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Abstract: Contemporary farming practices and rapid industrialization over the last few decades,
have raised significant soil and water pollution with extreme toxic effects to humans and ecosystems.
The widespread and inefficient use of pesticides, which surpass the soil’s self purification capability,
has accelerated soil pollution. In this study, wheat straw biochar was obtained using the traditional
pyrolysis technique and its characterization; in addition, the adsorption efficiency of metribuzin
was investigated. Biochars’ physical and chemical characteristics were qualified using scanning
electron microscopy and Fourier transform infrared spectroscopy. A batch sorption test and liquid
chromatography coupled with mass spectrometry were also used to assess the biochar efficiency.
SEM and FTIR confirmed the highly reactive surfaces of biochar, establishing efficient biomass con-
version in low-oxygen conditions. The adsorption process showed best fit with pseudo second-order
kinetic and Langmuir models, suggesting a chemisorption procedure and monolayer-type removal.
Regarding its environmental and agricultural application, wheat straw biochar can be advanced as a
recommendation solution for further research, which is fundamental for soil rehabilitation and the
immobilization of contaminations.
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1. Introduction

Considerable and unprofessional pesticide use to manage weeds and diseases precede
soil pollution and linked ecosystems [1-3]. As toxic chemicals, pesticides can cause a
number of health problems to humans, who are in imminent risk of being poisoned [4,5].
Pesticides long term statement effects include cytotoxic conversion of body organs with
human endocrine system or hormonal dysfunction [6,7]. The theory of risk assessment due
to food and soil pollution by a variety of contaminants has received appreciable attention
at a global scale.

Atrazine, carbamates, chlorpyrifos, DDT, lindane and other organophosphate com-
pounds are representative anthropogenic chemicals, which have been forbidden owing
to their intense toxicity and corroborated health risk [8]. Among different categories of
pesticides, herbicides had the maximum ration (40%) followed by insecticides (18%) and
fungicides (10%). According to FAO-STAS, China, the United States, Brazil and Argentina
are the word’s most pesticide-using areas, with reported pesticide use of 1,763,000, 407,779,
377,176, 207,706 tons in 2016 [1].

Soil polluted by pesticide can promote fluctuations and deteriorating soil quality [9].
Due to hazardous features, these substances are capable of perturbing soil enzymatic
processes or bacterial species, which are index keys of soil tolerance to pollutants [10,11].
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Therefore, pesticide-based soil pollution may have a detrimental impact on the break down
and decomposition processes associated with microbial activities [12].

A wide range of alternatives can be used for remediation of pesticide contaminated
soil, such us chemical oxidation/reduction, washing with extractants and bioremedia-
tion [13-15]. Some of these techniques are effective but limited by their applicability at the
macro level in the agriculture field, with major issues that could arise as a result of their use.
Focused on the adsorption theory, application of amendments is frequently regarded as a
cost-effective strategy for pesticide-polluted soil remediation [16]. These remediation tech-
nologies include various modifications capable of converting and immobilizing pesticide,
such us rice husk, fruit peel, straw wastes or biochar [1].

Amongst certain amendments, biochar has arisen as promising material that is eco-
friendly, renewable, cheaper, and easily available, and will solve the problem of soil
remediation [14,17,18].

Currently, biochar has gained popularity as a result of its numerous agricultural con-
veniences as well as performance. Biochar is the carbon-rich material, produced during the
process of biomass pyrolysis under oxygen-limiting conditions [19,20]. Its basic compo-
sition (carbon, nitrogen, potassium and magnesium) can provide nutrients and increase
crop yields, thereby reducing fertilizer requirements. The application of biochar as a soil
amendment leads to improvement of the physico-chemical quality of the soil [21-23].

The increased water-holding capacity of soil following biochar treatment may be
one of the major aspects for crop improvement [24]. The available soil water capacity is
increased over 22%, due to high total porosity, which can retain water molecules in the
small-pore structure of biochar [25]. The soil aggregation capacity is increased between 8
and 36% after the application of rice husk biochar [26]. Specific experiments performed
at various scales, reveal that in the 0-15 cm soil depth, total porosity is increased by a
minimum of 10%, whereas bulk density is decreased according to the same ratio [27].
Enhanced physical properties of the soil, such as water-holding and aggregation capacities
or bulk density can improve both nutrient and water storage and crop productivity.

The use of biochar raises the pH of the soil. According to [28], soil reactivity (pH)
is increased from 7.1 to 8.1 when different types of biochar were applied to soil. At
higher biochar doses (50 t-ha~!), significant improvements in soil quality were observed,
including electrical conductivity (124.6%) and cation exchange capacity by 20% [29,30].
Cation exchange capacity is an indicator of soil’s ability to maintain nutrients and water. By
increasing soil CEC and stimulating the rate of microorganism growth, biochar can help to
minimize nutrient leaching [31,32]. In addition, it has been reported that biochar has great
potential of nutrient availability and could release high quantities of P (46-664 mg/kg~!)
and N (23-635 mg kg~ 1) [33].

Moreover, due to its highly porous structure and the presence of carboxylic and phe-
nolic groups in its structure, biochar has the ability to sorb and retain organic and inorganic
pollutants from varied environmental matrices [34,35]. In liquid media (wastewater and
water), its remediation efficiency was explored for various inorganic pollutants, copper,
zine, nickel, cadmium, mercury, etc. [36]. Additionally, biochar has the potential to proceed
as a catalyst in biodiesel, syngas and energy production, tar removal or waste manage-
ment [37]. The successful adsorption capacity of biochar was also reported for analysis of
synthetic dyes, phenols and medicines [38—-40].

In solid matrices (soil), the addition of biochar obtained from different straw immobi-
lized diuron, simazine and atrazine herbicide [41,42]. For instance, [43] noticed that 80-86%
of bromoxynil and diuron and 70% of ametryn were retained as a consequence of the
addition of 1% wheat biochar. The potential binding technique of biochar with pesticides
comprise cation, anion, non-polar and polar attraction, which govern the processes of
sorption, desorption, leaching and hydrolysis of pesticides [1].

Therefore, the novelty of this research was to assess the pesticides adsorption capacity
of biochar-based wheat in order to comprehend the biochar amendment consequence on
pesticide behavior through soil. The pesticide studied was metribuzin, which is used in
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soybean crops and their environmental appearance is of agricultural interest. Metribuzin (4-
amino-6-tert-butyl-3-methylsulfanyl-1,2,4-triazin-5-one) is one of the most used herbicides
to control certain broadleaf weeds and grassy weed species. The activity of metribuzin is
due to interference with photosystem II electron transport in plant chloroplasts. Almost
all of the current reports establish that metribuzin exhibits slow sorption in soil due to the
octanol-water coefficient Koy (1.70), which shows relatively high mobility. Consequently,
the possible risk of leaching and pollution of ground water with this pesticide is very high
and is therefore frequently detected in ground and surface water [44,45].

2. Materials and Methods
2.1. Materials

Analytical grade metribuzin (95%) was purchased from Dr. Ehrenstorfer GmbH (Augs-
burg, Germany). Acetone and methanol gradient grade for liquid chromatography were
provided by Merk, Germany. Stock solution (1000 mg L~!) was prepared in acetone, while
the working solutions were formulated with ultrapure water. A Milli-Q water purification
device was used to purify the water (Millipore, Burlington, MA, USA). The solutions for
batch experiments were calcium chloride (CaCl,), which had 0.01 M concentration.

Wheat straw (WS) raw materials were used as the precursor for biochar production.
Wheat straw plants were supplied by the Experimental Farm of the Agricultural University
of lasi, Romania. The samples were washed with ultra-pure water cut into small pieces
and dried at 70 °C until a constant mass was reached.

2.2. Preparation and Characterization

The wheat straw biomass was transformed into biochar through slow pyrolysis in
an electrical furnace at a heating rate of 10 °C/min and held 2 h at 800 °C. Based on
preliminary studies, biochar is obtained in an oxygen limited conditions under different
temperatures ranging from 200 °C to 800 °C [46,47]. Previous literature indicates that the
pyrolysis temperature is one of the key factors determining the physicochemical properties
of the biochar [48,49]. Superior temperatures, similar or upper to 500 °C, generate biochar
with a high specific surface area, pH and C content and less volatile matter [50]. The
pyrolyzed specimens were then removed from the furnace and allowed to cool. To remove
residual inorganic matters, the obtained biochar was treated with HCI 0.1 n and then
washed with ultra-pure water. The wheat straw biochar samples (WSB) were ground and
sieved to obtain particles with a size of 500-700 nm. The chemical composition of WSB
and WS were determined as follows. By oven drying at 110 °C, the moisture content was
obtained until a constant weight was reached [51]. In the muffle furnace, the ash content
was measured by combustion at 750 °C for 8 h, while the volatile matter content was
obtained by pyrolysis at 900 °C for 5 min.

The morphological features of wheat straw and biochar were performed via scanning
electron microscopy (SEM) (FEI—Field Electron and Ion Company) having an energy dis-
persive X-ray (EDX) unit. The surface functional groups were identified from FTIR spectra
(FTIR spectrometer Interspec 200-X, spectral domain = 400—4000 cm~ 1, resolution =4 cm™1,
KBr pellet technique).

2.3. Adsorption Experiments

Adsorption experiments were performed in batch systems. In each experiment, 0.2 g
biochar and 20 mL metribuzin aqueous solution with the desired initial concentration (5, 50
and 100 mg L~!) were added to a set of 100 mL Erlenmeyer flasks. The experiments were
performed in triplicate and the averages values were calculated. The mixture was shacked
on an orbital shaker, at 350 rpm, at room temperature. The influence of the contact time
was explored at various concentrations (1-100 mgL~!). After shaking, the liquid samples



Appl. Sci. 2021, 11,4935

40f13

were collected. using PVDF filters at various preset times (10, 20, 60, 80, 240 and 24 h). The
removal efficiency and the adsorbed amount q (mg g~ ') were evaluated by the following:
(G -0
=-—V 1
Q=" M
where C (mg L~ and C, (mg L) are the residual and initial concentrations of metribuzin.
The agri-waste/biochar mass and the volume solution are W (g) and V (L), respectively.
To investigate the adsorption isotherms, the equilibrium experimental data were fitted
by Langmuir and Freundlich models as follows:
Langmuir isotherm:

_ KLCe
qe - qmax 1 + KLCe (2)
Freundlich isotherm:
Jde = KFCel/n (3)

where qmax is the maximum adsorption capacity (mg g~ !); Ce is the concentration of
metribuzin at equilibrium (mg L~1); Ki (mg g~!), K¢ (mg g~!) and n are the Langmuir
and Freundlich constants.
The kinetic experimental results were obtained in the time range of 0—24 h, and were
modeled using pseudo-first order [52] and pseudo-second order [53] models, as follows:
Pseudo-first order:

qt = qe(1-e 1) )
Pseudo-second order: )
quz
= — 5
= T Koger ©

where ge (mg g~ !) and q; (mg g~ !) are the metribuzin adsorbed at equilibrium and time t,
respectively; k; and k, (mg-g~!-min~!) are the rate parameters of both models.

2.4. Analytical Determination of Metribuzin

All analytical measurements were performed on a Thermo Scientific LC-MS coupled
with an Orbitrap Q-Exactive analyzer. The retention time of metribuzin was 5.35 min,
using methanol/water (60:40 v/v) as the liquid phase at a flow rate of 1 mL min~!. A pH
meter equipped with a combined with glass electrode was used to measure the pH of all
the solutions.

3. Results and Discussion
3.1. Biochar Properties

The remediation efficiency of mesoporous carbon materials is hardly affected by its
morphological, composition and structural properties [54]. Table 1 states the characteristics
of the WS and WSB. The elemental composition of biochar particularly covers carbon, hy-
drogen, oxygen, nitrogen and sulfur [55,56]. The molar ratios of these elements, expressed
as O/C and H/C or (O + N)/C, reveal the aromaticity and polarity of the biochar [57].
During the thermal analysis, three events were noticed [58]. The first process at 120 °C was
linked to the release of moisture and adsorbed water from the material surface, while the
succeeding event at 550 °C, was related with cellulose and hemicellulose volatilization.
At higher temperatures (800 °C) which is the final stage, the lignin decomposition took
place. In our study after pyrolysis, the carbon content increased from 47.15% to 73.25%,
while the oxygen and hydrogen content decreased from 43.93% to 19.67% and 6.56% to
2.61% respectively.



Appl. Sci. 2021, 11, 4935

50f13

Table 1. Elemental composition of WS and WSB.

. . Consequent Analysis Atomic Ratios
Basic Properties o 9
Material (wt%) (Wt%)
Ash Moisture C H (o) N H/C o/C (O +N)/C
WS 7.98 3.45 47.15 6.56 43.98 2.05 0.139 0.932 0.976
WSB 5.68 513 73.25 2.61 19.67 2.79 0.035 0.268 0.306

The O/C and H/C WSB ratios were lower as the WS was raw due to the high
carbonization with the development of the extra aromatic and minor hydrophilic WSB
structure [59]. The low H/C ratio indicates that the obtained biochar has a high stability,
which is a measure of its resistance to microbial and chemical degradation [60,61]. Similarly,
a low O/C ratio shows the aromatic ring’s structural arrangement. [62]. Because of the
reduced polarity index (O + N)/C, the biochar surface active groups were eliminated,
which may enhance metribuzin adsorption [63]. These observations also confirm the
results reported by [64] and [65], which sustain that a low O/C ratio denotes a high level
of stability of biochar with a half-life higher than 1000 years.

Biochar’s basic components include ash, volatile matter, fixed carbon and moisture
percentage [66]. The amount of solid residues left after the sample is completely burned is
referred to as the ash content. A high quantity of ash is unsuitable because of the presence
of additional minerals, which may obstruct biochar pores and minimize the number of
active sites [65]. Based on the low ash content of 5.68% and relatively higher carbon
content, the WSB might be suitable for pollutant attraction, Biochar derived from animal
manures, for example, contains more ash and less carbon content, making it unsuitable
for soil amendment and the removal of toxins and pollutants from the soil and aqueous
environment [64].

3.2. Morphology Analysis

The morphologies and structures of WS and WSB were identified by SEM as shown
in Figure 1. The raw WS preserves the structural organization of the vegetal cell wall
with a lamellar structure on the surface [67]. In opposition, the WSB had a surface with
spherical structures, suggesting a carbon-based structure from the raw material biological
capillary structures.

HV  det r

v det
15.00 kV ETD

Figure 1. SEM images of (a) raw WS (b) WS biochar.

The volatiles are eliminated during the pyrolysis treatment, which improves the
porosity of the WSB and affects its adsorption capacity [68-70]. As shown by the studies
of [46,71], the stem structure of wheat straw is destroyed and the micropore configuration
is progressively created after pyrolysis.
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The structural analysis of WS and WSB were established by FTIR spectrometry as
presented in Figure 2. Wheat straw biochar shows low intensity bands in regions of
2000-3500 nm !, which indicate that the material underwent complete pyrolysis with a
loss of oxygen-containing species [19].
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Figure 2. FTIR spectra of (a) raw WS (b) WS biochar.

The WSB had relatively high intensity bands in regions of 3500-4000 nm~!, 1500~
1750 nm ™!, 1250-1000 nm ! and 1000-500 nm~!. Peaks around 1750-1689 nm ! were
attributed to the carbonyl C=O groups, while the peaks at 1850 nm~! correspond to C~
N stretching in aromatic amines [51]. Peaks around 1189 nm~! and 1127 nm~! were
assigned to C-O and O-C-O stretching vibrations. The bands at 839-729 nm~! were
characteristic of aromatic C-H groups, while the bands at 1543 nm~! and 1435 nm~! were
representative of the aromatic C—C structure [72]. Being the prevalent groups on the surface
of WSB, C-C and C-H gives a hydrophobic configuration with low oxygen-containing
functional groups, which maximizes the adsorption mechanism. The carbon content and
aromatic structures of biochar manage their rate and sorption capacity [65]. Based on this,
the aromatic structures have a strong influence on the biochar’s hydrophobic properties
and 7— electron interaction can appear. Triazine herbicides can behave as a m-electron
donor, whereas aromatic carbon from the biochar surface can serve as an electron acceptor,
indicating that a - electron donor—acceptor interaction between metribuzin and WSB
surface is feasible [14].

3.3. Adsorption Kinetic Modeling

Any adsorbent unit’s design and optimization are controlled by accurate and relevant
kinetic data. The kinetic data were examined to predict the extent of adsorption and to
distinguish whether the adsorption process was chemical or physical sorption [63].

The amount of adsorbed metribuzin per unit mass of the biochar and wheat straw (qy)
is plotted versus time, which shows the time dependence of metribuzin removal by WS
and WSB (Figure 3). Through both cases (pseudo second order and first order model), a fast
removal rate is noticed in the early stage, followed by a slower pattern before equilibrium
is reached [73].

In terms of determination coefficients—R?, the pseudo second order model was more
accurate for fitting the experimental data than the pseudo first order model, according to
the parameters obtained (Table 2).
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Figure 3. Kinetic models of metribuzin adsorption.

Table 2. Kinetic model parameters for metribuzin and WS/WSB system.

Pseudo-First-Order Pseudo-Second-Order
e exp e est Ky R2 Qe est K, R2
(mg-g™1)  (mgg) (mg g 1-min—1) (mg-g—1) (mg-g~1-min—1)
WS 1.453 5.901 0.005 0.726 1.431 0.956 0.996
WSB 1.565 6.083 0.009 0.531 1.541 0.735 0.998

The pseudo second order model exhibited higher R? values within the range of 0.996—
0.998 compared to the R? of 0.531-0.726 for the first order model. These observations are
also consistent with previous research on biochar mediated metribuzin adsorption [74,75].
According to the parameters of the pseudo second order model, the values indicate adsorp-
tion of the chemisorption type. The increase in metribuzin concentration from 5 mg L~! to
100 mg L~! enhanced the predicted metribuzin uptake from 1.453 to 1.565 mg g~ !. The
same increase in metribuzin concentration decreased the K, values from 0.956 to 0.735.
Due to the greater number of metribuzin molecules and fewer actives sites, a decrease in
the adsorption rate was noticed. The pseudo second order model is frequently superior to
the pseudo first order model in explaining the kinetics of adsorption phenomena and fits
better with the experimental data, according to the majority of adsorption studies in the
literature [76].

Based on FTIR data, the abundance of biochar functional groups (OH, COO~, R-O7)
and the possible adsorption rate of metribuzin were mostly linked to ion exchange or
surface complexation of biochar functional groups and metribuzin molecules. Furthermore,
the mesoporous structure of wheat straw biochar stimulates metribuzin retention in the
pore channel by physicochemical adsorption. According to [77], within advantageous
circumstances, physisorption and chemisorption processes may concomitantly or alter-
natively take place. These results indicate that the adsorption rate depends more on the
available active sites in the biochar than on the concentration of metribuzin.

3.4. Adsorption Performance
3.4.1. The Effect of Metribuzin Concentration and Time
We assess the wheat straw biochar for its adsorption properties, using metribuzin

pesticide, suggesting a greater affinity between metribuzin and biochar surface. Figure 4
presents the influence of different initial concentrations (C,) of metribuzin on the adsorp-
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tion performance at equilibrium (qe) of the biochar at room temperature. A reduction
in metribuzin concentration was noticed with the increment of time until equilibrium
was attained within 3 and 5 h for the initial metribuzin concentrations of 5 mg-L~! and
100 mg-L ™!, respectively. The increase in time required to reach the equilibrium with the
increase of initial metribuzin concentration indicates that chemical interactions between
pesticide molecules and superficial functional groups of adsorbents are predominantly
involved in the studied adsorption process [78].

—8— 5 mg/L —a— 50 mg/L —e— 100 mg/L

Metribuzin concentration (mg/L)

Time (h)
Figure 4. Influence of initial metribuzin concentration on WSB adsorption.

Overall, metribuzin molecules were adsorbed fast at the initial stage and then slowed
down gradually. The initially high adsorption rate in the concentration of metribuzin may
be caused by the WSB available binding sites” existence. On the other hand, as these sites
were occupied, a slow metribuzin adsorption rate was observed over time, establishing
and consolidating the equilibrium state (Figure 5).

q (mg/ Kg)
O
=

—+— WS —s—WSB

10 15
Time (h)

Figure 5. Adsorption capacity of WS and WSB in batch experiments.

As the initial metribuzin concentration increased from 5 to 50 mg L~! a decrease with
89 and 86% in the metribuzin adsorption rate was associated. For 100 mg L~! metribuzin so-
lution, this reduction decreased to 65% due to the high percentage of metribuzin molecules
compared to the available active sites from the surface of WSB [59]. At a higher metribuzin
concentration, the available superficial groups of WSB are limited and held; hence, the
diffusion of metribuzin molecules on the functional groups are limited.

3.4.2. Isotherm Studies

Isotherms are a valuable approach for assessing an adsorbent potential to remove
xenobiotic compounds. Adsorption equilibrium data were simulated by current isotherm
models, Freundlich and Langmuir, characteristics of which can provide essential knowl-
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1/Q(mg/L)

1/C(mg/L)

edge about the adsorption nature and maximum adsorption extent. Experimental equilib-
rium results matched the Langmuir model better with R? values (0.994-0.996), which were
higher than the Freundlich isotherm model values (0.84-0.97) (Figure 6 and Table 3).

3.5

: 3 .
£ ’ . L \\\
E 15 N 9
" WS p | & *WS ]
——Poly ) mWsB
05
0
25 30 35 40 45 50 0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18
Ce (mg/L)
(a) (b)
Figure 6. Langmuir (a) and Freundlich (b) isotherms of metribuzin.
Table 3. Adsorption isotherm parameters for metribuzin on WS and WSB.
Constants )
Isotherm Product R
qL (mg-g—1) Kp (L-g1)
Lanemuir WS 289 0.46 0.997
& WSB 59 0.52 0.995
K¢ (L- g_l) n
Freundlich WS 98.21 0.68 0.848
WSB 154.5 0.65 0.976

The Langmuir model indicates a single layer chemical adsorption between WS and
WSB and metribuzin molecules [79]. Further, the higher value of adsorption equilibrium
constant (K ) establishes strong chemical interaction between metribuzin and superficial
groups of the WSB. The linearized Langmuir adsorption model is a consequence of two
or more adsorption mechanisms, including external surface adsorption, diffusion into
the pores of the adsorbent and chemical interactions. According to [80], the increased
adsorption capacity of biochars was induced due to a larger surface area with more porous
sites produced at high temperatures. A similar isotherm behavior was related for the
carbofuran, carbendazim and tebuconazole pesticide adsorption on the activated carbon
derived from coconut and peanut shells [3,81].

Table 4 presents the characteristics and reported adsorption capacities of the WSB
toward metribuzin with those of other pesticides and crop straw. These results indicate
that, when compared to biochars from other agri-wastes, WSB can be a suitable adsorbent
material with a high adsorption potential for metribuzin molecules. Reference [14] obtained
sustainable soybean biochar with a higher atrazine removal capacity. This property is
assigned to the pore volume of biochar and pH. Reference [82] studied the mechanism
of imidacloprid, isoproturon and atrazine adsorption by biochar from rice and wheat
straw and found a possible interaction between soil components and biochar and/or the
consequence of biochar oxidation. Pleurotus mutilus based biochar was used to remove
metribuzin from contaminated water, where at an acidic pH, the negatively charged active
sites are protonated, thereby restricting metribuzin sorption [83]. Metribuzin sorption
kinetics were designed onto electro-activated granular carbon, where the activation process
speeds up three times the sorption capacity [84]. Moreover, the adsorption on WSB is
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advantageous toward chemical oxidation/reduction, bioremediation or the washing with
extractants technique, all of which are considered expensive methods and not acceptable in
large agricultural fields [85,86].

Table 4. Comparison of pesticide capacities on various adsorbents.

Raw Material

Pesticide

Pyrolysis

i -1
Temperature (°C) Concentration Q(mgg) Reference

Wheat straw

atrazine 450 20% 220.57 [82]

Rice straw

imidacloprid 600 20% 152.10 [82]

Wheat straw

metribuzin 800 1-100 mg L 596 This study

Rice straw

isoproturon 600 10% 406.5 [82]

Corn straw

atrazine 450 11.566 [87]

References

4. Conclusions

The suitability and effectiveness of the biochar for environmental remediation were
assessed in various features. Wheat straw yielded mesoporous carbon rich materials as
confirmed by XRF, FTIR, SEM analyses. The results showed that the present biochar has
interesting properties with highly reactive surfaces. Due to the modified superficial groups
on the biochar surface, the WSB indicate good adsorption performance. The adsorption
capacity data indicate that the adsorption was endothermic, while the kinetic parameters
suggest that the predominant adsorption process could be chemisorption. Finally, the
cumulative experiments indicate the WSB yielded good adsorption capacity, being a
promising material for soil remediation. Furthermore, biochar-based wheat is suitable
for environmental management applications, as the sorbent shows strong sorption for
anthropogenic contamination, including pesticides and heavy metals. These results suggest
the achievable and realistic availability of this waste product and its possibility to subscribe
to the dynamic economy’s fundamental concepts.
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