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ABSTRACT

Emerging contaminants (ECs) play a vital role in water pollution. The treatment methods used for the removal
are expensive and complex. It is therefore highly needed to develop cost-effective materials for the effective
removal of ECs. This study comprehensively investigated the potential of biochar material pyrolyzed at different
temperatures in removing mancozeb, a potential EC, reported to significantly pollute water sources in Sri Lanka.
Detailed isotherm, kinetics, thermodynamics and rate-limiting factor analysis were performed for biochar with
high adsorptive capacity along with FTIR and XRD characterization. Results revealed that biochar pyrolyzed at
900 °C exposed higher adsorptive performance of 187.68 mg/g. Moreover, a detailed isotherm study exhibited
that the adsorption of mancozeb to biochar is multilayer in nature. The pseudo second-order equation is well
fitted to explain the adsorption rate of mancozeb. In addition, the thermodynamic analysis explains that the
adsorption is spontaneous and endothermic. The XRD information well explains the carbon network develop-
ment with an increase in pyrolysis temperature. At higher pyrolysis temperatures, the constricted carbon
network was formed. FTIR analysis expresses that the functional groups are degraded at higher pyrolysis tem-
perature. The rate-limiting analysis indicates that the removal rate of mancozeb by biochar derived from neem
chips pyrolyzed at 900 °C initially induced by mass diffusion followed by intraparticle diffusion. The innovative
finding of the use of biochar produced from neem chip for the removal of mancozeb makes an opening to the
development of noval strategies for the effective removal of ECs at the commercial level.

1. Introduction

During the past three decades, the global usage of fungicides and bac-
tericides has been increased by 140,000 tons (FAOSTAT, 2021). Pesti-

ECs are either naturally or synthetically occurring chemical sub-
stances or any microorganisms that are uncommon in the environment,
but can enter the atmosphere (Rosenfeld and Feng, 2011). ECs are
usually found in all most all the products that are used daily basis and
finally, those toxic components are released into the environment. ECs
contain pesticides, pharmaceuticals, personal care products, industrial
chemicals and surfactants which are continuously found in ground-
water, drinking water, surface water, food sources and wastewater
released via industrial and domestic activities. Furthermore, this type of
contaminants comprises analgesics, endocrine-disrupting compounds,
hormones, antibiotics and a range of pharmaceutical compounds
comprising the drugs related to anti-inflammatory and antiepileptic ef-
fects (Rosenfeld and Feng, 2011).

Pesticides play a major role in the global agriculture system in recent
years allowing for significant increases in crop yields and food supply.
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cides exposure can occur directly through occupational exposure, like
those who engaged in farm activity, or indirectly via environmental
exposure to water, air, soil and through the ingestion of contaminated
food which causes harm to the entire population (Weis et al., 2019). Due
to runoff, sub-surface drainage, spray drift and leaching, pesticides
reach the water bodies. Meanwhile, the metabolites of pesticide residues
in water is considered biologically active, toxic and found in water at a
higher level (Naidu et al., 2016). Fungicides are kinds of a pesticide, that
restrict the growth of fungus and their spores. Generally, the fungicides
are used in the field of agriculture to control the fungal causing plant
diseases such as root rot, damping-off, rust, powdery mildew, downy
mildew, etc.

Mancozeb belongs to the group of ethylene bis-dithiocarbamate
(EBDC) fungicides, which was initially registered as a broad-spectrum
fungicide in United States in 1948 (Runkle et al., 2017). Mancozeb
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has been used as a fungicide in agriculture as well as industrial purposes
for almost 70 years. According to market analysis, the selling of man-
cozeb was around $ 740 million in 2007 around the globe. In 2019, the
market value of mancozeb was recorded as $ 795.4 million, and it is
expected to achieve $ 832.8 million in 2026 (Angelo et al., 2010; Mar-
ketWatch News Department, 2021). Demand for mancozeb is getting
increased in the world market due to its cheap purchasing price, rising
worldwide demand for vegetables and fruits and non-selective fungi-
cidal effectiveness (Runkle et al., 2017). Mancozeb can be easily
degraded by heat, light and moisture, and it generates metabolites like
ethylenethiourea (ETU) and ethylenebisisothiocyanate (EBIS). Man-
cozeb is categorized as a Class II or very hazardous chemical by the
World Health Organization (WHO), and numerous studies have proved
that mancozeb and its major metabolite, ethylenthiourea (ETU), to a
range of health consequences including endocrine disruption, cancer
and reproductive damage (Weis et al., 2019).

There are various modern techniques and treatment technologies
available for the removal of contaminants such as processes of phase-
changing (Homem and Santos, 2011), advanced oxidation processes
(Khan et al., 2020), biological treatment and adsorption in different
solid membranes and matrices that have been extensively practiced to
remove the micro-pollutants (Rodriguez-Narvaez et al., 2017). In ter-
tiary treatment systems, coagulation, flocculation, ozonation, lamellar
settlement, chlorination and filtration are practiced to remove the ECs
(Matamoros and Salvado, 2013). Among all treatment processes,
adsorption can be characterized as one of the promising methods glob-
ally for the removal of ECs. The use of low-cost biochar adsorbents to
remove organic and inorganic contaminants present in an aqueous so-
lution will be a comparatively more profitable way than the traditional
methods for the removal of the contaminants from water.

Biochar is a solid material rich in carbon produced from the process
of pyrolysis of any biomass under the oxygen-limiting environment
(Keerthanan et al., 2020). Based on previous researches, it is clear that a
variety of low-cost, effective, composite , modified biochar could adsorb
emerging contaminants from the wastewater (Li et al., 2019). Neem
(Azadirachta indica) which is a tree species belongs to the family
Meliaceae. Neem bark consists of 65.63% of cellulose, 23.55% of
hemicellulose and 9.04% of lignin (Al-Eraky et al., 2016). These com-
ponents play a major role in the determination of biochar characters
during pyrolysis. It is very common in Asian contries with medicinal
properties. There are amble researches available in literatature to
remove pollutants from aqueous solution using neem. For instant, Pb>*
was removed using mature leaves of the Neem (Azadirachta indica), and
neem saw dust was used as biosorbants (Bhattacharyya and Sharma,
2004; Naiya et al., 2008). Bhattacharyya and Sharma investigaded the
thermodynamic and kinetics of methylene blue adsorption on neem leaf
powder (Bhattacharyya and Sharma, 2005). Mandal et al., reported the
use of neem leaves powder as a biosorbent in the removal of phenolic
componads from the wastewater (Mandal et al., 2020). Futhermore
biochar derived from neem leaves were also used to remove the hex-
avalent chromium (Thangagiri et al., 2022). From the literature, there is
an evident that different parts of neem tree were used as biosorbent and
for the preparation of biochar. However, the use of neem chip for bio-
char preparation is still not known well.

This study is the first report to investigate the feasibility of neem
(Azadirachta indica) chip biochar to remove mancozeb from an aqueous
solution by the comprehensive understanding of adsorption mechanism.
There are ample researches carried out to determine the use of neem
leaves, seeds and husks as biosorbents and as biochar except neem chips
to remove different contaminants (Cr?*, Pb2+, Methyl Blue, etc.).
However, the use of such materials for mancozeb is highly limited.
Therefore, it is well clear that the use of neem chip biochar for the
removal of mancozeb is an innovative technique to reduce the con-
taminants in the wastewater. Furthermore, the findings related to ki-
netics and thermodynamics of neem chip biocharat different
temperatures, pH and incubation periods could be useful to formulate
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novel techniques for the adsorption of mancozeb, and it can add new
knowledge to the adsorption science. Moreover, this comprehensive
work directs future research openings for the development of activated
carbon materials from novel neem chip biochar with enhanced
adsorptive performances for different ECs.

2. Materials and methods
2.1. Materials

Commercial grade Mancozeb [80% (W/W)] was purchased at a
commercial agriculture shop located in Paranthan, Sri Lanka. Neem
timber was collected at a local carpentry shop at Thirukkovil, Sri Lanka.
Mancozeb stock solution was prepared by dissolving mancozeb powder
with 25 mM Alkaline EDTA solution (Petha et al., 2017). The calibration
curve for mancozeb is given in Fig. S1.

2.2. Biochar production

Neem timber which was collected from a local carpentry shop,
Thirukkovil, was copped and broken by hammer and chisel. The broken
chips were first sieved by a 2 mm pore size sieve and the passed mate-
rials were sieved by a 1 mm pore size sieve. Finally, neem chip with size
ranging from 1 to 2 mm was obtained. Neem chips were filled into
ceramic crucibles with lid, and they were treated at 300, 500, 700 and
900 °C with a heating rate of 52.8°C min " for 2 h using muffle furnace
(PC442T, Protherm furnace, Turkey). The obtained biochars were
labeled as NBC300, NBC500, NBC700 and NBC900 respectively.

2.3. Biochar characterization

The yield of the biochar was determined by calculating the ratio
between the weight of neem biochar and the weight of biomass (Keer-
thanan et al., 2020). The surface functional group was analyzed using
Fourier Transform Infrared spectrophotometer (ALPHA II, BRUKER,
Germany) coupled with ATR (attenuated total reflectance) mode with
zinc selenide crystal. Spectra were collected within the spectral range of
4000 to 600 cm™! with a resolution of 4 cm™! using 32 average scans.
Point zero charge (pzc) of biochar was determined by pH drift method
(Nadarajah et al., 2021). In brief, accurately weighted 0.2 g of biochar
pyrolyzed at different temperatures was added with 20 mL of NaCl so-
lution at different pH values separately. Prepared solutions were placed
into the shaking incubator (BSD-250, Boxun, Shanghai, China) for 24 h
at 25 °C and 150 rpm. Final pH was determined after 24 h using mul-
timeter (HQ40d, HACH, United Kingdom). The pzc was determined by a
point where final pH and initial pH values are equal. Crystallographic
features of biochars pyrolyzed at different temperatures were analyzed
using X-ray diffraction (XRD) spectroscopy (AERIS, PANalytical, United
Kingdom). Powdered samples were used for XRD analysis.

2.4. Adsorption experiment

Batch adsorption experiments were conducted for biochar pyrolyzed
at different temperatures in 25 mL flat bottom glass bottles containing
20 mL of known concentration (200 mg/L) of mancozeb solution
adjusted to desired pH (pH 5) with NaOH and HCI and added with the
needed amount (1g/L) of Neem chip biochar. Each sample was placed
into the shaking incubator (BSD-250, Boxun, Shanghai, China) operated
at 150 rpm at 25 °C for 24 h. After 24 hours, solution was centrifuged
with refrigerated centrifuge (Model: TGL-20) at 10000 rpm for 5 mi-
nutes. Then absorbance of the solution with appropriate dilution was
measured by UV-vis spectrophotometer at 279 nm (UH5300 spectro-
photometer, HITACHI, Japan). Three replicates were used for each
experiment, and the average values were calculated.

The effect of biochar dosage on mancozeb removal was carried out at
25 °C with initial concentration of 200 mg/L at the pH 5, and the dosage
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Fig. 2. XRD spectrum of neem biochar produced at different temperatures.

was set to range from 0.5 to 5 g/L. The effect of pH on mancozeb
removal was studied using the initial dosage of 1g/L with pH ranging
from 3 to 11 at 25 °C, and the influence of mancozeb concentration was
assessed using 1 g/L initial dosage with concentration ranging from 100
to 500 mg/L at pH 5. The removal percentage and adsorptive capacity
were measured by the Eqs. (1) and (2) respectively.

Removal % = % x 100 (@]

i

_viG-a)
qe == w 2

Where, g is the amount of adsorbate removed per g of adsorbent
(adsorption capacity in mg/g), C; is initial adsorbate concentration (mg/
L), C; is the adsorbate concentration (mg/L) in solution at time t (h), W is
the biochar weight (g) and V is the solution volume (L).

2.5. Isotherm, kinetic, thermodynamics and rate-limiting factor analysis

Three different models were used to investigate the effect of
adsorption rate and also to find the effect of equilibrium concentration
on the adsorptive process. Models used were the pseudo first order ki-
netics, the pseudo second order kinetics and the Elovich. Adsorption
isotherm studies were carried out using three models Langmuir,
Freundlich and Temkin. Isotherm study was carried out to identify
whether adsorption is monolayer or multilayer in nature. In addition,
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thermodynamics analysis was carried out at different temperatures of
25, 30 and 40 °C. Furthermore, Weber-Morris method was used to
analyze the rate-limiting factor. The applicable equations for each model
are given in Supplementary information.

3. Results and discussion
3.1. Biochar characterization

3.1.1. Effect of temperature

The effect of pyrolysis temperature on the yield of biochar produced
from neem chips (Fig. S2) at different temperatures was studied. The
yield of biochar decreased from 46.8% to 5.06% with an increase in
pyrolysis temperature from 300 °C to 900 °C. The yields of biochar at
300 °C, 500 °C, 700 °C and 900 °C are 46.8%, 19.13%, 12.34%, and
5.06% respectively. There was a drastic reduction in yield from 300 °C
to 500 °C. The yield reduction was due to the primary and secondary
decomposition of biochar with an increase in temperature. The higher
yield of 46.8% indicates that the partial pyrolysis had occurred at 300
°C. The yield reduction is mainly due to the destruction of components
like hemicellulose and cellulose as well as diffusion of some organic
matters at high pyrolysis temperature (Al-Wabel et al., 2013). In addi-
tion, higher yield recovery was due to lower losses of Hy, CH4 and CO
and lower condensation of aliphatic compounds (Novak et al., 2009).
The yield reduction with increasing pyrolysis temperature matches with
the result obtained from biochar derived from various biomass from
plant, animal and human wastes (Shinogi and Kanri, 2003).

Neem bark consists of 65.63% of cellulose, 23.55% of hemicellulose,
and 9.04% of lignin (Al-Eraky et al., 2016). These components play a
major role in the determination of biochar chracteristics during pyrol-
ysis. The cellulose molecule is a crystalline, solid, hydrolysis resistant
polymer made up of glucose units with no branches (Al-Wabel et al.,
2013). Hemicellulose, on the other hand, has spontaneous, amorphous
compounds with little intensity. A dilute acid or base is having the
ability to hydrolyze it quickly. Cross-linking can be used to create lignin.
The big lignin molecules occupy three dimensions and are strongly
cross-linked. In the case of thermal degradation, hemicellulose degrades
first followed by cellulose and lignin (Al-Wabel et al., 2013). It had been
reported that the moisture evolution had occurred at 220 °C, whereas
hemicellulose degraded at temperatures from 220 to 300 °C, cellulose
degraded at 340 °C and lignin degraded at the higher temperatures of
400 °C and above (Al-Wabel et al., 2013).

3.1.2. Surface charge distribution

Changes in point zero charges (pzc) obtained using pH drift method
of different biochar illustrated in Fig. 1. The pzc is the point where the
net charge of the biochar is equal to zero (Banik et al., 2018). Biochars ,
pyrolyzed at different temperatures, show different pzc values. The pzc
values are getting increased with increasing pyrolysis temperatures. The
pzc values of NBC 300, NBC500, NBC700 and NBC900 are 4, 7.06, 9.01
and 10.1 respectively. The pH of the equilibrated aqueous phase in-
creases with an increase in salt concentration since NaCl solutions were
used for the pzc measurements. When Na® competes with HT for
negatively charged surface sites on the biochar, Cl~ competes with OH™
for positively charged surface sites on the biochar. It has been reported
that the pzc value showed the linear increasing trend with increasing
temperature (Banik et al., 2018). This is due to the biochars pyrolyzed at
higher temperatures are with low concentrations of carboxylate groups
and high concentrations of oxonium groups. Furthermore, this
increasing trend indicates that the basic groups of biochar increase with
pyrolysis temperature. The basic group indicates the occurrence of
positive charge on the surface of biochar (Tran et al., 2016). When the
pH of the solution is greater than the pzc value, the surface charge of
biochar is negative and facilitates the adsorption of cations. In contrast,
when the pH of the solution is lesser than the pzc value, the surface
charge of biochar is positive and facilitates the adsorption of anions
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(Tran et al., 2016). The pzc plays a major role in determining the opti-
mum pH for adsorptive experiments.

3.1.3. Carbon structure

Fig. 2 illustrates the XRD pattern of neem chip biochar pyrolyzed at
different temperatures 300, 500, 700 and 900 °C. The structural and
chemical compositions of biochar are depicted in the XRD analysis. The
XRD was used to identify crystalline components in the samples utilizing
prominent peaks describing potential minerals present in the resultant
biochar (Zhang et al. 2018b). The XRD spectrum revealed many peaks,
confirming the development of a huge range of mineral crystals and
other inorganic components during pyrolysis process. The XRD patterns
of the major peaks at 2 theta values, 29.36°, 39.11°, 43.13°and 48.4° of
biochars, NBC500, NBC700 and NBC900, were almost similar to each
other. In these biochar samples, the wide peak in the the range of 2 theta
value from 20° to 30° indicates the early presence of poor crystalline
structure and carbon-rich phase in these biochar, and the intensity of
wider peak decreases as pyrolysis temperature increases confirming the
breakdown of cellulose and other structural composition as stated by
Zhang et al. (2018a)

No strongest peak was formed for NBC300. In addition to NBC500,
the strongest peak was formed at 2 theta of 29.21° along with remark-
able shallow peaks at 2 theta of 35.86°, 41.47°, 42.99°, 47.29° and
48.19°. Furthermore, for NBC700, the strongest peak obtained at 2 theta
of 28.77 along with remarkable shallow peaks at 35.23°, 38.84°, 41.43°,
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42.61°, 47.03° and 47.95°. In addition, for NBC900 the strongest peak
observed at the 2 theat of 29.36° along with remarkable shallow peaks at
2 theta of 22.96°, 35.97°, 39.36°, 41.33°, 47.43°, 48.45°, 57.36° and
83.34°. Various new peaks were observed for NBC900. The strong peak
formed at the 2 theta of 29.11° indicates the presence of pyrophyllite.
Several new peaks formed at NBC900 indicate the formation of new
compounds due to degradation and higher pyrolysis temperature
(Waqas et al., 2018). Furthermore, shallow peaks at 2 theta of 39.1° and
43.13° are indicating the presence of gibbsite and hydrobiotite. Also,
peaks at 2 theta of 28° and 40° indicate the presence of mineral crystals
like CaCO3 and Na4SiO4 in neem biochar samples (Zhang et al., 2018a).
The composition of mineral compounds and other organic compounds
are less as no significant peaks were appeared at 300 °C during biochar
production. The amount of mineralogical composition of biochar in-
creases with an increase in pyrolysis temperature.

3.1.4. Surface functional group

The FTIR spectra of different biochars pyrolyzed at different tem-
peratures of 300, 500, 700 and 900 °C are given in the Fig. 3. Significant
changes can be observed with increasing temperature. Common peaks
like 1227, 1582 and 1703 cm 1were observed in both spectra obtained
from NBC300 and NBC500. Spectra for NBC300 and NBC500 are almost
same. With the increase in temperature, formation of remarkable peak is
getting decreased. Significant changes can be observed in the band re-
gion, 1212 - 1853 cm L. This indicates the bands correlated with oxygen
containing functional groups like carbonyl and alcoholic -OH stretching
get decreased with increasing temperature. The band region of 1302 and
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Fig. 6. Effect of initial concentration in adsorption to NBC 900.
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Table 1

Kinetics parameters of mancozeb adsorption by NBC900.
Ci (mg/L) Pseudo first order Pseudo second order Elovich

Qe.cal.(mg/g) Qe.€xp.(mg/g) Ky R? Qe.cal.(mg/g) qe.exp.(mg/g) Ky R? o i} R?

100 12.314 96.870 0.002 0.360 98.039 96.8700 0.0011 0.9992 6781.123 0.1374 0.5012
300 117.766 285.544 0.003 0.940 294.118 285.5440 0.0000 0.9869 12351.242 0.0535 0.2680
500 131.894 422.056 0.003 0.905 416.667 422.0560 0.0001 0.9990 1200.094 0.0234 0.7893

1706 cm ! indicates the presence of organic residues and carboxyl 350

functional groups (Nadarajah et al., 2021) on the surface of biochar 7]

pyrolyzed at 300 and 500 °C. The amount of these groups decreased 300 1

with temperature. The spectra demonstrated a continuous loss of aro- 250 F

matic groups until the dominance of graphitic C in the upper tempera- 200 |

ture range of 700 - 900 °C (Liu et al., 2015). The strong band at 1000 E

em ™! indicates the presence of C-O stretching caused by the hemi- g 150 |

cellulosic groups like quinine and lactone. The intensity of C-O M 100 F

stretching decrease with an increase in pyrolysis temperature, indicating

the breakdown of hemicellulosic components at higher temperature. S0 F i

There is an evidence reported by Waqas et al.,(2018), indicating that the 0 L B

increase in pyrolysis temperature causes a reduction in carboxylic acid 50 100-1  100-2  300-1 300-2 500-1 500-2

and degradation of hemicellulosic components.

3.2. Adsorption experiment

Fig. 4 shows the adsorptive performances of biochar pyrolyzed at
different temperatures (NBC300, NBC500, NBC700 and NBC900) for
mancozeb. Different biochars pyrolyzed at different temperatures
exhibit various adsorptive performance as shown in Fig. 4 due to the
variations in surface functional properties like constricted carbon
structure and functional groups. Qe values (mg/g) of NBC300, NBC500,
NBC700 and NBC900 are 154.794, 161.003, 159.637 and 187.68 mg/g
respectively. The Qe values (mg/g) for NBC500 and NBC700 were
approximately similar, and the Qe value (mg/g) for NBC900 exhibited
higher value of 187.68 mg/L. In addition, NBC300 expressed the lowest
adsorptive performance compared to other biochars. Biochar pyrolyzed
at 900 °C exhibited excellent adsorptive performance in terms of mg/g
and removal percentage because of its enhanced carbon network
compared to other biochars.

It has been reported that surface area and development of constricted
carbon structure had a linear relationship with pyrolysis temperature.
The increased pore volume and surface area are caused due to the
thermal degradation of organic materials and occurrences of channel
structure during pyrolysis. Furthermore, degradation of lignin in higher
pyrolysis temperature is responsible for the formation of Hy and CHy
which lead to the rapid increase in surface area and pore volume
(Chatterjee et al., 2020). Biochar produced at 900 °C from neem chips
(NBC900) was considered for detailed study due to its enhanced per-
formance (isotherm, kinetics and thermodynamics). The adsorption of
mancozeb with biochar during adsorptive process is mainly via hydro-
phobic interaction and mass diffusion of molecules. Hence, a reasonable
temperature can be taken for pyrolysis of neem chips for having
enhanced surface functional properties required for better removal of
mancozeb.

3.3. Factors influence the removal of mancozeb

3.3.1. Dosage
Fig. 5 shows changes in the adsorptive performance of NBC900 with

BKwm OI

Fig. 7. Relationship between Kwm/I and initial concentration.

different biochar dosages. The adsorptive performance Qe (mg/L) was
reduced with an increase in absorbent dosage. The Qe values of NBC900
at adsorptive dosages of 0.5 g/L, 1 g/L, 2 g/L, 3 g/L and 5 g/L are
271.53, 163.78, 92.77, 63.30 and 39.67 mg/g respectively. As dosage
increases, there is the possibility to have increased surface sites on the
biochar. However, the removal performance reduces due to the limited
availability of mancozeb in the adsorptive system. The removal perfor-
mance in percentage is different from this scenario as it is referred to the
initial concentration only. It is possible to have high removal perfor-
mance in percentage as the dosage is high. Hence, by considering this
hydrophobic interaction, an optimum dosage of NBC900 could be
selected for the removal of mancozb. That is 5 g/L based on the above
discussion. Furthermore, the higher adsorptive performance of man-
cozeb was due to the availability of higher mass of NBC900, which
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Fig. 8. XRD spectrum before and after adsorption by mancozeb

Table 2
Parameters of Langmuir, Freundlich and Temkin models.
Contaminant Langmuir Freundlich Temkin
Qm Ki R? 1/n K¢ R? A b, R?
Mancozeb 500 0.03 0.69 0.54 31.67 0.89 3.93 2.19 0.77
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Fig. 9. Adsorption mechanism.

facilitates the formation of effective attractive force for better adsorp-
tion (Nadarajah et al., 2021). In addition, higher dosage of biochar ex-
hibits higher adsorption surface area and higher adsorption sides (Jia
et al., 2018). Thus, the removal efficiency of 99.41% was obtained for
the dosage of 5 g/L.

3.3.2. Initial concentration

Fig. 6 describes the effect of the initial concentration of mancozeb on
the adsorptive performance of NBC900 at 25 °C with a dosage of 1 g/L
and pH at 5. The adsorptive performances in terms of Qe (mg/g) in-
crease with an increase in initial concentration of mancozeb. The Qe
values of NBC900 at dosage of 1 g/L temperature at 25 °C and pH of 5
with the initial concentrations of 100, 150, 200, 300 and 500 mg/L are
92.85, 132.86, 181.22, 235.62 and 422.5 mg/g respectively. This

matches with the previous study which was conducted using Switch-
grass biochar produced from fast pyrolysis for the removal of phenoxy
herbicides, 2,4-D and MCPA. They reported that the adsorption capacity
(Qe in mg/g) increases with initial concentration (Essandoh et al.,
2017). An increasing trend in the study of heavy metal removal using
hydrochar due to the high chance of contact with molecules in high
concentrations has also been repored (Nadarajah et al., 2021).

In contrast, removal percentages show a decreasing trend with
increasing concentration. This might be due to the increased numbers of
mancozeb molecules than the numbers of active sites of biochar as the
dosage is constant for all initial concentrations (Keerthanan et al., 2020).
The removal percentages for 100, 150, 200, 300 and 500 mg/L are
92.85, 88.57, 90.61, 78.54 and 84.5 respectively.
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3.3.3. pH

The effect of pH on the removal of mancozeb by NBC900 is illustrated
in Fig. S3. the pH plays a major role in adsorptive performance. The pH
assay experiment was carried out with macozeb with an initial concen-
tration of 200 mg/L, a dosage of 1 g/L and at 25 °C. The pH range from 3
to 11 was used. Higher adsorptive performance of mancozeb was ach-
ieved at the pH of 11, whereas lower performance was observed at the pH
of 4. Above the pH of 9, the Q. values are almost same. Many properties of
biochar such as capacity to capture particles, extent of ionization and
surface functional groups are influenced by pH (Nworie et al., 2019). The
pzc value of NBC900 is 10.1 as indicated by Fig. 1 above. At the pH below
pzc value, the surface of biochar is positively charged to cause repulsion
with mancozeb molecules, and it reduces the removal of mancozeb from
solution. When the pH of the solution approaches pzc value, the biochar is
negatively charged and increases the interaction with mancozeb mole-
cules for better removal. At basic pH, there is a decrease in the number of
positive sites and an increase in negative charges, resulting in greater
removal of mancozeb (Nworie et al., 2019).

4.4. Adsorption kinetics

The kinetic study was carried out for mancozeb with different initial
concentrations of 100, 300 and 500 mg/L. Three different kinetic
models (Pseudo first order, Pseudo second order and Elovich) were used
to explain the mancozeb adsorption by NBC900. The results obtained
after implementing Pseudo first order, Pseudo second order and Elovich
models for fitting the outcomes of mancozeb adsorption by NBC900 are
tabulated in Table 1. R? values obtained from linear regression and other
parameters like K;, Ko, « and p obtained from the respective graphs
plotted for each model are given in supplementary information (Figs. S4-
S6). R? values obtained from the Pseudo second order model are almost
0.99 for all concentrations. Compared to Pseudo first order and Elovich
models, Pseudo second order model is considered to have high corre-
lation values. To gain a better understanding of the adsorption process,
Pseudo second order analysis is used, which is devoid of the impact of
equilibrium concentration. As of chemisorption during metal ion
adsorption, it takes longer to reach equilibrium and results in a poor
match for the kinetic study (Nadarajah et al., 2021). The higher R?
values indicates that the equilibrium concentration plays a major role in
the removal rate of mancozeb and also confirms that there is an influ-
ence of chemisorption during the adsorption process. In addition, the
calculated qe (ge.cal) values were more or less similar to the experi-
mental qe (geexp) values in Pseudo second order model. Therefore,
based on the above discussion, the Pseudo second order is a well fitted
model which describes the kinetics of mancozeb adsorption process by
NBC900 and the adsorption process is influenced by the chemisorption
(Nadarajah et al., 2021).

4.5. Adsorption isotherm

Adsorptive isotherm was carried out using the data of the effect of
the initial concentrations, 100, 200, 300 and 500 mg/L, of mancozeb, on
adsorption as described previously in Fig. 6. Three different models,
Langmuir, Freundlich and Temkin, were used to study the sorption ca-
pacity, heat of sorption and adsorption intensity respectively for
NBC900. The results obtained after implementing Langmuir, Freundlich
and Temkin models for fitting the outcomes of mancozeb adsorption by
NBC900 are tabulated in Table 2. The R? values were obtained from
linear regression and other parameters like Qp, n, A; and b, were ob-
tained from the respective graphs plotted for each model illustrated in
the supplementary information (Figs. S7-S9).

The Langmuir model is an appropriate adsorption model for the
monolayer adsorption which means that every site of the adsorption
surface has equal adsorption energies. The Freundlich model is ideal for
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adsorption to heterogeneous surfaces and it continues to improve its
absorption potential at high concentrations. The Temkin model assumes
that the adsorption heat decreases linearly with the intensity of absor-
bate and adsorbent interaction (Wu et al., 2019). Data that belong to
Freundlich model exhibit the highest overall regression coefficient and
better fit than other two models. The R? value for Freundlich model is
0.8853. Moreover, the coefficient of heterogeneity (1/n) of Freundlich
model is 0.544. It falls between 0 and 1 indicating the adsorption process
is favorable (Van Hien et al., 2020). Based on this above discussion,
adsorption of NBC900 is well fitted with Freundlich isotherm model, and
it further indicates that the adsorption occurs on heterogeneous surfaces
with multilayer mode (Wu et al., 2019).

4.6. Adsorption thermodynamics

An adsorption thermodynamic study was carried out to examine the
effect of temperature on the adsorptive performance on NBC900 and to
find out whether the adsorption is spontaneous and endothermic in
nature. It was carried out with three different temperatures, 25, 30 and
40 °C. Thermodynamic parameters, AH° and AS°, were determined from
slope and intercept of graph given in Fig. S10. Thermodynamic pa-
rameters of mancozeb adsorption are given in Table S1. The changes in
Gibbs free energy (AG®) is decided by both enthalpy and entropy factors.
It determines spontaneous nature of adsorption and reaction feasibility
(Vithanage et al., 2016). Negative AG® indicates that the reaction is
spontaneous at a given temperature. The AG® values at 25, 30 and 40 °C
are -11.005, -13.544 and -18.622 kJ/mol respectively. All of the AG®
values were negative, confirming that mancozeb adsorption onto neem
biochar was spontaneous and feasible at all temperatures (Vithanage
et al., 2016).

Enthalpy change (AH°) is a measure of the energy changes that arise
as a result of adsorbate interaction. The enthalpy change of mancozeb
was 140.324 kJ/mol, indicating the adsorption reaction is endothermic.
The entropy change (AS°) measures the binding or repulsive forces in
the system and it is associated with spatial arrangement of the adsorbate
- adsorbent interface. The entropy change (AS°) of mancozeb was 0.508
kJ/mol K. The positive value of AS° indicates the affinity of NBC900 and
describes the structural changes of NBC900 during the adsorption pro-
cess (Vithanage et al., 2016).

4.7. Rate limiting analysis

Rate limiting factor analysis was done using the data obtained from
the kinetics study. The study of rate limiting is vital to understand the
movement of compounds onto the surface and into the pore spaces of
biochar. It also helps to understand the rate limiting process during
adsorption. Weber-Morris model was used to investigate rate limiting
factor. The linear plot of qt Vs 4/t is illustrated in Fig. $11. Kwm (inter
particle diffusion rate) and I (Thickness of boundary layer) were ob-
tained from the slope and intercept respectively for three different
concentrations. The relationship between Kwm/I and initial concen-
tration is shown in Fig. 7 . The Weber-Morris study revealed two distinct
phases for mancozeb adsorption. The first linear phase of the q; vs \/ t
plot reflects mass movement of mancozeb from the solution into the
surface of the biochar, while the second linear portion represents the
movement of mancozeb particles through the biochar’s surface and in-
ternal openings. In addition, higher slope of phase 1 for 100 and 500
mg/L indicates rapid movement of mancozeb particles to the outer
surface of biochar. This is due to the rapid movement of mancozeb
particles as of the attractive forces developed by functional groups
(Nadarajah et al., 2021). Lower slope of phase 2 for 100 mg/L and 500
mg/L indicates the influence of intraparticle diffusion after a long re-
action period.
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4.8. XRD spectra

The XRD pattern of NBC900 before and after adsorption of mancozeb
is illustrated in Fig. 8. Remarkable peaks at 2 theta of 29.36°, 39.29°,
43.13°, 47.42° and 48.5° obtained for NBC900 before adsorption are
getting reduced due to the adsorption of mancozeb. The signal changes
indicate the pyrophyllite, and other microcrystalline structures like
CaCOj3 and Na4SiO4 are responsible for adsorption process. The reduc-
tion of peaks may be due to the interaction of minerals and organic
components like pyrophyllite, gibbsite, CaCO3, Na4SiO4 and hydro-
biotite with mancozeb during adsorption process.

5. Conclusion

The detailed scientific investigation of biochar derived from neem
chips for the removal of emerging contaminant, mancozeb, yielded
interesting outcomes for the development of effective removal strategies
at lowest cost of production compared to sophisticated strategies
currently used. It is an encouraging study to have further modifications
to reach commercial level removal performances. The biochar pyrolyzed
at 900 °C expressed the highest q. value of 187.68 mg/g for mancozeb as
of increased mineral components and constricted carbon network. These
functional properties of biochar are highly important for the better
removal of mancozeb from the aqueous phase. Isotherm analysis indi-
cated that the Freundlich model is well fitted and could explain the
nature of adsorption of mancozeb by NBC900. It further explains that
the adsorption is multilayer in nature, and it occurs on heterogeneous
sites of the NBC900. In kinetic study, Pseudo second order model was
well fitted with analyzed data. It explains the adsorption rate and clearly
emphasized the involvement of chemisorption process in the removal of
mancozeb by the NBC900. The equilibrium is attained after 2 h of the
adsorptive process. The adsorption process of mancozeb by the NBC900
is spontaneous and endothermic. Therefore, this information is highly
useful in determining the optimum temperature and arrangements
needed for the better removal of mancozeb from the aqueous phase. The
complete graphical adsorption mechanism of the novel NBC900 is given
in Fig. 9.
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