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In this study, the sludge-based biochar was prepared and utilized as an adsorbent for the removal of two commonly used
pesticides in agriculture, namely tebuconazole (Teb) and linuron (Lin) in an aqueous solution. .e main contributing factors
such as biochar preparation conditions, persistent free radicals as well as contact time, agitation speed, biochar dose,
temperature, and pH were investigated. .e physicochemical properties were characterized by SEM+EDS, FTIR, BET, EPR,
etc. .e results showed that the maximum adsorption capacities based on the Langmuir model was 7.8650mg g−1 for
tebuconazole and that based on Freundlich model was 9.0645mg·g-1 for linuron at 25°C. .e pseudo-second-order kinetic
equations were all fitted well to the kinetic process of the adsorption of the two pesticides with all R2 ≥ 0.915. .e maximum
values of tebuconazole adsorption capacity occur at pH � 3. Meanwhile, linuron was not affected by pH. Both Cr6+

(r � −0.793∗∗/ −0.943∗∗) and humic acid (r � −0.798∗∗/ −0.947∗∗) significantly inhibited the adsorption amount of tebuco-
nazole and linuron onto the biochar. Electron spin resonance signals (ESR) indicated that environmentally persistent radicals
(EPFRs) are preferentially formed at lower pyrolysis temperatures and lower transition metal concentrations. .e g-factors for
BC400, BC600, BCF400, and BCF600 were 2.0036, 2.0035, 2.0034, and 2.0033, respectively, indicating that the EPFRs mainly
have a carbon-centered structure with adjacent oxygen atoms. In addition, to close to the actual situation, natural water (from
YanTai) was collected to simulate pesticide contamination. .is study demonstrates that sludge-based biochar can achieve
efficient removal of tebuconazole and linuron in aqueous environment in a short period of time with no secondary envi-
ronmental risk especially on the waste activated sludge.

1. Introduction

.e production status of agriculture strongly depends on the
use of pesticides [1–7]. Because of the continuously growing
population and the progress of modern agriculture, pesti-
cides have played a crucial role in producing high crop
yields, preventing diseases and controlling pests [8–13].
Tebuconazole [(RS)-1-p-chlorophenyl-4, 4-dimethyl-3-(1H-
1, 2, 4-triazol-1-ylmethyl)-pentan-3-ol] is a high-efficiency,

broad-spectrum, and inhalant triazole bactericidal pesticide
[14–19]. With the function of inhibiting the biosynthesis of
ergosterol in fungi, it acts as a frequently used fungicide for
the protection of crops (oilseed rape, hop, grape vine,
peanuts, vegetables, etc.) and wooden materials. Linuron (3-
(3, 4-dichlorophenyl)-1-methoxy-1-methylurea) is applied
to the restrained annual gramineous weeds for the sake of
economical crop growth (celery, legume, carrot, potato,
onion fields, etc.). However, because of their physical and
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chemical properties, high toxicity, and occasionally high
endurance in the environment, these pesticides may cause
environmental and health problems [20–26]. Agricultural
runoffs and toxic industrial wastewater are two main ways
for pesticides to enter natural water [27–35]. .ere is ac-
cumulating evidence that pesticides are widely detected at
μg·L−1 levels in the rivers, soils, as well as other environ-
mental compartments, while some compounds are con-
sidered reprotoxic [36–38]. .erefore, researchers are
working to develop effective remediation methods or new
materials to remove the pesticide residues from aqueous
environments [39–44].

In recent years, studies have shown that the use of low-
cost adsorbents for water decontamination is a major de-
velopment trend with high efficiency and economy [45–51].
Biochar is a kind of carbon-rich material obtained by the
pyrolysis of biomass in an anaerobic or anoxic environment
at high temperatures (mostly lower than 700°C) [52, 53].
Chemical activation andmodification are commonly used to
produce activated carbon, and they require immersion
stirring with chemicals, such as KOH, FeCl3, or HCl [54–56].
.rough these processes, the biochar usually possesses a
relatively high specific surface area, abundant pore struc-
tures, and rich functional groups, and the weak force be-
tween the biochar and target pollutants can be transformed
into a strong force (electrostatic effect, chelation, hydro-
phobic effect, etc.) [57]. Although activated carbon has been
promoted on a large scale, it, in some aspects, is still limited
because of the high cost of production and regeneration [58].
.us, the preparation of low-cost adsorbents from different
waste materials (domestic, agricultural waste, or industrial
byproducts) [59–61] is more economical and environ-
mentally advantageous.

Excess sludge is one of the components of sewage sludge
[62]. In China, approximately 180,000 t of dried sludge is
generated annually, and the number is still on the rise [63].
Untreated excess sludge has previously been applied as an
organic additive to agricultural soils with some success, but
the slow release of toxic metals and some hazardous com-
pounds has caused more serious and potential ecological
risks [64]. .erefore, this type of recycled material has to be
carbonized before further usage to destroy or stabilize the
microorganisms (especially pathogenic bacteria), hazardous
organic matter, and toxic metals [65].

.is study addresses the problem of reusing excess
sludge for the purpose of biochar production by sludge
carbonization to purify water bodies contaminated with
tebuconazole and linuron. .e adsorption effects and ex-
trinsic conditions affecting the adsorption and material
characteristics were evaluated and explored, and the removal
mechanisms of tebuconazole and linuron were further ob-
tained. .en, the environmentally persistent free radicals
(EPFRs) of sludge biochar were explored, which was less
reported in the previous studies. At the same time, the
experiment of metal ion leaching was carried out to ensure
that biochar will not cause secondary pollution while
treating water pollution. .e aforementioned studies have
some degree of practical significance for truly achieving
waste sludge resource reduction.

2. Materials and Methods

2.1. Materials. .e dewatered waste activated sludge was
obtained from the municipal (AAO+deep bed filter)
wastewater treatment plants (WWTPs) located in Yantai,
Shandong Province, China. After drying in the oven at a
constant 70°C overnight, the solid sludge block was ob-
tained. .en, it was smashed by a household food mincer,
sieved through 100 mesh size (0.150mm), and stored in a
quartz beaker equipped with a thin film of biomass for
further use. .e supplier of methanol and acetonitrile of
HPLC grade was Fisher Scientific Worldwide (Shanghai)
Co., Ltd. Tebuconazole was purchased from Aladdin Bio-
chemical Technology Co., Ltd. (Shanghai, China) and
linuron was supplied by Sigma-Aldrich Trading Co., Ltd.
(Shanghai, China) with a purity of analytical standard. .eir
particle morphologies and three-dimensional (3D) struc-
tures are shown in Figure 1. All other required chemical
reagents, including NaOH, HCl, FeCl3, and humic acid, were
purchased from China National Pharmaceutical Group Co.
Ltd. .ese chemicals were of analytical grade. Deionized
water (18MΩ) used in this experiment was generated from a
Milli-Q system (Merck Millipore, USA).

2.2. Preparation of Biochar/Magnetic Biochar. Biochar: the
sludge powder was placed inside a quartz crucible, com-
pacted, and pyrolyzed in a tube furnace under the protection
of nitrogen (200ml·min−1). .e temperatures of the tube
furnace were set to 400 and 600°C, respectively, with the
heating and cooling rates of 5°Cmin−1, and maintained for 2
hours. After coming to room temperature, the biochar was
subsequently rinsed three times with 1MHCl and deionized
water until the supernatants of the solution approached
neutrality. .e biochar suspension was centrifuged at
5000 rpm, and the supernatant was discarded. .e
remaining pastes were spread in several glass culture dishes
and dried overnight at 60°C to obtain the experimental
biochar (named BC400, BC600).

Magnetic biochar: to reduce the chemical reagent usage
and save costs, the ratio of biochar to iron ion in 1 : 0.25 was
used to prepare the magnetic biochar. .e specific proce-
dures were as follows: 500ml, containing 2.07 g of FeCl3
solution was configured first; after being uniformly weighed,
5 g of sludge powder was dissolved in 500ml of the afore-
mentioned solution and stirred at an appropriate rotation
speed for 15min to be fully mixed. .en, the mixed liquor
was put into an ultrasonic cleaner for 30min. After that,
stirring was continued for 12 h with a magnetic stirrer at
60°C, other steps were the same as the biochar preparation
process above to obtain the experimental magnetic biochar
(named BCF400 and BCF600).

2.3. Characteristics of Biochars. A series of characterization
methods were used to study the physiochemical properties
of four materials: BC400, BC600, BCF400, and BCF600. .e
elemental composition, characteristic images, and sample
morphologies were detected by the scanning electron mi-
croscopy equipped with an energy dispersive spectrometer
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(SEM-EDS, Zeiss Sigma 500, Germany), FTIR (.ermo
Fisher, Nicolet iS5, USA) for the surface functional groups of
the materials, BET (ASAP2460, Micromeritics, USA) for
specific surface area, pore size distribution, and pore volume
of the prepared adsorbent samples (mass of biochar:
0.9651 g, degassing temperature: 300°C for 6 h), XRD (Smart
Lab 9, Rigaku Corporation, Japan) for crystalline phase
structure, and VSM (SQUID-VSM, Quantum Design, USA)
for magnetic performance. .e ESR signals were obtained
using an electron spin resonance spectroscopy (EMX Plus,
Bruker, Germany). .e scanning width, central magnetic
field, and modulation frequency were 100GT, 3510GT, and
100 kHz, respectively. ICP-MS (Agilent 7700, America) was
used to determine the concentration of the metal ion in
supernatants for the leaching experiments.

2.4. Adsorption Experiments

2.4.1. Batch Experiments. Batch experiments were con-
ducted to study the effects of reaction balance time, dosage of
biochar, pH value, coexisting inorganic and organic con-
centrations, table rotational speed, and reaction temperature
during the adsorption process. In addition, to ensure the
precision of the data, two independent parallel experiments
were performed on each group, and each experiment was
performed in triplicate and calculated to obtain an average.
Two kinds of pesticide solution (20mg L−1) were prepared
with deionized water as the stock solution and placed in a
brown bottle away from light at 4 °C for later use. .e
adsorption experiments were applied at different pH values
through 0.1/1.0mol·L−1 HCl and NaOH ranging from 3.0 to
10.0 to analyze the effect of pH on the adsorption process:
mixed 0.075 g adsorbent material and 100ml of solution
with a concentration of 10mg L−1 into a conical bottle with
plug. All the samples were then incubated in a water bath
shaker at 180 rpm maintained at a constant temperature of
25 °C. After the reaction, the supernatants were collected by
centrifuging at 5000 rpm for 5min and filtrating with
0.22 μm filter membrane. .e pesticide concentrations were
measured by high-performance liquid chromatography/
mass spectrometry (HPLC-MS)..e effect of metal salt ionic
strength on the adsorption effect were tested by varying the
ion concentration (0, 5, 10, 30mg/L), and for organics, the
concentration gradient was set as 0, 5, 10, 50mg/L with pH
unadjusted. Meanwhile, we also tested the removal of
pesticides under real water environment. To optimize the

reaction conditions, the shaker rotation rate: 90–240 rpm
with an interval of 30 was also considered. Other experi-
mental conditions were the same as those in the pH
experiments.

.e leaching experiments were also carried out to
evaluate whether the biochar caused secondary pollution.
After 48 h of reaction with the optimized shaker rpm,
biochar dosage, and no pesticides added, the supernatants
were collected for metal ion determination.

2.4.2. Sorption Kinetics. Kinetic studies were carried out
with two different solutions (5, 20mg/L) of the two kinds of
pesticides. 150ml of the corresponding pesticide solution
along with 0.075 g of the adsorbent material was added to the
200-mL conical bottle. .e mixture was then reacted con-
tinuously with 180 rpm for 6 h in a water bath shaker at 25°C,
and the samples were taken at specific time points. .e
samples were performed in the same manner as the pH
experiment described.

2.4.3. Adsorption Isotherms. .e adsorption isotherm ex-
periments were performed at the temperature of 25, 35, and
45°C, and the concentrations of pesticide solutions were
added according to the gradients, which were 2–20mg L−1,
respectively. .e adsorbent material (0.075 g) and 100mL of
pesticide solution were mixed in the 150mL conical flask.
.en, the conical flask was put in the water bath shaker and
rotated at 180 rpm for 6 h. .e samples were performed in
the same manner as the pH experiment described.

2.5. Analytical Methods. .e concentration of tebuconazole
(Teb) and linuron (Lin) in the aqueous phase was deter-
mined by an HPLC (Xevo TQD,Waters Corp., Milford, MA,
USA) equipped with a C-18 column (ACQUITYUPLC BEH
C18 1.7 µm XB-C18, Waters Inc.). .e LC column tem-
perature was maintained at 40°C. .e mobile phase was
methanol and water with a linear isocratic ratio of 40 : 60.
.e flow rate was 1.0ml·min−1, and the injection volume was
10 μL. To avoid the trace amounts of photodegradation, all
experimental procedures performed were protected from
light, and the blank samples were used to avoid errors from
actual hydrolysis. .e actual results showed that the pho-
tolysis and hydrolysis of tebuconazole and linuron in the
aqueous phase were negligible.

Figure 1: Tebuconazole (a) and linuron (b) particle morphologies and three-dimensional (3D) structures.

Journal of Chemistry 3



.e removal and uptake of tebuconazole and linuron
after the adsorption was calculated by the following
equation:

qe �
C0 − Ce

m
V,

η �
C0 − Ce

C0
× 100%.

(1)

where qe is the adsorption capacity of BCF600 to Teb and Lin
when the reaction reaches an equilibrium, mg·g−1; C0 and Ce
represent the initial and the equilibrium remaining con-
centration of Teb and Lin, mg·L−1; V is the total volume of
the solution, L;m indicates the amount of adsorbent material
administered, g; and η is the removal rate or adsorption rate.

.e equations of kinetics and isotherm models are listed
in Table 1.

Isotherm models: qm �maximum adsorption capacity
(mg·g−1), KL � Langmuir adsorption isotherm constant,
Ce� pesticides concentration of solution at equilibrium
(mg·L−1), Kf� Freundlich adsorption coefficient
(mg1−n·g−1 L−n), n� Freundlich constant, and KS and
m� Sips model constants.

Kinetic models: t� time (min), qe � adsorption capacity
(mg/g) at equilibrium time, qt � amount of pesticides
adsorbed at any time t (mg·g−1), K1 � pseudo-first-order rate
constant (min−1), K2 � pseudo-second-order rate constant
(g ·mg−1·h−1), a� rate constant of chemisorption, and
b� constant of the surface coverage.

To explore the influence of the concentrations of
coexisting organics and inorganics on the sorption of the
two pesticides on BCF600, four different concentration
gradients of each substance with a corresponding 16-unit
sorption were subjected to a univariate correlation analysis.
All the data were processed using SPSS (IBM SPSS Statistics
20.0) and the significant changes (∗P< 0.05, ∗∗P< 0.01, and
∗∗∗P< 0.001) were indicated throughout [68].

3. Results and Discussion

3.1. Removal Experiments

3.1.1. Optimal Preparation Conditions for Biochar. .e effect
of the different preparation conditions of biochars on the
removal of tebuconazole and linuron is shown in Figure 2.
For tebuconazole, compared with BC400, BC600, and
BCF400, BCF600 showed a significant improvement on
tebuconazole removal. Under the condition of 0.1 g BCF600
dosage, the tebuconazole concentration reduced to
0.37mg·L−1 from 5mgL−1 in 60min, and the tebuconazole
removal efficiency was finally 99.83% six hours after the
reaction fully equilibrated. However, the removal efficiencies
of BC400, BC600, and BCF400 biochar were only 31.19%,
29.90%, and 35.75% in 120min, respectively. .e final re-
sults showed that the adsorption amount of tebuconazole by
BCF600 was approximately 1.82, 2.49, and 2.93 times higher
than the maximum adsorption amount of BC400, BC600,
and BCF400 in 360min. .e same trend was observed for

the linuron adsorption. Together, the evidence suggested
that for the biochar, a higher preparation temperature and
ferric chloride modification could enhance the removal
ability of tebuconazole and linuron. Hence, BCF600 was
selected as the adsorbent material for the subsequent ex-
periments to achieve a better adsorption effect.

3.1.2. Effect of Biochar Dosage and Agitation Speed.
Biochar dosage was a key factor influencing tebuconazole
and linuron adsorption. .e initial concentration of tebu-
conazole and linuron solution was at a constant 10mg L−1.
When the dosage of BCF600 was 0.25–0.125mg L−1, the
removal rate of tebuconazole and linuron gradually reached
87.83% and 95.0757%, respectively. However, as BCF600’s
mass increased, the adsorption amount per unit mass of the
adsorbent decreased. .e removal rate increases with the
increase of adsorbent mass mainly because of the more
binding sites on the adsorbent. However, further increase of
the adsorbent dosage did not affect the removal rate. It may
be because of the relatively low concentration of the solution
during the reaction process, which could not be effectively
combined with the adsorbent sites. Hence, to ensure the unit
adsorption amounts and removal rates of the two pesticides
simultaneously while saving costs, the BCF600 dosage was
0.75 g L−1, and the condition was used for the following
experiments. In Figure 3, Teb represented tebuconazole, and
Lin stood for linuron.

.e setting of the stirring speed also had a great influence
on the adsorption efficacy. Too low of the rotation rate of the
shaker will cause the biochar to precipitate on the bottom of
the conical flask, and the adsorption sites on its surface
cannot make sufficient contact with the adsorbed substances.
However, too high of the rotation rate will lead to the
wastage of resources, and hence, the shaker rotation rate was
taken into account to optimize the experimental conditions.
.e effect of agitation speed on the adsorption of two
pesticides by BCF600 is shown in Figure 4. .e adsorption
capacity of biochar for both pesticides showed an increasing
trend from the agitation speed growth and tended to
equilibrium after 180 rmin−1. Compared with 90 rmin−1,
the removal efficiency of tebuconazole and linuron was
improved by 19.48% and 26.90%, respectively, at
180 rmin−1, and hence, 180 rmin−1 was chosen as the agi-
tation speed condition for the subsequent experiments.

3.1.3. Effect of Temperature. .e effect of temperature on the
adsorption of two pesticides by BCF600 is shown in Figure 3.
.e biochar sorption for both pesticides increased with an
increase in the temperature. From the temperature per-
spective, the increased temperature directly results in a
corresponding increase in the removal rate and unit ad-
sorption amount. It may be attributed to the increase of
surface activity and the effective active center of the ad-
sorbent [69]. .erefore, the increase of temperature could
promote the adsorption of tebuconazole and linuron in an
aqueous solution.
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3.1.4. Effect of Solution pH. .e adsorption amount of
tebuconazole and linuron is plotted against the initial pH of
the solution in Figure 5. .e effect of pH on the sorption of
tebuconazole and linuron on BCF600 exhibits a different
tendency in the pH range (pH 3–10). For tebuconazole, the
variation of the adsorption capacity in a series of different

pH values of the solutions showed that the pH value had a
significant effect on the tebuconazole adsorption capacity of
the biochars. .e adsorption capacity of tebuconazole
gradually dropped from 12.37mg g−1 to 11.36mg g−1 as the
initial pH of the solution increased from 3 to 10. .us, the
pH� 3 was the optimum experiment condition on

Table 1: Adsorption isotherm and kinetic models used in this paper.

Names Equations

Isotherm models
Langmuir qe � (qmKL Ce/1 + KLCe)

Freundlich qe � KfC1/n
e

Sips qe � (KsCe)
m/(1 + KsCe)

m

Kinetic models
Pseudo-first order qt � qe(1 − exp(−K1t))

Pseudo-second order qt � K2qet/(1 + K2qet)

Elovich qt � (1/b)ln ab + (1/b)ln t, t0 � 1/ab

Source: [66, 67].
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Figure 2: Comparison of the adsorption effect of biochar prepared under different conditions on tebuconazole (a) and linuron (b). Solution
concentration: 5mg/L.
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Figure 3: .e effect of agitation speed on the adsorption of tebuconazole and linuron on BCF600. Solution concentration: 10mg/L.

Journal of Chemistry 5



A
ds

or
pt

io
n 

am
ou

nt
 (m

g.
g-

1)

Teb
Lin

3 4 5 6 7 8 9 102
Initial pH

10

10.5

11

11.5

12

12.5

13

(a)

Teb
Lin

3 4 5 6 7 8 9 102
Initial pH

-5

-4

-3

-2

-1

0

1

Δp
H

(b)

Figure 4: Effect of the initial solution pH on tebuconazole and linuron sorption capacities in BCF600 (a) and pH changes (b) of solution
after equilibrium. Solution concentration: 10mg/L.

Teb : 5 mg/L

Elovich
pseudosecondorder
pseudofirstorder

50 100 150 200 250 300 350 4000
Time (min)

0

1

2

3

4

5

6

7

8

qt
 (m

g.
g-

1)

(a)

Teb : 20 mg/L

Elovich
pseudosecondorder
pseudofirstorder

50 100 150 200 250 300 350 4000
Time (min)

0

2

4

6

8

10

12

14

16
qt

 (m
g.

g-
1)

(b)

Lin: 5 mg/L

Elovich
pseudosecondorder
pseudofirstorder

50 100 150 200 250 300 350 4000
Time (min)

0

1

2

3

4

5

6

7

8

qt
 (m

g.
g-

1)

(c)

Lin:20mg/L

Elovich
pseudosecondorder
pseudofirstorder

50 100 150 200 250 300 350 4000
Time (min)

0

2

4

6

8

10

12

14

16

qt
 (m

g.
g-

1)

(d)

Figure 5: .e kinetics and adsorption isotherms for tebuconazole and linuron adsorbed by BCF600. (a) Tebuconazole kinetics 5mg/L, (b)
tebuconazole kinetics 20mg/L, (c) linuron kinetics 5mg/L, and (d) linuron kinetics 20mg/L.
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tebuconazole removal, and the above evidence indicated that
the adsorption of BCF600 for tebuconazole was favored by a
low pH. .e results were primarily caused by the charge
force interaction between the biochar and the adsorbate in
an aqueous solution. .e biochar mainly existed in a pro-
tonated form in the acidic aqueous solutions, while in a
deprotonated form in the alkaline aqueous solutions. When
the solution pH was greater than the pKa value of tebuco-
nazole (pKa � 5.03) [70], the tebuconazole molecules were
negatively charged in the form of anions that would repel the
negative charge on the surface of biochar and hinder the
adsorption process. When the solution pH was less than the
tebuconazole pKa value, most tebuconazole molecules
existed in the molecular state, and the entire tebuconazole
molecule would be positively charged under acidic condi-
tions because of the presence of the lone pair of electrons on
the N atom and facilitate the adsorption reaction. However,
the variation of the pH value from 3–10 did not affect the
adsorption amount of BCF600 to linuron. .e experimental
results were similar to D. Chaara [71]..ismay be because of
the higher pKa (12.13± 0.70) of linuron compared to
tebuconazole. .e changes in the adsorption capacity of
BCF600 for linuron may be observed in more alkaline
aqueous solutions. It is worth noting that the adsorption
capacity of linuron reached the lowest in the extremely acidic
aqueous environment (pH� 2). Meanwhile, compared with
pH� 3, the adsorption capacity of tebuconazole also showed
a slight decrease, which were not reported in previous
studies.

By comparing the initial pH and the pH at the equi-
librium of the solution, the biochar exhibited some ability to
regulate the acid-base property of the aqueous solutions. At
pH less than 5, the solution pH after the reaction, although
not very pronounced, the solution showed a tendency to
transition to basicity. At the pH greater than 5 or even in the
alkaline environment (pH� 10), the solution pH after the
reaction all lied in the range of 6.27–6.97. .e above evi-
dence indicated that for the alkaline environmental water
bodies, the biochar had a certain capacity for remediation
regulation.

3.1.5. Effect of Salt Ions and Organic Matters. .e metal salt
ions affected the sorption of tebuconazole and linuron
differently. .e addition of metal salt ions did not signifi-
cantly accelerate or decrease the reaction equilibrium time
on the whole. As seen in Figure 4, Pb2+ enhanced the ad-
sorption of tebuconazole to BCF600 at all pH concentra-
tions. K+ exhibited a clear promoting effect at low
concentrations, and this phenomenon was similarly found
for Mg2+ ions. A correlational analysis indicated that there
was a negative correlation between Cr6+ and the sorption
amount of tebuconazole (r� −0.793∗∗), and Pb2+ showed a
significant positive relationship (r� −0.700∗). As for
linuron, Mg2+, Pb2+, Cu2+, and K+, upon lower treatments,
enhanced the adsorption amount of linuron, whereas the
higher treatments inhibited the same. Identical to tebuco-
nazole, a negative correlation was found on Cr6+
(r� −0.943∗∗). Ca2+ enhanced the adsorption of linuron to

BCF600 at all pH concentrations with the Pearson corre-
lation coefficient of 0.586∗. .e above phenomena were
likely to be explained by the different action mechanisms of
the cations versus the adsorbents. .e metal salt ion (Cr6+)
showed a stronger ability to compete for the surface
binding sites to inhibit the adsorption of tebuconazole and
linuron. Meanwhile, the C–OH functional group on
tebuconazole and the C–N functional group on linuron
may form complexes with partial metal ions as illustrated in
tetracycline molecules before, and to some extent, promote
the adsorption of tebuconazole and linuron on BCF600
[72].

Humic acid was a kind of organic matter widely found in
natural water bodies, and the typical value in natural surface
water was approximately 2.50mg L−1 [73]. Soluble starch
was used to simulate the polysaccharide substances in real
water bodies. Previous studies have shown that the presence
of humic acids in aqueous solutions could lead to the for-
mation of complexes with pollutants such as heavy metals or
antibiotics and then be adsorbed by the biochar, thus en-
hancing the removal effect [74, 75]. As illustrated in
Figure 4(b), the presence of humic acids was found to se-
verely inhibit tebuconazole and linuron sorption on the
BCF600 surface, and the soluble starch showed only a slight
inhibitory effect with increasing concentration. .e results
showed that the concentrations of humic acids were sig-
nificantly negatively correlated with the biochar sorption for
both pesticides with the r value of −0.798∗∗ (tebuconazole)
and −0.947∗∗ (linuron), respectively. Several reasons might
account for this phenomenon. One reason was that humic
acids competed with the pesticides for the limited sorption
sites on the biochar and reduced the chemisorption amount.
.e second reason was that a thin film could be coated on
BCF600 surface by the humic acid, decreasing the specific
surface area of BCF600 and affecting the physisorption
ability, such as pore filling process, etc. [75]. .e soluble
starch exhibited a negative correlation only when it came to
linuron.

.e real water bodies represent the typical scenario when
the real filed applications were used for the adsorption tests,
and the results showed that in the real water samples, the
removal of pesticides generally decreased by 10%, depending
on the nitrogen content in the water bodies. .is phe-
nomenon is also corroborated the above analysis (see
Figure 6).

3.1.6. Kinetic Studies. .e adsorption kinetic models are
usually used to roughly estimate the adsorption rate and
provide partial support for the interpretation of adsorption
mechanism. .e experimental data of tebuconazole and
linuron removal for 360min and the fitting parameters are
shown in Table 2 and Figure 5. It is observed that the
sorption process of the two pesticides by BCF600 was rel-
atively quick, which was consistent with Grégorio Crini
(2017) [76]. After 120min, there were no obvious differences
between 180min and 360min, and therefore, 180min was
considered to be a sufficient equilibrium time for tebuco-
nazole and linuron to be adsorbed onto BCF600. .is
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equilibrium time was longer than the equilibrium time of
tebuconazole adsorbed onto a corn straw biochar (less than
60min).

For tebuconazole, the value of the pseudo-second-order
model (R2) was higher than that of the pseudo-first-order
model, and the experimental values 6.4047mg g−1

(C0 � 5mg L−1) and 13.4748mg g−1 (C0 � 20mgL−1) of
equilibrium adsorption capacity were closer with the the-
oretical values (6.3800mg g−1 and 12.7707mg g−1), respec-
tively. Notably, the decrease in the value of the pseudo-first-
order model (R2) was evident with an increase in the initial
concentration of tebuconazole. It might be indicating that at
low concentrations, it was the result of a combination of
physical and chemical effects, and at high concentrations,
the physisorption was already saturated, and subsequently, it

was dominated by chemisorption. .e same trend was also
found in the adsorption kinetic data for linuron..e Elovich
model was also used for simulating the adsorption kinetics of
tebuconazole and linuron to BCF600. .e Elovich model
was mainly used to describe the chemical adsorption and
energy heterogeneity [77]. At different concentrations, the
Elovich model showed a good fit for the adsorption process
of both pesticides.

3.1.7. Adsorption Isotherms Studies. Langmuir, Freundlich,
and Sips adsorption models were used to simulate the ad-
sorption isotherms, and the fitting parameters results are
shown in Table 3 and Figure 6. .e actual results for
tebuconazole can be described well with the Langmuir,
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Figure 6: Effect of salt ions and organic matters on (a) tebuconazole (b) and linuron sorption capacities in BCF600, and (c) effect of organic
matters on sorption capacities in BCF600.

Table 2: .e model parameters and the corresponding correlation coefficient of the kinetic models.

Pseudo-first order Pseudo-second order Elovich
C0 (mg·L−1) qe (mg·g−1) K1 (min−1) R2 qe (mg·g−1) K2 (g ·mg−1·h−1) R2 a b R2

Teb 5 6.1024 0.1573 0.9488 6.3800 0.042 0.9885 213.2572 1.7784 0.9837
20 12.0440 0.1269 0.8479 12.7707 0.015 0.9320 48.6464 0.6987 0.9853

Lin 5 4.8532 0.3331 0.9889 4.9676 0.1707 0.9940 3.49∗ 108 5.3708 0.9940
20 12.7641 0.1077 0.8321 13.5000 0.0125 0.9150 41.9666 0.5834 0.9575
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Freundlich, and Sips models (R2> 0.9200). Conclusively, the
tebuconazole adsorption can be measured for monolayer
and multilayers simultaneously. .e Freundlich model
provided a better fit, and the values of the correlation co-
efficient R2 under the temperatures of 25°C, 35°C, and 45°C
were 0.9926, 0.9760, and 0.9479, respectively. In addition, n
in the Freundlich model represents adsorption performance.
When 0.1< 1/n< 0.5, it means that the adsorption reaction is
favorable. When 1/n> 2, it means that the adsorption is
difficult to occur. At the three experimental temperatures,
the 1/n value is less than 0.5, indicating that the tebuconazole
adsorption reaction is prone to occur in aqueous environ-
ments..e Sips model is closer to the Langmuir model when
the constant m is closer to 1 and changes to the Freundlich
model whenm is far from 1. .e data below showed that the
m values were between 0.3857 and 0.5101, which indicated
that the Freundlich model was more suitable for tebuco-
nazole adsorption process; the Sips model also confirmed the
above view.

According to the correlation coefficient (R2), unlike the
tebuconazole adsorption process, the Langmuir model
showed a better fitting compared with the Freundlich model,
which indicated that the linuron adsorption process could be
interpreted by the Langmuir model, and the maximum
adsorption amount (qm) was about 17.0678mg g−1at 45°C.
In addition, theKL value of the three temperatures in linuron
adsorption are in the range from 0.4214 to 0.8099 Lmg−1,
suggesting that the adsorption between linuron and BCF600
is favorable. Meanwhile, the constant m of the Sips model is
close to 1. .ese results suggested that BCF600 surface had
uniform linuron adsorption sites. Meanwhile, the adsorp-
tion reaction mainly occurred on monolayers.

4. Characterization of Biochar

Two kinds of biochar: BC600 and BCF600 were subjected to
SEM-EDX analysis to examine the morphology and com-
ponents of the biochar surface, and the observation results
are shown in Figure 7. .e surface structure of BC600 was
relatively smooth. Some embedded irregular cylindrical
objects (marked in color), which are the compounds of iron,
appeared obviously on the surface of the biochar after
magnetization modification. It increased the roughness and
specific surface area of the biochar, which were very im-
portant properties for the absorbent materials [78].

.e FTIR spectra of BC600, BCF600, and BCF600 after
tebuconazole and linuron adsorption are shown in
Figure 8(a). .e broad bands at 3412 cm−1 and 3409 cm−1

were attributed to the stretching vibration of the -OH
functional groups, including the hydrogen bonding adsor-
bed on water or the water in the interlayer structure and the
stretching vibration peak of N–H [79]. .e absorption peak
at 1566 cm−1 was assigned to the stretching vibration of C�O
of the alkenes, ketones, and aromatic compounds; the ab-
sorption peak at 1421 cm−1 was assigned to the C–H de-
formation vibration and the backbone stretching vibration
of the aromatic ring; the absorption peak at 1045 cm−1 was
the asymmetric stretching vibration of Si–O–Si [80, 81]. .e
absorption peak at 873 cm−1 resulted from C–O nonplanar
deformation, and the absorption peaks at 797 cm−1 and
710 cm−1 were the C–H in-plane bending vibration in the
aromatic rings. Finally, the absorption peak around 500 cm-
1 was the ascribed vibration of the inorganic groups such as
CO3

2−, PO4
2−, and SiO4

2− formed by the retention of in-
organic elements in the sludge biochar during pyrolysis.
After modification, a new absorption peak generated at
1614 cm−1, and the absorption peaks at 1421 cm−1 dis-
appeared. .e above changes may be related to the char-
acteristic absorption peaks of Fe–O–C (O), indicating that
the carboxylic acid and C–H groups in the sludge were
successfully combined with the iron atom. Meanwhile,
several vibration peaks from 500–1000 cm−1 changed and
partially weakened. .e reason for this phenomenon may be
that the ferric oxides were successfully introduced to
BCF600 [82, 83].

After tebuconazole and linuron uptake, the carboxyl
vibration peak at 1614 cm−1 shifted to 1600 cm−1 and
1597 cm−1, respectively, indicating that tebuconazole and
linuron had an effect on the structure of carboxyl groups,
thus producing a chemisorption reaction. .e peak at
1048 cm−1 shifted to 1045 cm−1 and 1041 cm−1, which
suggested that Si–O–Si groups may participate in the ad-
sorption process. Except for that, there were no obvious
absorption peaks that disappeared or new absorption peaks
that generated, which implied that a large number of
physisorption interactions existed between the biochar and
the two pesticides. It did not change the host structure of the
biochar after sorption.

.e porous structure of BC600/BCF600 was identified by
the N2 sorption isotherms (Figure 7(b)). According to the
IUPAC classification standard, the N2 sorption isotherms on
the two biochars belong to type IV because the curves of the
sorption isotherm and the desorption isotherm do not co-
incide with each other to form a hysteresis loop [84]. .e
BET surface area and the Langmuir surface area of the
pyrolyzed BCF600 are 79.2445m2/g and 204.4121m2/g,

Table 3: .e model parameters and the corresponding correlation coefficient of adsorption isotherm models.

Langmuir Freundlich Sips
Temperature (°C) qm (mg·g−1) KL (L ·mg−1) R2 Kf (mg1−n·g−1 L−n) 1/n R2 Ks m R2

Teb
25 7.8650 0.2084 0.9581 6.6068 0.2661 0.9926 0.4238 0.3857 0.9976
35 10.4060 0.2425 0.9698 6.9086 0.3696 0.9760 1.2022 0.5101 0.9955
45 11.3094 0.6951 0.9283 8.2645 0.3403 0.9479 0.2335 0.4824 0.9503

Lin
25 9.0645 0.4214 0.9158 7.7967 0.3273 0.7937 14.59211 1.2833 0.9162
35 13.7053 0.4493 0.9716 14.5612 0.2825 0.8330 33.9130 1.0088 0.9686
45 17.2736 0.8099 0.9191 17.0678 0.4337 0.8483 27.9136 1.4618 0.9264
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respectively, while the two numerical values of BC600 are
decreased to 28.6556m2/g and 59.8426m2/g. BCF600 had a
larger surface area and richer pores, and the micropore
volume made up more than 8.5% of the total pore volume,
which was much higher than that in BC600. .e addition of

FeCl3 had obviously changed the surface properties of the
biochar. .e results of BET analysis and SEM observation
were validated against each other, indicating that the surface
morphology and adsorption properties of BCF600 were
improved.
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Figure 8: (a) FTIR spectrum of BC600, BCF600, and BCF600 adsorbed tebuconazole and linuron. (b) .e isotherm of nitrogen in the
sorption–desorption process for BC600 and BCF600. (c) Magnetic hysteresis loop of BC600 and BCF600.
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Figure 7: .e SEM image of the biochar, including the EDX spectrum: (a) BC600 and (b) BCF600.

10 Journal of Chemistry



To investigate the magnetic properties, a magnetic
hysteresis curve for BC600 and BCF600 were recorded at
25 °C (Figure 8(c)). .e samples showed the saturation
magnetization of 0.0028 emu/g for the biochar and 5.7800
emu/g for BCF600. Based on previous research, such a
magnetization (5.7800) is sufficient to allow easy separation
from water with a magnet, and the fact (Figure 8(c)) also
proved this. .is property is essentially important to im-
prove the adsorption performance and recovery value of
materials. However, XRD analysis (Figures S1-S5) indicated
that no obvious characteristic peaks related to Fe element
were found although the presence of ferric element was
found in EDX and FTIR spectra (Tables S1-S4). It might
be caused by the uneven distribution of Fe during the
biochar modification process. .is is similar to previous
studies [85].

5. Effect ofDifferent PreparationConditions on
EPFRs Formation of Biochar and
Leaching Experiments

EPFRs are long-lived, stable, and persistent free radicals that
are supposed to be a new class of environmental risk sub-
stances and exhibit paramagnetic stability. .e half-life of
EPFRs is relatively long because of the binding and synergy
between the persistent free radicals on the surface of some
particles, which reinforces the stability of these groups [86].
Previous studied have showed that EPFRs are mainly gen-
erated in the late stage of organic combustion, in the low
temperature region of combustion, and during some other

thermal treatments [87]. .e paramagnetic properties of
EPFRs arise from the unpaired electrons that can be detected
using the electron paramagnetic resonance (EPR). .e ESR
spectra of the four absorbent materials are displayed in
Figure 8. Compared with BC400 and BC600, as the pyrolysis
temperature of the materials increases, the ESR signal
weakens. Moreover, the biochar prepared at both temper-
atures after magnetization showed significantly lower free
radical signals, which may be because of the effect of
transition metals that hinder EPFRs’ formation [88].

.e value of the g-factor is an important spectral pa-
rameter to discern the types of EPFRs, and it is calculated
using the following formula:

g �
hv

μBB
, (2)

where h represents Planck’s constant (6.626×10−34 J s), v is
the frequency (GHz), and μB represents the Bohr magneton
(9.274×10−24 J/T). Meanwhile, H represents the intensity of
the resonance magnetic field (Gauss), which was 3510 T in
this study (see Table 4). It has been reported that the carbon-
centered radicals have g-factors <2.0030, the carbon-cen-
tered radicals with an adjacent oxygen atom have g-factors in
the range 2.0030–2.0040, and the oxygen-centered radicals
have g-factors >2.0040. .e g-factors of BC400, BC600,
BCF400, and BCF600 were 2.0036, 2.0035, 2.0035, and
2.0034, respectively. All the g-factors were between 2.0030
and 2.0040, which suggests that the EPFRs were predomi-
nantly carbon-centered radicals with an adjacent oxygen
atom [93].

Table 4: .e adsorption properties of different materials for tebuconazole (Teb) and linuron (Lin): a comparison.

Adsorbent materials Raw materials Initial pH Adsorption capacity Reference
Graphene/Fe3O4
nanocomposite

Fe2+,Fe3+and
graphene Unadjusted 78.3mg/g(Teb) (Wang et al., 2019) [89]

Biochar Fruit shell Unadjusted 10.8mg/g (teb) (Xue et al., 2019) [90]
Biochar Corn straw Unadjusted 11.35mg/g (teb) (Sun et al., 2019) [91]
Activated carbon Spent coffee 4.8 4.83mg/g (lin) (Ali hgeig et al., 2019) [92]

Organohydrotalcites Hydrotalcite 8± 0.5 3.35mg/g (lin) (D. Chaara et al., 2012)
[71]

Biochar Excess sludge 3(Teb) unadjusted
(lin)

12.37mg/g (teb) 9.06mg/g
(lin) .is study
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.e leaching experiments were also carried out to
evaluate whether the biochar caused secondary pollution.
.e results (Table S4) showed that of the six metal ions
measured, all but iron and zinc were detected at 0.2025mg/L
and 0.03097mg/L level at 100ml volume, respectively (see
Figure 9). .e source of the ferric ions was attributed to the
weak binding of ferric chloride to the biochar fraction.
However, the zinc ions, which may be contained by the raw
materials themselves, failed to be gasified completely at high
temperatures and resided inside the biochar. .us, they
precipitated into the aqueous solution during the reaction
process. .e concentrations of the two metal ions will not
constitute secondary pollution [94].

6. Conclusions

Excess sludge derived biochar was magnetically modified
using FeCl3•6H2O as a precursor for adsorption. .e
magnetic biochar (BCF600) had a relatively higher specific
surface (79.2445m2/g), which was nearly threefold that of
BC600 (28.6556m2/g). .e tebuconazole and linuron ad-
sorption capacities were significantly improved compared to
those of a common pyrolyzed biochar. .e maximum
tebuconazole and linuron adsorption capacities of BCF600
were 7.865mg g−1 and 9.064mg g−1, respectively. Under
acidic conditions (pH� 3), the adsorption amount of
tebuconazole reached the maximum of 12.37mg g−1,
whereas linuron hardly changed with pH. .e adsorption
experiments with the coexisting substances showed that
some metal ions and organics exhibited obvious roles in
promoting or inhibiting the adsorption, among which Cr6+
and humic acid significantly inhibited the adsorption of the
two pesticides (with r � −0.793∗∗). EPFRs preferred to form
at lower pyrolysis temperature (BC400 had the strongest
ESR signal). .e g-factors were between 2.0030 and 2.0040,
suggesting that the EPFRs were predominantly carbon-
centered radicals with an adjacent oxygen atom.

From the present findings, the magnetic biochar
(BCF600) has a great potential for tebuconazole and linuron
removal from aqueous environments without secondary
contamination. It is an ideal channel for the resource re-
duction of waste-activated sludge. More regrettably, a large
number of different organic-inorganic solvents have been
tried in this paper, all of which failed to succeed in the reuse
of the materials. Meanwhile, because of the different raw
material sources, there may exist significant differences in its
own physicochemical properties that may cause differences
in the adsorption efficacy of the sludge-based biochars for
tebuconazole and linuron. Whether this material can
remove other contaminants simultaneously and efficiently
remains to be verified.

Data Availability

No data were used to support this study.

Conflicts of Interest

.e authors declare that they have no conflicts of interest.

Acknowledgments

.is study was supported by the Natural Science Foundation
of Shandong Province General Program (ZR2020ME226).

Supplementary Materials

Figure S1: tebuconazole and linuron particle morphologies.
Figure S2: the adsorption effect of biochar prepared under
different conditions on tebuconazole and linuron. Figure S3:
effect of temperature on adsorption of tebuconazole and
linuron on BCF600. Figure S4: tebuconazole and linuron
removal efficacy in real water bodies on BCF600. Figure S5:
XRD analysis of BC600, BCF600, and BCF600 after uptake
tebuconazole and linuron. Table S1: correlational analysis of
BCF600 adsorption capacity and concentration of metal salt
ions: (a) tebuconazole and (b) linuron. Table S2: correla-
tional analysis of BCF600 adsorption capacity and con-
centration of humic acid and soluble starch: (a)
tebuconazole and (b) linuron. Table S3: water quality pa-
rameters at different sampling locations. Table S4: partial
metal ion concentrations in supernatant: leaching experi-
ments. (Supplementary Materials)

References

[1] S. Kreisig, A. Tarazona, and E. Koglin, “.e adsorption of
paraquat on silver electrode surfaces: a SERS microprobe
study,” Electrochimica Acta, vol. 42, no. 20-22, pp. 3335–3344,
1997.

[2] L. Zhang, Y. Xu, H. Liu et al., “Effects of coexisting Na+,Mg2+
and Fe3+on nitrogen and phosphorus removal and sludge
properties using A2O process,” Journal of Water Process
Engineering, vol. 44, Article ID 102368, 2021.

[3] Z. Yang, Z. Lian, G. Liu et al., “Identification of genetic
markers associated with milk production traits in Chinese
Holstein cattle based on post genome-wide association
studies,” Animal Biotechnology, vol. 32, no. 1, pp. 67–76, 2021.

[4] W. Deng, K. Xu, Z. Xiong et al., “Evolution of aromatic
structures during the low-temperature electrochemical
upgrading of bio-oil,” Energy & Fuels, vol. 33, no. 11,
pp. 11292–11301, 2019.

[5] S.-S. Yang, X.-L. Yu, M.-Q. Ding et al., “Simulating a com-
bined lysis-cryptic and biological nitrogen removal system
treating domestic wastewater at low C/N ratios using artificial
neural network,”Water Research, vol. 189, Article ID 116576,
2021.

[6] Z. Lan, Y. Zhao, J. Zhang et al., “Long-term vegetation res-
toration increases deep soil carbon storage in the Northern
Loess Plateau,” Scientific Reports, vol. 11, no. 1, 2021.

[7] K. Tan, Y. Qin, T. Du, L. Li, L. Zhang, and J. Wang, “Biochar
from waste biomass as hygroscopic filler for pervious concrete
to improve evaporative cooling performance,” Construction
and Building Materials, vol. 287, Article ID 123078, 2021.

[8] H. Guan, S. Huang, J. Ding, F. Tian, Q. Xu, and J. Zhao,
“Chemical environment and magnetic moment effects on
point defect formations in CoCrNi-based concentrated solid-
solution alloys,” Acta Materialia, vol. 187, pp. 122–134, 2020.

[9] X. Ji, C. Hou, M. Shi, Y. Yan, and Y. Liu, “An insight into the
research concerning panax ginseng C. A. Meyer polysac-
charides: a review,” Food Reviews International, pp. 1–17,
2020.

12 Journal of Chemistry

https://downloads.hindawi.com/journals/jchem/2021/2912054.f1.docx


[10] X. Ji, B. Peng, H. Ding, B. Cui, H. Nie, and Y. Yan, “Puri-
fication, structure and biological activity of pumpkin poly-
saccharides: a review,” Food Reviews International, pp. 1–13,
2021.

[11] Q. Ul Ain, G. Rehman, and M. Zaheer, “An analysis of water
flow in subsurface environment by using adomian decom-
position method,” Water Conservation and Management,
vol. 3, no. 1, pp. 27–29, 2019.

[12] J. Ni, X. Zhuang, and M. Abdel Wahab, “Review on the
prediction of residual stress in welded steel components,”
Computers, Materials & Continua, vol. 62, no. 2, pp. 495–523,
2020.

[13] S. Kang and T. Park, “Detecting outlier behavior of game
player players using multimodal physiology data,” Intelligent
Automation & Soft Computing, vol. 26, no. 1, pp. 205–214,
2020.

[14] S. Kaur and V. K. Joshi, “Hybrid soft computing technique
based trust evaluation protocol for wireless sensor networks,”
Intelligent Automation & Soft Computing, vol. 26, no. 2,
pp. 217–226, 2020.

[15] M. Sharma, H. Pham, and V. B. Singh, “Modeling and analysis
of leftover issues and release time planning in multi-release
open source software using entropy based measure,” Com-
puter Systems Science and Engineering, vol. 34, no. 1,
pp. 33–46, 2019.

[16] S. Vengadeswaran and Balasundaram, “Core – an optimal
data placement strategy in hadoop for data intentitive ap-
plications based on cohesion relation,” Computer Systems
Science and Engineering, vol. 34, no. 1, pp. 47–60, 2019.

[17] K. Li, W. Yang, and K. Li, “A hybrid parallel solving algorithm
on GPU for quasi-tridiagonal system of linear equations,”
IEEE Transactions on Parallel and Distributed Systems, vol. 27,
no. 10, pp. 2795–2808, 2016.

[18] K. Li, X. Tang, B. Veeravalli, and K. Li, “Scheduling prece-
dence constrained stochastic tasks on heterogeneous cluster
systems,” IEEE Transactions on Computers, vol. 64, no. 1,
pp. 191–204, 2015.

[19] W. Yang, K. Li, Z. Mo, and K. Li, “Performance optimization
using partitioned SpMV on GPUs andmulticore CPUs,” IEEE
Transactions on Computers, vol. 64, no. 9, pp. 2623–2636,
2015.
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