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Abstract

The environmental effect of industrial effluents, including chromium (Cr),
lead (Pb), mercury (Hg), copper (Cu), and nickel (Ni) can have harmful
impacts, which includes soil, water, and air pollution, bioaccumulation in food
chains, degradation of ecosystems, loss of biodiversity, and contaminated
drinking water. Biopolymers such as chitosan have been widely used in
wastewater treatment. The ability of thiocarbamoyl chitosan to remove lead
ions was assessed by combining thio urea and glutaraldehyde (GLA). During
the first two hours of interaction with sorbent, 86% of the metal ions were
shown to have been eliminated. According to the adsorption investigation,
the prepared sorbent had an outstanding removal rate of metal ions, with
a Langmuir maximum absorption capacity of 38 mg/gm at 25 degrees Celsius
and a pH of 6. With a linear coefficient of 0.9996, the data on adsorption
kinetics were predicted using a pseudo-second order kinetic model. The
Langmuir isotherm, which suggests favourable adsorption by homogenous
monolayer adsorption, might represent the adsorption process effectively.
The adsorption procedure was also demonstrated to be exothermic at all
temperatures, with spontaneous responses being energetically endorsed
as indicated by negative free energy values.
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Introduction

The advancement of industrialization and modern
civilization in recent decades has seriously and
irreparably impaired the global ecosystems.’ Due to
their persistence in the environment and worrisome
accumulation in both aquatic and terrestrial
ecosystems, industrial pollutants are particularly
detrimental .2

The production of steel, leather, plastics, metallurgy,
paper, textiles and fabrics, paints, and pigments,
electroplating, cement, wood preservatives are
kind of industrial products where heavy metals
are extensively utilized. Generally, the wastewater
discharged from these enterprises contains metal
ions lead Pb (II), chromium Cr (VI), copper Cu (ll),
nickel Ni (Il), mercury Hg (Il) and other elements,
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which are key contributors to environmental
contamination.® Lead is one of the nonferrous
metals that is utilised extensively and discarded as
industrial effluents in aforementioned industries.
When these products are manufactured or used,
lead can be released into the environment.
Lead is now found in almost every aspect of modern
life, including our diets, our drinking supplies, and
even our air. Airborne lead aerosol is a widespread
environmental hazard. Largest source of naturally
occurring lead include volcanic ash and soil dust.
Lead is not a significant cause of poisoning when
itis present in its elemental form, unlike certain other
metals like mercury.

The presence of lead in drinking water posed to
serious concern worldwide. The US Geological
Survey anticipated that 14.5 million metric tonnes of
lead will be produced globally in 2021.# Degradation
of the ancient lead-based plumbing systems (such
as lead solder and leaded brass) is what leads
to substantial levels of Lead (ll) in drinkable water.®

WHO and US-EPA lead (ll) guidelines for drinking
water are 10 and 15 g/L, respectively. Abortions,
stillbirths, infertility, foetal deaths, and developmental
delays or intellectual disabilities may result from Pb (I1)
exposure over and above these recommendations.®

A great number of economically developed nations
have created cutting-edge inventions, which
includes vacuum evaporation, ion exchange,
crystallization, solvent extraction, and membrane
process technologies, for the purpose of eliminating
these industrial toxicants.”®

Adsorption techniques have emerged as the most
flexible and distinguishing way for establishing
their superiority over other conventional processes
because of its simple mechanism, low expense,
high reliability, and simple access to a large variety
of adsorbents.®

Natural polymers have been studied extensively over
the last several decades, and a variety of strategies
have been developed to increase their ability to
bind metals. Many scientists and researchers
concentrated on finding readily accessible and
affordable biomaterials for wastewater remediation.
Some of the well-known natural polymers have
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drawn a lot of interest for this purpose, including
chitosan,' alginate," cellulose,'? lignin,'
and starch.™

Polysaccharides from plants like Proopis Cineraria
leaves have been used to effective elimination
of some ground water contaminants.® Bio-sorption
is recommended since it produces little to no
secondary pollution when bio resources are treated
as adsorbents. Other essential characteristics are
the capacity to regenerate and reuse the adsorbent
and to recover the adsorbate metal ions. Since it has
been known that adsorption is one of the best and
simplest ways to treat wastewater, researchers have
consistently worked to create adsorbents that are
affordable, efficient, eco-friendly, and repeatable. In
order to better understand the adsorption properties
of chitosan and its derivatives, a lot of work is
being done in this area. Due of their interaction
with metal cations, biopolymers like chitosan have
been studied in great detail. These biosorbents
have been successfully used to separate heavy
metals from industrial wastewater in both their
natural and chemically modified forms.'® By alkaline
N deacetylating chitin, chitosan is a naturally
occurring polycationic polymer that has good
metal-binding properties and is biocompatible and
biodegradable. Chitosan polymer consists poly
(amino saccharide) containing poly (1-4)-2amino-2-
deoxy-D-glucose monomers. It is amenable to the
addition of additional functional groups because it
has a high fraction of hydroxyl and amine groups. It
is often chemically modified with both hydroxyl and
amino groups to increase stability and improve its
capacity to chelate heavy metal ions."”

Sulphur, a soft binding element, has a notable
attraction towards many heavy metals that are soft
acids and may create a persistent metal-sulphur
complex, in accordance with the HSAB (hard - soft
acids- bases) hypothesis proposed by Pearson'
in 1963, which was used to predict complexation
processes.'® Interest has been generated by thiourea
(TH) with extra amino groups. Thiourea sequesters
by attaching to metal ions. To create sorbents that
trap metal ions, chitosan and TH were utilised.
Pengcheng et al. (2010) found that reduced sorption
kinetics and equilibrium occurred after more than 6
hours.? Additionally, several of them showed limited
sorption capacity and decreased efficiency when the
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pH was below 4.0.2"22 To increase removal efficiency
in these situations, it becomes necessary to build
some new and more appealing sorbents.

Through the study of kinetic, equilibrium, and
thermodynamic adsorption parameters, this work
was aimed to lighten the optimal prerequisites
for lead expulsion from an aqueous solution
by thiocarbamoyl chitosan. The collected
experimental findings were evaluated using
mathematical concepts of the Freundlich and
Langmuir isotherms. To test the modified chitosan's
adsorption abilities, batch adsorption assays were
carried out.

Materials and Methodology

Chemical Reagents

Powdered chitosan was imported through Alfa Aesar
suppliers, USA. (Lot No A2041604). Manufacturer
claimed that the degree of deacetylation (DA) was
85%. Fisher Scientific, India, provided AR grade
thio urea (TH), glutaraldehyde (GLA) (25% w/v),
and lead nitrate, which were utilised without further

purification. 0.8 grammes of lead nitrate were
solvated in 500 ml of dual-distilled water to prepared
Pb (Il) standard stock solutions (100 ppm), which
were then diluted to create a variety of solutions
with different concentrations.

Preparation Method of Adsorbent

Chitosan material was chemically improved with
thiourea and crosslinked with glutaraldehyde before
being characterised as stated in the prior work.?
In short, thiocarbamoyl chitosan was generated by
blending of thiourea (4.0 g) and glutaraldehyde (8ml)
in double deionised water (50 ml) and the reaction
mixture was then annealed at eminent condition for
12 hrs in the N, flow. Thereafter, Chitosan (3.5g)
was mixed to the solution and swirled for a further
72 hours. Ultimately, vacuum filtration was used
to separate faint yellow-coloured functionalized
chitosan (TC-CS) which was then repeatedly
washed with deionised water and allowed to dry for
overnight at room temperature. The output yields
were determined to more than 85%.
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Fig. 1: Schematic diagram for synthesis of TCCS and adsorption of Lead

GLA: Glutaraldehyde; FESEM: Field Emission Scanning Electron Microscopy;

TCCS: Thiocarbamoyl Chitosan

Metal lon Content Assessment and Characteri-
zation Interpretations

Lead (Il) ions content were quantified by microwave
plasma induced atomic emission spectroscopy

(Agilent 4210 MP-AES) at wavelength 283.3 nm
with nebulizer pressure 220 KPa. The ftrials were
repeated three times, and the mean values were
reported.
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Study on Influence of Solution pH

Metal sorption study was carried out at regulated pH
range (1.0 to 8.0) at 25 °C by continuous shaking
of 100 ml metal ions (5mg/L) solution with load
of 1.0 gm of prepared template at 150 rpm for 12
h. The chosen pH was regulated with 0.1 M HNO?
and 0.1 M NaOH. Upon completion, lead (I1) content
in aqueous solution was measured.

Adsorption study of lead by TCCS (Thiocarbamoyl
Chitosan)

Each batch experiment trial employed a specified
amount of 100 mL aqueous solutions of Lead (ll)
ion in a 250 mL glass stoppered Erlenmeyer flask
and different volumes of adsorbent was tested
for adsorption for a predetermined contact of 120
minutes at atmospheric temperature. To establish
adsorption equilibrium, the mixture is continually
agitated on a rotator shaker set to 150 RPM.
After reaching equilibrium, these mixtures were
taken from the flask, filtered through a micron filter,
and the supernatant was tested for the presence
of any remaining metal ions. For each experiment,
the whole test was conducted in triplicate with
a variation of less than 1% and only means data were
used. Figure 1 depicts the whole method.

The reducing efficiency (%) and uptake capacity
(mg/qg) of a distinctive study were evaluated through
the underlaying equations No 1 and 2 respectively.

1€:—C4)
Cr

Removal effectiveness (%) = = x 100 (1)

Adsorption ability (mg/g) = me‘] xV. .(2)

Where m is the adsorbent weight (gm), V is entire
volume of batch under treatment (L), and Ci is the
original metal content (mg/L). Residual metal ion
content (mg/L) at time t (min) was referred as C..

Study for Adsorption Isotherm

The adsorption constants calculated from different
models provide essential insight into the adsorption
process and adsorbent affinities. Several types
of equilibrium isotherm have been developed
to describe adsorption relationships. However,
because of simplicity, good experimental fits data,
widely applicability and interpretability, the Langmuir
and Freundlich isotherm hypothesis, two of the
most popular in the field, were used to corelate
the relationship for adsorption capacity and liquid

phase concentration. It is common practise to apply
linear regression to choose an appropriate isotherm
and evaluate its usefulness.

Adsorption equilibrium was assessed by specified
initial metal ion quantities (2-10 mg/L). Adsorption
trials were carried out for agitation time of 150
minutes for 100 ml aqueous solution of metal ions in
250 ml glass stoppered flask at different temperature
ranges of 25, 35, 45 and 55 °C with the input of 1.0
mg adsorbent. A thermostat water bath shaker at
120 RPM was used for all the experiments keeping
solution pH at 6.0. Later, the MP-AES method was
used to quantify metal ion concentration to calculate
absorption capacity. Experimental statistics were
practiced to satisfy two distinct models in origin
pro 8.5 software. Higher linear coefficient (R?) and
smaller standard statistical error (SSE) are indicators
of the finest-fitted isotherm.

As suggested by the Langmuir, a mono-molecular
stack will be adsorbing onto a surface with
a finite number of evenly charged adsorptive
sites. The Freundlich principle may be utilized to
achieve multilayer adsorption on surfaces with
different strengths, even when such surfaces
are heterogeneous.™

Adsorption Kinetics Study

There are various types of kinetic model used
in adsorption studies but due to straightforward
applicability, good interpretations of experimental
data which allows for perspective into the underlaying
sorption procedure and wide applicability in
adsorption systems, lagergren pseudo-first and
pseudo-second order kinetic designs seemed used
to predict the rate and mechanism of metal sorption.

A kinetic inspection was carried out by taking 1.0
gm of TC-CS in a flask containing of Pb*2 ions (100
ml, 5 mg/L) by fixing the solution pH at 6.0. The
flask’s contents were shaken at 150 rpm at 25 °C.
5 ml solution from reaction mixture was extracted at
predefined intervals (0, 5, 10, 15, 20, 25, 30, 60, 90,
120 min.) and measured for Pd (II) concentration.

kinetic parameters are used to validate experimental
results and study the governing strategy
of adsorption phenomenon including mass transfer
and chemical reaction. The chemical reaction
of functional binding sites on the surfaces of the
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adsorbent and adsorbate provides the basis for
adsorption. With the use of the experimental data
from the investigating study, pseudo-first order and
pseudo-second order kinetic models developed
by Lagergren were used to estimate the rate and
mechanism of metal adsorption.

Error Analysis

Error analysis for the nonlinear curve fits was carried
out in order to identify the theoretical kinetic and
isotherm models that best match the experimental
kinetic and equilibrium data. Using the Origin Pro
software 8.1 computer programme, the correlation
index (R?) and the sum of square errors (SSE) were
computed in accordance with egs. No. (3) and (4)

Z
Rz —1— Z(Q'exp_‘?'fit) s
z(qup7‘Imem:) .. (3)

where q, is the expected value of g, for the theory
under investigation. The better fit of a model is the
one with R? closer to 1.0.

SSE=¥(q_exp-q,, )? -(4)

The smaller values of SSE, can be consider to be
optimal fit of the model under investigation.

Results and Discussion

Batch Adsorption studies

TC-CS in varied amounts was used to conduct
a conventional adsorption investigation. Metal
ion concentration was taken at 5 mg/L at room
temperature with shaking for 2 hours at 150 RPM
on orbital shaker at pH 6. The adsorption results
showed that the metal sorption had increased by
up to 86.8% with raising adsorbent amount from
0.01 g to 5 g. The results are shown in Figures
2 and 3. It was shown that after the adsorbent
dosage exceeded 5 gm, there were no appreciable
improvements in solubility.

The obtained trend is based on the fact that
boosting adsorbent amount offers more binding
centres for adsorption. Additionally, it was shown
that percentage removal initially rises noticeably
from 0.01 to 2 gm, but above 5 gm of dosage,
no obvious change in extraction percentage was
observed, which is caused by active site overlapping.
The capacity actually decreases at doses exceeding
5 mg and beyond because more adsorption sites on
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the adsorbent remain unsaturated with increased
dosage amounts. This comes after earlier findings
that were documented in the literature.?

Figure 5 (a and b) illustrates SEM (Scanning
Electron Microscopy) images of produced
TCCS and lead-adsorbed TCCS, respectively.
The surface micrograph of the adsorbent material
had a rugged and flaky appearance with pores and
micro interspaces that was coated with lead ions
thru physical and chemical sorption.
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Fig. 2: Percentage removal of lead
by TCCS dose

Adsorption capacity (mg/gm)

Adsorbent Dose (gm)

Fig. 3: Removal capacity for lead
by TCCS dose

Influence by Solution pH

Image 4 represents about influence of pH on removal
capacity of adsorbent for Pb*2 ions. It was observed
that uptake capacity was increased with pH value up
to 6 and thereafter it was gradually plateaued in the
range of 6-8 and then declined at higher pH. This
is because of the nature of net charge type on the
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adsorbent surface. At lower pH, insignificant uptake
of metal ions was attributed due to partial protonation
of active sites which leads to weaker electrostatic
interaction. A chelation mechanism was proposed
for increased uptake capacity at moderate pH levels.
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As pHch is found to be 7.5, it was expected that the
uptake amount should be increased but actually,
it has been found to be lower due to the precipitation
of hydroxide in basic medium.2%25

-
(=

1 2 3 4 5

Fig. 5: FESEM images (a) TC-CS before and (b) after adsorption of lead

Adsorption Isotherm Study

Isotherm study delivers information about the
applicability of the prepared adsorbent. It described
the interaction of adsorbate with adsorbent. Certain
sets of constant parameters which represent about
the binding attraction of the adsorbent and may be
used to assess the adsorbent’s adsorptive capacities
for adsorbate molecules make up adsorption.
A mathematical analysis of the equilibrium sorption/
aqueous concentration connection may be done
using the Freundlich and Langmuir models.

Freundlich Isotherm Model

This theory is used to explain the interactions
between adsorbed particles and the formation of
multilayer adsorption with varying energies, which
occur during adsorption on heterogonous surfaces.?
According to this, adsorbate’s concentration on the
adsorbent layer starts to increases as adsorbate
concentration grows, and the sorption energy
decreases exponentially after the adsorbent's
sorption centres are fully developed.
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Non-Linear equation for Freundlich isotherm
explains the link for both the amount of a substance
adsorbed onto a surface and the equilibrium
concentration of that substance in the surrounding
solution?” (Equation No.5).

g,=K,C, " (5)

Here q, is stated as adsorption capacity ( in mg/g)
and defined as the portion of fluoride adsorbed taken
up by unit mass of adsorbent. C_ is remnant toxicant
content left (mg/L) after equilibrium. Parameter
n is related to quantify the strength of an adsorption
force and K_ ((mg/g) (L/ mg)1/n) is the Freundlich
adsorption constant concern with interfacial energy.

Adsorption strength (n) refers to the amount of a
substance that is adsorbed onto a surface per unit
area which measures the intensity of adsorption.
Chemical, linear, or physical adsorption processes
may be identified when n<1, n =1, or n>1. More
than 1 implies probability for physical adsorption is
likely to occur.?!

Adsorption behaviour is shown to be in agreement
with the Freundlich model, as seen in Figure 6 by
a non-linear graph of g, against C_. Intercept and
slope, which are needed to calculate the Freundlich
constants K. and 1/n are displayed in Table 1. With
n consistently less than 1, chemisorption adsorption
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of metal ions on the adsorbent seems to be the most
likely explanation.

Langmuir Isotherm

According to the Langmuir theory, the surface of the
adsorbent is evenly distributed with a finite number
of active sites. As these binding surfaces have the
consistence tendency towards a monomolecular
layer, therefore, no interactions exist betwixt
adsorbed molecules.?82° Langmuir adsorption,
a method initially developed to analyse adsorption
in the gas-solid phase,®*® may be used to assess
and compare the adsorptive capacities of various
adsorbents.

Here is non-linear form of Langmuir equation

— JmaxKiCe ..(6)

9e 11K C,

Where qe is equilibrium quantity of metal adsorbed;
C, is lead concentration at equilibrium (mg/L),
KL is concerned with the affinity of solute
at adsorbent defined as Langmuir constant
(L/mg) and q,, is theoretical monolayer adsorption
capability of the adsorbent (mg/gm). The value
of K and q_, at series of temperatures were
provided in Table 1. Figure 6 demonstrates
characteristics nonlinear Langmuir isotherm curves
at various temperatures.

Table 1: Langmuir and Freundlich isotherm Parameters

Temperature Langmuir isotherm Freundlich isotherm
Qmax K, R? SSE K;((mg/g) n R? SSE
(mg/gm) (L/ mg)"™)
25 380 0.9 0.9589 0.0263 0.1098 0.0606 0.8608 0.2936
35 330 0.895 0.9891 0.0202 0.0668 0.763 0.8935 0.2782
45 278 0.769 0.9738 0.0163 0.04957 0.816 0.902 0.2545
55 259 0.699 0.9878 0.0104 0.03756 0.8283 0.9339 0.2201

The separating coefficient (or equilibrium parameter)
R, which is a constant with no dimensions, may be
used in the following expression to characterize the
Langmuir isotherm (Eq. 7)

1
L= 14kc, -(7)

Here C_ is the original fluoride amounts (mg/L) and
KL (L/mg) known as Langmuir constant. The value
of R, reveals whether the isotherm task is linear
(R.=1), irreversible (R =0), favourable (0< R >1),
or unfavourable (R > 1).*" The current research
focuses on R values that fall somewhere in the
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range of 0.092 to 0.359, which demonstrates that
the material that has been developed is suitable.

The equilibrium constants for both isotherms in
addition to the linear regression coefficient (R?) and
sum of square errors (SSE) indicate that Langmuir
experimental data fits better than the Freundlich
having a greater extent of linear regression and lower
SSE. Additionally, the clear reduction in gmax and
K, with higher temperature implies about exothermic
nature of adsorption.
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Fig. 6: nonliner adsorption isothems
for lead adsorption

Adsorption Kinetics

The batch approach was used to investigate the
kinetics charactricts for adsorption. In current
finding, the pseudo-first and pseudo-second-order
approach were used to estimate the sorption kinetics
process.3%

Following is the Pseudo-first order kinetic expression
(equation no 8)

Log(q,-q, )=Logq K, t/2.303 ...(8)

To anticipate the magnitude of K, and q_ based on
slope and intercept, a linear plot using Log(q,-q, ) vs
time was generated.

The slow rate of adsorption and the chemical nature
of the adsorbent surface provide the basis for the
pseudo-second-order hypothesis. It is possible to
utilize Equation 9 as a representation of the pseudo-
second-order kinetic model.

t 1 t
= 4+
9 K20 qe ~(9)

The quantity of fluoride adsorbed (in mg/gm) at
time t is referred to as qt, while the amount at
equilibrium time is termed as q.. The pseudo-first
order rate constant is denoted by K,, whereas the
pseudo-second order rate constant is denoted by K,
The intercept of the (t/q,) vs. time linear plot denotes
K,, whereas the slope denotes q..

Figures 7 and 8 depict the kinetic models for lead
adsorption, whereas Table 2 lists the derived
values. While the first-order model gives reasonable
fitting with experimental findings, the second-order
model demonstrates a superior description of lead
adsorption onto thiocarbamoyl chitosan due to its
smaller relative errors and greater degree of linear
regression. Due to the calculated value's good
agreement with the measured ge value, the pseudo-
second-order method seems to be accurate.

2.0 1

184
R2=0.9909

1.6

1.4+

log (qe-qt)

1.2+

1.0+

08—
0 50

— T * 1 * I 1 v 1!
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Time (min.)

Fig. 7: Pseudo first order study for
lead removal
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Fig. 8: Pseudo second order study for

lead removal
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Table 2: Adsorption kinetics model for lead adsorption on TCCS
Metal Pseudo first order Pseudo second order
ion
K, q, R? SSE K, q, R? SSE
min."! (mg/gm) gm/LMin' (mg/gm)
Pb*2 0.0007 8.709 0.9903 0.8277  0.001476 9.78 0.9996 0.00858

Thermodynamic Studies

It has been determined that several thermodynamic
factors, including AG° (standard free energy), AH®
(enthalpy change), and AS®° (entropy change),
control the viability and makeup of the adsorption
process. For computations, experimental data
collected at various temperatures was utilised.

The van't Hoff equation was used to evaluate K
value at varying temperatures.®*
AH

o
K, =4 — %

...(10)

Where AH® and AS° are changes in standard
enthalpy and entropy respectively and R is the

universal gas constant and T is absolute temperature
in kelvin. By plotting a graph between InK_and 1/T,
a straight line curve is obtained (Figure 9) with
intercept and slope equal to AS°/R and - AH°/R,
respectively.

Gibbs energy change of activation can be computed
from equation (11) and the obtained values
of thermodynamic standards are summarised
in Table 3.

AG°=AH°-TAS® (1)

Table 3: Thermodynamic standards for lead adsorption on TCCS

T (kelvin) AG° TAS® AH° AS°
298 -8.44 8.45
308 -8.730 8.74 -0.09 0.028
318 -9.020 9.03
328 -9.300 9.31
As shown in Table 3, the exothermic character of the 1
adsorption procedure is revealed by negative inputs 0105
of enthalpy changes. The positive value of entropy _0.15_'
change demonstrated the increase in randomness at 2oy
the solid-solution interface throughout the adsorption 20204 4
process. ) ]
f -0.25
A negative value of free energies suggested an - I
energetically advantageous and reflected as 130
the extent of the spontaneity of the adsorption _0.35_'
process. The adsorption was more favourable
at high temperatures, as seen by the larger negative 2040

free energy changes with increasing temperature.
Overall, the negative free energy change values
reflect the feasibility of the adsorbent and spontaneity
of the adsorption process.*

T X T L2 T X T T T % T X T ¥
3.05 310 315 320 325 330 335
1T (10™

Fig. 9: Van't Hoff plot for adsorption of lead
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Fig. 10: Mechanism for Lead adsorption by TCCS

Adsorption Mechanism for the lead on TCCS
Template

The possible site for cationic lead ion on to the
prepared TCCS template in this study may be
expected at nitrogen atoms of amino groups, sulphur
atoms of thiocarbamoyl chitosan, and oxygen groups
of the hydroxyl groups. The complexion of lead ion
is illustrated in Figure 10. Electrostatic attraction
between lone pair electrons of nitrogen and oxygen
may be responsible for the complex formation.
Sulphur atoms is considered as soft base according
to HSAB concept and this will attempt to form stable
complex with soft acid like lead ions.

Conclusion

In the undergoing study, the ability of chemically
modified Chitosan (TC-CS) was evaluated for
adsorbing noxious Pb*? ions from an aqueous
solution. Presence of other ions in removing lead
depends on various factors such as concentration
of ions, pH, temperature, the nature of the waste,
and the treatment process being used. Nonetheless,
class 'b' (Pb2+) and borderline (Zn?*, Cd?, Cu?,
Co%, and Ni?*) metals do not seem to compete for
binding sites.% Langmuir and Freundlich isotherms
were described to simulate the adsorption process,
along with kinetic and thermodynamic analyses.
A pseudo-second-order approach was the most
accurate description of the process. In addition, the

process was exothermic and highly spontaneous in
view of negative free energy values. Langmuir model
was considered as the best explained model rather
than Freundlich model with higher linear regression.
The findings of the batch adsorption investigation
revealed that the removal effectiveness was at an
all-time high rate of 85.86 percent in the slightly
acidic region (pH=6). Thiocarbamoyl! chitosan,
once manufactured, has a high adsorption capacity
(38 mg/gm), making it an appealing tool for cleansing
lead-contaminated industrial waste streams.
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