, exothermic, and disor-
dered. The DG of all four pesticides was in the range of −20 to
0 kJ mol−1, so the adsorption was a physical adsorption
process.75 The positive values of DH and DS for tricyclazole,
propiconazole, and imidacloprid indicate that hydrophobic
interaction is the main force of adsorption, while the negative
values of DH and DS for thiamethoxam indicate that hydrogen
bonding is the main forces of adsorption.76,77
Fig. 7 (a) Adsorption isotherms of tricyclazole; (b) Langmuir model; (c) Fr
500 mg L−1, adsorbent dose = 1 g L−1, pH = 7, T = 298 K, 308 K, 318 K

8774 | RSC Adv., 2023, 13, 8765–8778
3.7. Possible adsorption mechanism

According to the above characterization data and adsorption
experiments, the adsorption process of WAB4 on the four
pesticide contaminants is mainly physical adsorption. The
specic surface area and pore size analysis showed that WAB4
has a high specic surface area with abundant adsorption sites,
the average pore size is 2.41 nm, and the volume of micropores
is 89.6%, which is conducive to the diffusion and pore lling of
pesticide pollutants.44 The adsorption characteristics of tricy-
clazole and propiconazole at different initial pH conditions
showed that the adsorption of tricyclazole and propiconazole
was unaffected by pH, and the adsorption amounts of the other
three were similar at pH 3 and 7, illustrating that the electro-
static interaction was weak. According to the FTIR diagram of
WAB4 before and aer adsorption in Fig. S3,† four major
eundlich model; (d) Temkin model at 298 K, 308 K, and 318 K. (C0 = 1–
).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Results of isotherm models for four pesticides adsorption on WAB4

Pesticides T

Langmuir Freundlich Temkin

qm (mg g−1) Kl (L mg−1) R2 Kf (L mg−1) 1/n R2
B
(J mol−1) KT (L mg−1) R2

Tricyclazole 298 131.34 0.27536 0.97 42.5134 0.212 0.97 12.33 134.2136 0.954
308 164.20 0.13082 0.96 45.1489 0.240 0.99 17.37 28.2422 0.881
318 171.67 0.2162 0.96 54.9381 0.216 0.98 16.99 58.8358 0.86

Propiconazole 298 108.27 0.13843 0.94 30.1900 0.296 0.99 8.06 383.4220 0.857
308 103.20 0.37827 0.93 34.7500 0.295 0.99 9.58 301.8144 0.867
318 112.27 0.49121 0.95 40.7000 2.882 0.98 11.69 149.8163 0.95

Imidacloprid 298 136.08 0.16384 0.97 40.3977 0.224 0.97 12.42 125.8315 0.934
308 148.35 0.16394 0.96 42.9503 0.230 0.96 14.42 79.4536 0.956
318 156.40 0.1101 0.96 39.9944 0.251 0.98 14.35 89.5479 0.919

Thiamethoxam 298 137.46 0.04194 0.96 24.5707 0.307 0.99 11.27 69.9346 0.874
308 132.38 0.04144 0.96 23.6078 0.305 0.98 11.18 53.2954 0.876
318 127.84 0.04925 0.97 23.8303 0.301 0.98 11.39 40.3302 0.877
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differences can be found. It is noteworthy that the peak used for
–OH tensile vibration at 3300 cm−1 is signicantly reduced.
Aer adsorption, the tensile vibration of wave number
2322 cm−1 weakens, indicating that C^C or C^N participates
in adsorption. The contaminant contains a benzene ring, which
can form p–p interaction with the sp2 hybrid material surface.78

A similar pattern distinguished at peak 1583 cm−1 was assigned
to (C]O, COOH stretching) which was diminished, indicating
that C]O was involved in the adsorption of pesticides. In
addition, the stretching vibration of the carbonyl group weak-
ened at 1211 cm−1, indicating that oxygen-containing func-
tional groups (carboxyl and hydroxyl groups) may be involved in
the adsorption of pesticides on the surface of biochar. Ther-
modynamic results indicate that hydrophobic interactions play
a dominant role in the adsorption of tricyclazole, propiconazole
and imidacloprid, and hydrogen bonding plays a dominant role
in the adsorption of thiamethoxam. In addition, the abundant
carbon chemical bonds and the larger conjugation system in
WAB4 can form strong p–p interactions with the p-rich
Fig. 8 Possible adsorption mechanism of WAB4 for four pesticides (tric

© 2023 The Author(s). Published by the Royal Society of Chemistry
aromatic and triazine/pyrimidine/pyridine rings in pesticides.
For example, tricyclazole has a strong aromatic character and
planar geometry, lacks polar functional groups, and interaction
with WAB4 may occur more through the p-electron of the
aromatic ring and the lone electron pair of the S atom.79

In summary, the adsorption of thiamethoxam is dominated
by hydrogen bonding and hydrophobic interactions, while
imidacloprid, tricyclazole, and propiconazole are dominated by
hydrophobic interactions. Based on the above analysis, it is
worth noting that p–p interactions and pore lling should also
be auxiliary forces for adsorption (Fig. 8).
3.8. Comparison with commercial material

A mixture of four pesticides (5 mg L−1) in an aqueous solution
was adsorbed with different materials (1 g L−1) for 30min at 25 °
C. Aer centrifugation, the pesticide concentration in the
supernatant was measured. The adsorption efficiency was
calculated from the concentration results. According to Fig. 5b,
yclazole, propiconazole, imidacloprid, and thiamethoxam).

RSC Adv., 2023, 13, 8765–8778 | 8775
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compared with the other commonly used adsorbents, WAB4
had a higher removal rate of four pesticides. PSA (primary
secondary amine) and C18 (octadecyl silane) have poor
adsorption of four pesticides, with removal rates below 20%.
The adsorption efficiency of AC (activated carbon) and GCB
(graphitized carbon black) were low for four pesticides, and less
than 50% for imidacloprid and thiamethoxam. RGO (reduced
graphene oxide) was not effective in removing all pesticides and
have an adsorption efficiency of 60–80% for imidacloprid and
thiamethoxam. The GO (graphene oxide) adsorption efficiency
was comparable to that of WAB4. Considering the cost, WAB4 is
competitive in practical applications.
3.9. Performance in real water

To test the general applicability of the adsorbent, the removal
efficiency of WAB4 in real water bodies should be tested. Tap
water from the laboratory (Beijing, China), paddy water from
Huailai County, Bengbu City (Anhui, China), and river water
from the Nansha River (Beijing, China). Each water sample was
taken in 10 mL, spiked with 5 mg L−1 of the four pesticides and
1 g L−1 WAB4, and adsorbed at 25 °C for 30 min. The super-
natant was collected by centrifugation, ltered through a 0.22
mmnylon lter, and analyzed by HPLC-MS/MS. Each experiment
was performed in triplicate and the data obtained were aver-
aged. Inorganic salts are commonly found in natural water, so
four water samples were tested for their physicochemical
properties, as shown in Table S6.† Fig. 5c shows the removal
results of four pesticides in deionized water, tap water, paddy
water, and river water. The results showed that deionized water,
tap water, and paddy water had very similar removal effects,
except thiamethoxam. In addition, the removal efficiency of
river water decreased slightly. This may be caused by the pres-
ence of natural organic matter in the river water, which affects
the adsorption.80 The hydrophobic use of thiamethoxam was
the weakest in the system, and thiamethoxam was at a disad-
vantage when the four pesticides competed for adsorption,
resulting in a lower adsorption efficiency of thiamethoxam than
the other three pesticides. Meanwhile, the sodium and chloride
ion content of river water was signicantly higher than that of
pure water, tap water, and rice paddy water. Because of the
increased ion content, competitive adsorption with pesticides
occurred, which ultimately affected the adsorption effect of
pesticides in river water.81 However, the removal efficiency of all
four pesticides in paddy water was maintained at over 70%, so
WAB4 can be applied to the removal of pesticides in the real
environment.
3.10. Environmental safety evaluation

Considering the future potential of WAB4 in practical applica-
tions, a range of material concentrations were set up for toxicity
examination. The experiment's results are shown in Table S7,†
where WAB4 was observed to be dispersed at the bottom of the
beaker and Daphnia magna could molt and swim in the water
normally. No acute toxicity and no signicant inhibition were
observed in Daphnia magna exposed to WAB4 for 24 h and 48 h.
8776 | RSC Adv., 2023, 13, 8765–8778
4. Conclusions

In this study, modied biochar prepared from raw walnut shells
and boric acid solution was successfully prepared by a one-step
pyrolysis method. The method is based on the direct synthesis
of biochar in a one-step process in a muffle furnace without the
need for nitrogen protection, a simple preparation process, and
low experimental costs. WAB4 is relatively competitive with the
reported adsorbents. The experimental results indicated that
the adsorption process was more consistent with the pseudo-
second-order kinetic and Freundlich isotherm model, demon-
strating that WAB4 is a heterogeneous sorbent. The adsorption
of pesticides by WAB4 is based on physical adsorption,
according to the results of adsorption thermodynamics. The
adsorption capacity of WAB4 to tricyclazole, propiconazole,
imidacloprid, and thiamethoxam up to 171.67, 112.27, 156.40,
and 137.46 mg g−1, respectively. Further exploration of the
adsorption mechanism suggests that pore lling, hydrogen
bonding, hydrophobic interactions, and p–p interactions may
be the main driving forces for the adsorption of pesticides by
WAB4. In addition, WAB4 exhibited a fast removal rate, wide pH
adaptability (pH 3–9), renewability, and biosafety, which makes
it a promising and environmentally friendly adsorbent
providing an important reference for the removal of pollution.
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