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Abstract: Arsenic in water bodies has increased to toxic levels and become a major issue worldwide.
Among various treatment methods, the removal of As from polluted water with low-cost and
environmental-friendly sorbents such as biochar is considered a promising technique nowadays. In
a recent experiment, the treatment of As-contaminated water using egg shell biochar was studied.
Various parameters affecting the sorption, such as pH, contact time, sorbent dose, As(V) concentration
and the effects of anions, were also examined. The results revealed that at a pH of 4.5, a maximum
sorption of 6.3 mg g−1 was observed, and the As(V) removal was 96% with an As concentration of
0.6 mg L−1 and a sorbent dose of 0.9 g L−1. At a contact time of 2 h (120 min), a maximum sorption
of 6.3 mg g−1 was noted with a removal percentage of 96%. The sorption of As(V) was obtained at an
optimal sorbent dose of 0.9 g L−1. The SEM-EDS data illustrated that biochar consisted of a large
number of active sites for As(V) adsorption, and As appeared on the biochar surface after the sorption
experiments. Moreover, XPS analyses also confirmed the presence of As(V) on the biochar surface
after treatment with As-contaminated water. In a nutshell, the results of this study demonstrate
that egg shell biochar has notable efficiency in the removal of As(V) from aqueous solution and that
egg shell biochar could be a cost-effective and environmental-friendly sorbent for the treatment of
As(V)-contaminated water, specifically in developing countries.

Keywords: arsenate; biosorption; biochar; egg shell; wastewater

1. Introduction

The contamination of surface as well as groundwater due to certain natural and an-
thropogenic activities such as volcanic eruption, flooding, tornadoes, windstorms, smelting,
mining, industrial manufacturing, etc. has become an emerging problem of global con-
cern [1,2]. Different pollutants contribute to the increasing water pollution and, out of all
of these pollutants, carcinogenic heavy metal(loid)s including lead (Pb), cadmium (Cd),
mercury (Hg) and arsenic (As) rank the highest in terms of deteriorating the water quality
worldwide [3].

Due to the excellent persistency and mobility of As, it can attach to the particles
present in the air and can move long distances [4]. Moreover, based upon its carcinogenic
nature, it is also known to be life-threatening. Yellow, black and grey As are the three most
common allotropic forms of arsenic. It exists in both inorganic forms, such as arsenite and
arsenate, as well as organic forms, e.g., dimethylarsinate (DMA) and monomethylarsonate
(MMA) [5,6]. Arsenic is also present in the earth’s crust and comprises four oxidation states,
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namely elemental (0), arsine (−3), arsenite (+3) and arsenate (+5) [4]. Arsenate, which is a
pentavalent form of As, is considered less toxic than its trivalent form, i.e., arsenite.

According to the USEPA, inorganic As is classified as a Class 1 toxin due to its predom-
inance and wide distribution in the environment. According to some researchers, due to the
intake of arsenic-contaminated drinking water, people of Asian countries such as Pakistan,
India and Bangladesh are at life-threatening risk [7].

Due to the rising concern of As in drinking water, the WHO recommended a safe limit
of As in drinking water, i.e., 50 µg L−1, which, after noting adverse health effects, was
reduced to 10 µg L−1 [8].

Arsenic removal from water is the need of the hour in terms of ensuring the supply of
clean water to our communities and for future generations. Arsenite and As(V) can both be
abstracted from the water using conventional techniques such as oxidation, coagulation,
filtration, ion exchange and chemical precipitation [9]).

Oxidation involves the usage of different oxidants for the transformation of arsenite
into arsenate. These oxidants include oxygen, ozone, chlorine, chlorine dioxide, monochlo-
ramine and hydrogen peroxide [10]. This technique is not very viable due to increased
sludge production and disposal problems. The coagulation process uses different coag-
ulants such as alum or lime but the hindrance is that the generation of toxic sludge and
the pre-treatment is also essential to this process. Alumina and different ion-exchange
resins are used in the ion-exchange technique, which also has several drawbacks such as
insufficient removal of arsenic as well as high running costs and sludge disposal problems.
On the other hand, biological methods are also being used, such as phytoremediation,
bioremediation and phytofiltration. The major downside of these processes is that they are
not very efficient in temperate regions and are considered to be highly expensive techniques.
Thus, the above-mentioned techniques are not very efficient due to their greater running
costs, higher sludge production and final disposal issues [11,12].

Above all of these techniques, biosorption has turned up as a cost-effective and feasible
method for the removal of aqueous As from water. This method uses diverse biosorbents,
combining As and other heavy metals. Among all the biosorbents that are prepared using
agricultural waste or other sources, biochar has been proven to be highly sustainable and
efficient in the removal of heavy metals [13,14].

As a biosorbent, biochar possesses numerous functional groups such as carbonyl
(C=O), amino groups (-NH3) and hydroxyl (-OH). These groups occur on biochar surface
and help in eliminating heavy metals such as mercury (Hg), chromium (Cr) and As. A large
number of organic materials can be used for the production of biochar; these may include
sawdust, forage, plant biomass, rice husks, paper mill waste, poultry manure, walnut shells
and egg shells [15].

Biochar is formed as a result of thermo-chemical transformations such as pyrolysis,
gasification and torrefaction. The removal of specific contaminants using biochar occurs due
to its diverse characteristics such as porosity, acid–base behavior and elemental composition,
which totally rely on the pyrolysis temperature. However, the sorption mechanism differs
according to the characteristics of both the contaminant and the biochar [16].

Biochar is produced using a range of materials such as husk, straw, sludge, sawdust,
tea waste and peanut shell, which are applied with minimal requirements of cost and
energy [17]. Various studies have provided evidence of the successful application of
biochar in elimination of toxic heavy metals from contaminated water. Moreover, biochars
have been proven to be superior to activated carbons. Based on type of biochar, heavy
metal is reported to be removed following different mechanisms; for example, physical
sorption, complexation, precipitation and electrostatic reactions. Furthermore, different
sorption models could be applied to enhance our understanding about the potential of
biochar for the removal of heavy metals, and it is necessary to improve this technology for
wastewater remediation.

Since egg shells chemically contain 94% calcium carbonate, 1% magnesium carbonate
and 4% organic matter [18], egg shells can be used to make biochar and can be applied to



Catalysts 2022, 12, 431 3 of 13

water contaminated with arsenic. Different studies have been carried out on the practica-
bility of using egg shells for diverse purposes such as biodiesel production and dimethyl
carbonate synthesis, and as biosorbents, in water-treatment processes [19].Thus, in this
study, we used egg shell biochar with the objectives of (a) examining the removal efficiency
of egg shell biochar for As(V) in drinking water, (b) analyzing the performance of egg shell
biochar in aqueous environments as a function of the initial As concentration, biosorbent
dose, pH, contact time and effect of various anions and (c) delineating the mechanism
responsible for As(V) adsorption on biochar by applying SEM-EDS and XPS techniques as
well as kinetic modeling.

2. Materials and Methods
2.1. Reagents, Chemicals and Analysis

By dissolving suitable amount of sodium arsenate (Na2HAsO4) salt in distilled water,
stock solution of As (1000 mg L−1) was prepared. By diluting the stock solution, various
sub-stock solutions, of diverse concentrations, were prepared. The main theme in preparing
the sub-stock solution was conducting the batch experiments. Chemicals such as sodium
nitrate (NaNO3), sodium sulfate (Na2SO4) and potassium hydrogen phosphate (K2HPO4)
were used for studying the effects of anions. To set the pH of the solutions in the experiment,
0.01 M HCl and 0.01 M NaOH solutions were prepared. All the chemicals and reagents used
in experiment were of analytical grade [20]. A spectrophotometer was used to determine
the As(V) in the sorption experiment sample.

2.2. Biochar Preparation

Egg shells in this experiment were collected from different areas of Lahore. After their
collection, the debris of the egg shells were washed off with clean water and, to avoid any
kind of noxious odor, they were dried in sunlight for 6–7 h. They were then put in an oven
after passing from a shredder, and allowed to dry in the oven at 70 ◦C for 24 h to remove
all moisture. After that, the material was placed in a preheated muffle furnace at 450 ◦C
for 2 h. This step was conducted to convert the egg shells into biochar and followed the
method of Qayyum et al. [21]. After two hours, the materials were cooled down at room
temperature without catching any moisture. Then, the prepared biochar was ground with
the help of a mortar and pestle or a grinder until it attained the shape of a fine powder,
which was then sieved to reach the size of 250 µm. The moisture content and total solids
were 2 and 90%, respectively.

2.3. Experimental Procedure

To test the sorption efficiency of egg shell biochar for As(V), the batch sorption method
was used. Experiments, with all parameters, were performed in 50 mL plastic tubes by
adding up the egg shell biochar in 25 mL of sorption working solution of the required pH,
temperature and As ion concentration. NaOH and HCl solutions of 0.01 M were utilized
for adjusting the pH of the solutions. An orbital shaker was used to shake the solutions for
contact time of 2 h. The following equation (Equation (1)) was used to determine the As
removal (%) [22]:

% age removal =
Co − Ce

Co
× 100 (1)

where Co in mg L−1 shows initial concentration of As and Ce in mg L−1 represents equilib-
rium As concentration.

The adsorbed per-unit biomass of egg shell biochar (qe) was measured using Equation (2):

qe =
(Co − Ce)V

m
(2)

where qe (mg g−1) = equilibrium sorption capacity, V (L) = quantity of solution, m (g) = mass
of biosorbent.
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2.4. pH

The effects of pH values ranging from 3 to 8 on As(V) sorption were examined using
25 mL of solution with a preliminary As(V) concentration of 6 mg L−1, a sorbent dose of
0.9 g L−1 and a contact time of 2 h.

2.5. Contact Time and Kinetic Modeling

This experiment was performed with the contact time varying from 1 to 240 min (1, 10,
30, 60, 90, 120, 180 and 240) with initial an As concentration of 6 mg L−1 and a biosorbent
dose of 0.9 g L−1 at a pH of 4.5. The As(V) removal mechanism was analyzed through
kinetic modeling (Supplementary Material).

2.6. Initial Concentration of As

This effect was studied with various As(V) concentrations ranging from 0.01 to
10 mg L−1 (0.01, 0.1, 0.5, 0.7 1, 3, 6, 8 and 10) while other parameters were kept con-
stant, such as the biosorbent dose of 0.9 g L−1 and the contact time of 2 h at a pH of
4.5. The mechanism of adsorption by biochar was analyzed using isotherm modeling
(Supplementary Material).

2.7. Biochar Dose

This effect was considered at different biosorbent doses of egg shell biochar (0.1, 0.5,
0.7, 0.8, 0.9 and 1 g L−1) at an initial As concentration of 6 mg L−1 and a contact time of 2 h
at a pH of 4.5 in all solutions.

2.8. Effect of Anions

The effects of anions such as sulfate, nitrate and phosphate on As(V) removal were
also examined with a sorbent dose of 0.9 g L−1, an As concentration of 6 mg L−1 and a
contact time of 2 h at a pH of 4.5.

2.9. Molybdenum Blue Method for As Analysis

For applying this method, antimonyl-arsenomolybdate complex was formed to ana-
lyze the concentrations of As(V) in the samples. In brief, reagent A was prepared using
ammonium molybdate tetrahydrate, potassium antimony tartrate and 9 M sulfuric acid.
Reagent A (0.4 mL) and 0.2 mL of freshly prepared ascorbic acid was added up to 9.4 mL
of the sample volume using a 15 mL test tube. According to same method, a blank solution
was also prepared to test the solutions in a spectrophotometer. Standards of different
concentrations (0, 1, 2, 5, 7 and 10 ppm) were prepared. Quantities of 50 mL of solution
for each concentration were made in distilled water using sodium arsenate solution. Then,
0.2 mL ascorbic acid and 0.4 mL reagent A, as well as 9.4 mL from a 50 mL solution
of each concentration, were used to fill the test tube up to 10 mL. The solutions were
kept at a room temperature of 20 ◦C for 1 h. After the given time, when the complex
(antimonyl-arsenomolybdate) was formed, all the mixtures turned blue. When the blue
color appeared, the mixtures were subjected to analyses using a spectrophotometer at
wavelength of 870 nm [23].

2.10. Analyses of Surface Properties

The FTIR spectroscopy was used to identify functional groups of biochar. The surface
morphological features and elemental configuration were examined using a field emission
scanning electron microscope (FESEM) (JEOL- JSM7600-F, Tokyo, Japan) equipped with
an energy-dispersive X-ray (EDX-Oxford, UK). Similarly, surface features of the egg shell
biochar with and without As(V) were attained by employing X-ray photoelectron spec-
troscopy (XPS) (model ESCALAB 250-@Al-Ka-1486.6 eV, Thermo Fisher Scientific, Waltham,
MA, USA).
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3. Results and Discussion
3.1. Solution pH

The pH plays a vital role in determining and changing certain physiochemical prop-
erties of metal ions [24]. A slight or harsh change in the solution’s pH can result in the
alteration and modification of biosorbents. Knowing the status of the pH, different values
were considered to determine its effect on As(V) sorption.

However, As(V) sorption for egg shell biochar was noticed to be very fast, when the
pH initially increased from 3 to 5. The maximum sorption of As(V) was obtained at a
pH value of 4.5. At this pH, the amount of As(V) adsorbed was 6.3 mg g−1 (Figure 1a,b).
On the other hand (Figure 1a,b), the removal percentage of As(V) with respect to pH is
given, i.e., around 94% removal was obtained at a pH of 4.5. Moreover, the pH greatly
influences the adsorption capacity; for instance, the significant removal of As(V) was due
to the neutralization of positively and negatively charged ions when the pH was acidic. On
the contrary, as the pH was increased from 5 to 8, a substantial decrease in sorption capacity
was seen. Not only this, acidic pH also influences the protonation of such carbon-based
sorbents, which ultimately results in providing positively active sites and developing a
strong electrostatic relationship of negative As(V) species with positive sorbent surface
sites [24,25]. It has, therefore, been established by many researchers that the adsorption of
As(V) is at its maximum when the pH is acidic, mostly because when it is increased from
7, a competition between As and OH− ions usually starts, which affects the adsorption
process [26]. Our data are also in agreement with other researchers such as Sattar et al., [3],
who reported the use of peanut shell biochar (PSB) for efficient adsorption of As from
polluted water. The comparison between peanut shell (PS) and PSB demonstrated that the
removal efficiency of PSB was far higher than that of PS. Approximately 95%, As(III) and
99%, As(V) were removed from As-polluted water at pH 7.2 and 6.2, respectively. Other
factors such as the initial As concentration, contact time and sorbent dose also influenced
the sorption capacity of PSB. The highest arsenic removal was recorded at a 0.6 g L−1

sorbent dose, a contact time of 2 h and 5 mg L−1 initial arsenic concentration.
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This decrease in arsenate removal as the pH value increased clearly demonstrated that
basic pH is less effective in the sorption of arsenate as compared to acidic pH. Moreover,
optimal pH, i.e., acidic pH, also contributes to the subsiding of competition between
hydroxyl/carboxyl species and arsenate species. Alkaline pH, on the other hand, can
become the reason for the onset of this kind of competition and cause disturbances in the
sorption process [27].
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3.2. Contact Time and Kinetic Modelling

Figure 1c,d represents the ability of egg shell biochar with respect to the variation of
the contact time for the removal of As(V). Moreover, two phases of sorption kinetics are
considered very important to attain the stability stage, i.e., the slower stage and the rapid
stage [26].

At the start, the egg shell biochar showed rapid removal of As(V), and when the
contact time was extended to about 1 h, the removal efficiency was increased even more.
However, the maximum removal of As(V) was observed at 2 h, just when the system
stabilized itself. The concentration at which the maximum amount of As(V) was removed
was 6.3 mg g−1. The percent removal of arsenate at 2 h was noted to be 96%, which can be
seen in Figure 1d.

After the maximum removal was reached, further increases in contact time did not
show any promising rise or fall in the removal of arsenate. Rather, the removal rate
remained almost constant with the increasing time. The main reason why the contact time
of two hours was recorded as the most suitable time for maximum As(V) removal was that,
at that time, the biosorbent, i.e., egg shell biochar, showed great attraction of As(V) uptake
from water; thus, during the early phases of this process, excess sorption often occurred
more conveniently [28]. Moreover, at this contact time (2 h), a great number of sorption
sites were accessible, which eventually increased the binding ability of metalloids, and this
further helped in the distribution of metal ions into the pores of the biosorbent [28].

Kinetic data of As(V) adsorption on egg shell was further elaborated using famous
kinetic models such as the pseudo first-order (PFO) and pseudo second-order (PSO) models
(Figure 2a,b), while the values obtained from kinetic modelling are given in Table 1. The R2

calculated for PSO (0.99) showed that PSO was the best-fitted model to explain the As(V)
adsorption on biochar as compared to PFO (Table 1). Furthermore, the qe value computed in
PSO (6.53 mg g−1) was higher than the qe value of PFO (3.89 mg g−1). Thus, sorption sites
on egg shell biochar might have influenced the As(V) adsorption rate, while chemisorption
was the dominant phenomenon for the adsorption of As(V) by biochar, since the PSO
model provided the best fit to the kinetic data [29].
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Table 1. Kinetic model parameter data for egg shell biochar.

PFO PSO

qe (mg g−1) k1 (min−1) R2 qe (mg g−1) k2 (g mg−1 min−1) R2

3.89 0.01 0.97 6.53 0.15 0.99

3.3. Initial As(V) Concentration

An insignificant decline or enhancement in the initial As(V) concentration can cause
obvious effects on the removal and sorption capabilities. Figure 3a contains a graph
showing the relationship between the equilibrium As(V) concentration and the sorption.
The effect of the As(V) concentration on the sorption capability of the eggshell biochar
was explored by applying diverse As(V) ion concentrations (0.01–10 mg L−1), at a sorbent
dose of 0.9 g L−1, a pH of 4.5 and 2 h of contact time. Figure 2b gives a clear idea that
with the increasing of the As(V) concentration, the sorption also increased. At an initial
concentration of 0.01 mg L−1, the sorption of As(V) was much less but a progressive rise
in sorption occurred right after the initial concentration of 1 mg L−1. After 1 mg L−1,
the sorption remained sufficient and showed a sharp rise because the sorption of As(V) had
not reached the equilibrium phase.
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Figure 3b shows that with the enhancement in the As(V) concentration from 0.01 to
10 mg L−1, the egg shell biochar sorption capacity was amplified. This clearly proved that
with the increasing of the initial concentration, the removal efficiency of As(V) increased
efficiently. However, right after equilibrium was obtained at 6 mg L−1, the sorption of As(V)
remained nearly constant, showing that at lower sorbate concentrations, the maximum
active sites that were occupied were present. Isotherm models such as the Langmuir and
Freundlich models were applied and data are given in Table 2. The Freundlich model
described that the value of n was <1, indicating that As(V) adsorption was considered a
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favorable process (Table 2). Moreover, the R2 value calculated in the Freundlich model
was also greater (0.97) than that of the Langmuir model (0.89). It could be inferred that
the As(V) adsorption was a multi-layer adsorption process or that adsorption occurred on
heterogeneous surfaces.

Table 2. Equilibrium isotherm modeling data of As(V) adsorption on egg shell biochar.

Isotherm Models Parameters

Langmuir QL 0.89 (mg g−1)
R2 0.89
KL 5.55 (L g−1)

Freundlich
QF 1.83 (mg1−n g−1 Ln)
R2 0.97
N 0.41

3.4. Sorbent Dose

The sorbent dose is a critical parameter that affects the removal efficiency of various
sorbents. A minor change in sorbent dose can cause considerable changes in the removal
and sorption of As(V). For this As(V) experiment, Figure 3b, shows a graph of the relation-
ship between the sorbent dose and the As(V) sorption. Primarily, the removal effectiveness
of As(V) was low. As the amount of sorbent dose increased up to 0.7 g L−1, the removal
efficiency was enhanced progressively up to 88% (Figure 3b). The rising sorbent dose and
the consequent increases in the extent of the active sorption sites were the reasons for the
ongoing enhancement in the As(V) removal efficacy [30].

It was observed that there was an increase in As(V) sorption from 64.58% to 95.50%
with the escalating of the sorbent dose from 0.1 to 0.9 g L−1. This was probably because of
the accessibility to a huge amount of surface sites and the improved number of exchangeable
sites for As(V) sorption that occurred with the rising sorbent dose [31]. On the other hand,
a further increase in the sorbent dose (0.9–1 g L−1) resulted in a decrease in As(V) sorption
from 95.5% to 88.33%, which could have been due to the overlaying of sorption sites [32].

3.5. Effects of Anions

Many anions including sulfate, phosphate and nitrates are also present in wastewater,
which might influence the As sorption capacity of biochars. Figure 3c illustrates the influ-
ence of anions on As(V) sorption. The data showed that As(V) removal was largely affected
by the presence of these anions in the solution. The lowest removal of As(V) was observed
when phosphate was present—about 39% As(V) removal was attained; the presence of
nitrate and sulfate caused 55 and 60% As(V) removal, respectively. The occurrence of
phosphate considerably influenced the As(V) sorption potential of biochar as compared to
nitrate and sulfate since phosphate is analogous to As(V), and thus, could replace As(V) on
the sorption sites of biochar [33].

3.6. FTIR

The surface functional groups of egg shell biochar before and after As(V) adsorption
are presented in Figure 4. It was observed that, in natural egg shell biochar, the band at
around 3320 cm−1 showed hydroxyl—OH group stretching vibrations [3]. At approxi-
mately 1390 cm−1, the peak demonstrated the C=O vibrations present in ketones quinones
and carboxylates [34]. Moreover, the band at 869 cm−1 might have been a result of the
C–H stretching in aromatic groups. After As(V) adsorption, the peaks changed to 3310,
1400 and 866 cm−1, respectively, indicating As(V) adsorption on egg shell biochar. At the
end, the FTIR data pointed to the presence of important surface functional moieties, which
provided high As(V) adsorption capacity for the egg shell biochar.
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3.7. SEM-EDS

The surface porosity and morphology of biochar was estimated using the SEM tech-
nique. Figure 5 elaborates that the structure of the egg shell biochar seemed to be irregular,
rough and uneven, with a lot of pores of various sizes and shapes providing enough sorp-
tion places and pores. The EDS analyses of biochar with and without As(V) showed that the
weight % values of elements such as C, O and Ca were 15.80, 50.99 and 33.21%, respectively,
in raw biochar (Figure 6a,b). After As adsorption, the elemental weight % of C, O and Ca
was changed to 15.88, 44.99 and 31.23%, respectively, while As also appeared (6.80%) on
the biochar. The presence of egg shell biochar indicated that this biochar has significant
potential to remove As(V) from water. Moreover, after As(V) loading, the O/C ratio also
improved from 0.31 to 0.35, demonstrating an increase in the O-containing functional
groups, which was helpful in As(V) removal [35].
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3.8. XPS

Figure 7 demonstrates the XPS data of egg shell biochar before and after the addition
of As. Discrete bands of C (1s), Ca (2s), O (1s) and N (1s) were recorded on the biochar, and
As (3d) also appeared on the biochar after As adsorption.
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The results also confirmed that the C, Ca, O and N percentages were 54.2, 8.1, 36.8 and
0.9%, respectively, on the raw biochar. After As(V) adsorption, the percentages of C, Ca, O
and N were changed to 53.3, 8.3, 35.2 and 1.7%, respectively, while As was also noted to be
present at a level of 1.5% on the biochar. Hence, the presence of As on egg shell biochar
indicated the suitability of egg shell biochar for As abatement in water.

4. Conclusions

In this study, an eco-friendly and reliable method was used to treat As, particularly its
pentavalent form, i.e., As(V), using biochar prepared from egg shell. Various parameters
such as contact time, pH, As concentration, sorbent dose and anion presence were evaluated
in order to check the efficiency of As(V) removal using egg shell biochar. The results were
very interesting as, at pH 4.2, 96% As(V) removal was observed. Likewise, at a sorbent dose
of 0.9 mg L−1, 95.5% of As(V) was removed; a contact time of 2 h was noted to be perfect
for maximal As(V) removal. The SEM results confirmed that the biochar had an uneven
and irregular structure with sufficient pores, while the EDS data positively indicated
the presence of As on the biochar. Moreover, XPS scans also showed the occurrence of
O-rich functional groups and the adsorption of As on the biochar. Thus, instead of using
other highly expensive and pollution-causing biological or physiochemical techniques, this
method is preferred for reducing or completely removing As(V) from aqueous media owing
to the great economic and environmental benefits of converting egg shell into biochar.
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