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Abstract

The current investigation demonstrates the efficacy of activated carbon derived from tea waste (ACTW) as a potent adsorbent
for the elimination of rhodamine B (Rh-B), a cationic dye, from water. Several factors, including initial Rh-B concentration,
solution pH, temperature, and contact time, were scrutinized to evaluate their impact on the adsorption process. Furthermore,
attempts were made to establish a correlation between the isothermal data obtained through the application of the Langmuir,
Freundlich, and Temkin equations. Kinetic modeling using pseudo-first-order and pseudo-second-order rate parameters was
utilized to scrutinize the rate of the adsorption process. The data obtained were found to conform to the pseudo-second-order
kinetic model. With the increase in the ACTW (adsorbate) dosage from 0.2 g to 1.8 g, the removal of Rh-B dye escalated from
76 to 97.8%. In contrast, the adsorption capacity decreased from 10.1 to 2.2 mg/g. Fourier-transform infraredspectra of ACTW
illustrated humps located at 2927 cm™' and 2480 cm™!, which correspond to alkane and alkene groups (C-H stretching of CH,
groups). Microstructural analysis of ACTW revealed porous granules with shattered surfaces. Thermodynamic parameters indi-
cated that the adsorption process was spontaneous (AG° =negative) and endothermic (AH® = positive). The findings suggest
that ACTW is an effective and potential adsorbent for removing Rh-B dye from aqueous solutions. Furthermore, the results of
the study indicate that tea waste is a cost-effective and efficient absorbent for removing cationic dyes from aqueous solutions.

Keywords Activated charcoal - Tea waste - Rh-B dye - Dye removal

1 Introduction

In the twenty-first century, the contamination of natural
water sources due to the discharge of wastewater from vari-
ous chemical industries and factories is a worldwide issue
[1, 2]. Wastewater contains toxic pollutants such as heavy
metals, dyes, pesticides, and industrial and pharmaceutical
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waste products. These pollutants may not be involved in
direct toxicity but generates hazardous byproduct through
hydrolysis, chemical reactions, and oxidation. This may
enhance chemical oxygen demand and biological oxygen
demand that jeopardize the environment, microorgan-
ism, plants, animals, and aquatic and human life [3-5].
Approximately 15% of dyes get discharged into the envi-
ronment or the running water after use [6]. The industrial
and organic dyes are intractable, thermostable, rebellious,
non-biodegradable, and stable oxidizing agents [7]. Rh-B
dye is a widely used coloring in textiles and food products,
manufacturing of paper, and leather dying [8]. This dye
belongs to xanthine family and used in biological, optical,
and analytical sciences. The hazardous Rh-B dye can cre-
ate many problems including dysfunction of liver, kidney,
brain, central nervous system, reproductive system, skin res-
piratory inflammation, and hemolysis [9]. For the environ-
mental remediation, the development of the cost-effective
and reliable approach to handle or remove the toxic dyes is
a burning topic nowadays. The conventional dye removal
methodologies (chemical, physical, biological) reported in
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literature are sedimentation, ultrafiltration, adsorption, ion
exchange, chemical oxidation, photocatalytic, and reverse
osmosis [10—-12]. Therefore, we used the adsorption method
for the removal of contaminants from the aqueous solution
[13]. Adsorption method is good enough due to its unique
properties including ease of separation, stability, reusabil-
ity, and mild solvent use [14]. Hence, an excessive consid-
eration has been oriented towards using various adsorbents
like graphene, nanocomposites, and carbon-based materi-
als. Carbon-based materials are more preferable adsorbents
used to remove Rh-B dye due to their enormous properties
including high surface area, porosity, easy synthesis, high
reactivity, and tuneable surface functional groups [15].

Carbon materials can be easily synthesized from waste
residues, biomasses, and agricultural wastes including bag-
gage, wood products, coconut shell, peanut hull, paddy
straws, and tea dust leaves. Moosavi et al. have used the
activated carbon from coconut shell [16] as an adsorbent to
remove the methylene blue dye from wastewater. Activated
carbon is a highly effective adsorbent that can capture a wide
range of organic substances through weak intermolecular
forces, such as dispersion forces. These interactions can be
further strengthened by n-n interactions in the case of aro-
matic adsorbates or by electrostatic interactions between
surface oxide groups and ionic adsorbates. The degree of
adsorption is directly linked to the size of the adsorbate
molecule, assuming that the size of the adsorbate does not
surpass the dimensions of the pore system, which can result
in size exclusion effects. Mitra and Mukharjee have reported
the removal efficiency (85.25%) by using activated carbon
as an adsorbent from spent tea leaves at 30°C temperature
and it was further increased to 90.2% at the temperature
80-100°C [17]. Qui et al. reported the biochar derived from
waste can be used for water remediation such as heavy metal
detection and they also discussed about adsorption mecha-
nism [18]. Biochar can be used effectively for adsorption
and degradation of organic dyes, and removal of phenols
and antibiotic from wastewater [19]. Another carbon-based
structures such as ordered mesoporous carbon and gra-
phitic carbon nitride have also been used to investigate as
an adsorbate for photocatalytic activites [20, 21]. Ahmaruz-
zaman and Gaytri examined activated tea waste as an adsor-
bent for removal of p-Nitrophenol from aqueous systems
[22]. Olayinka et al. investigated tea waste, coconut shell,
and coconut husk for removal of heavy metals such as Cr,
Zn, and Ni [23]. Thapak et al. used activated tea waste to
detect Cu, and Cr from synthetic wastewater [24].

Owing to aforementioned discussion of activated tea waste
and their potential for heavy metal removal and dye degra-
dation, in the present study, we are reporting synthesis of a
very low cost “activated carbon from waste cooked tea” as an
adsorbent for the removal of Rh-B dye from aqueous solution.
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2 Experimental
2.1 Materials

Analytical grade hydrochloric acid (HCI), potassium manga-
nate (KMnO,), sodiumhydroxide (NaOH), hydrogenperox-
ide (H,0,), sulfuric acid (H,SO,), and Rh-B were purchased
from Merck (India) and used further without any modifica-
tion or treatment.

2.2 Preparation of charcoal (adsorbent)

The source of the cooked tea waste material used in this
experiment was the hostel mess of Baba Farid Group of
Institution in Bathinda, Punjab, India. The tea waste was
meticulously washed with distilled water to eliminate any
colored soluble compounds. Following the washing process,
the tea waste was dried in an oven at a temperature of 80 °C.
Afterwards, the material was placed in a silica crucible and
subjected to annealing inside a muffle furnace at a tempera-
ture of 500 °C for 30 min in an atmosphere of nitrogen to
convert the tea waste into charcoal. Once the process was
completed, the charcoal was allowed to cool for 4 h.

2.3 Activation of charcoal

The charcoal was activated through a rigorous oxidation pro-
cess utilizing the modified Hummer’s method. The charcoal
was placed in an Erlenmeyer flask and 100 mL of highly con-
centrated sulfuric acid was added while stirring continuously.
The stirring process was continued for 30 min, and then potas-
sium acetate was introduced to the solution. The mixture was
then allowed to sit for 24 h. The activated sample was meticu-
lously washed with a solution of hydrochloric acid (0.1 M) and
distilled water to bring the pH to a neutral level. The filtered
product was then dried in a hot oven at 60 °C overnight and
subsequently crushed into a fine powder and leveled to form
activated carbon derived from tea waste (ACTW).

2.4 Characterization of ACTW

The physicochemical properties of as-synthesized charcoal and
ACTW were analyzed using Fourier transform infrared spec-
troscopy by Perkin Elmer, scanning electron microscopy (SEM)
by Hitachi, and UV-visible spectrophotometer by Perkin Elmer
(LAMBDA 365 +). Brunauer—-Emmett-Teller surface area ana-
lyzer was used to evaluate specific surface area and pore volume.

2.5 Preparation of dye solution

Rh-B dye (C,3H;;N,0;Cl) having IUPAC name
[9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-
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diethylammonium chloride is basic red dye of the xanthene
class. Stock solution of dye was prepared by dissolving 0.5 g
of dye in 1000 mL (500 mg/L) of distilled water. Different
amounts of solution of desired concentration solution were
prepared by dilutions of the stock solution.

A batch adsorption experiment for removal of Rh-B dye
onto ACTW has been carried out as a function of adsor-
bent dose, initial dye concentration, contact time, pH, and
temperature. Adsorption was achieved by adding a known
amount of each adsorbent of a specific sieve size at room
temperature at constant speed on mechanical shaker into
the dye solution (100 mL) of known concentration and
pH, and the conical flasks were agitated properly. Once
the equilibrium was established, 5.0 mL of dye solution
has been withdrawn at pre-determined time intervals and
the absorbance was determined using spectrophotometer
(Apax =554 nm). During adsorption, equilibrium has been
established between adsorbed dye on active sites of adsor-
bent and unadsorbed dye in the solution.

The percentage of dye adsorbed and adsorption capacity
at equilibrium was calculated by the formulae given below:

(CO - Ce)

Percentage adsorption (%) = x 100 €))]

(Cy—=Cp) y

Adsorption capacity (q,) = W

\4 @)
where C,, and C, represent the initial and final equilibrium
concentrations (mg/L), and V is the volume of solution and
W is the weight of adsorbent dose.

3 Results and discussion
3.1 Fourier transfer infrared spectroscopy analysis:

The functional groups attached to the organic and inorganic
specimen can be detected using Fourier transfer infrared
(FTIR) spectroscopy technique. The vibrating molecules of
the attached groups lead to distinctive energies and depict
kink in the FTIR spectra when recorded within 400 to
4000 cm™! at room temperature. Figure 1 illustrates FTIR
spectrum of as-synthesized charcoal and ACTW. Figure 1
clearly indicates the differences in the spectral humps in
as-synthesized charcoal and ACTW. The characteristic
peaks of ACTW are observed at 2927 cm™!, 2480 cm™!,
1700 cm™, 1520 cm™', 1461 cm™, 1314 cm™', 1124 cm™,
1013 cm™!, and 854 cm™!. The humps located at 2927 cm™"
and 2480 cm™! corresponds to alkane and alkene groups
(C—H stretching of CH, groups) [25]. The kinks positioned
at 1700 cm™! is attributed to —C = O stretching vibrations

Charcoal P
—ACTW 1523

Transmittance (%)

1013

2500 2000 1500 1000

Wavenumber (cm™)

3000

Fig.1 FTIR spectra of charcoal and ATCW

[26]. The week absorption bends appeared at 1124 cm™!
and 1013 cm™! are mainly due to existence of -C=N and
C-0 stretching modes belonging to polysaccharides like
substances. The bend at 854 cm™! could be assigned to C-S
linkage in the compound [27]. The kinks for charcoal are
observed at 1688 cm™!' and 1523 cm™' respectively which
belongs to C=C stretching vibration and thereby confirms
the formation of charcoal [28]. The relative existence of new
umps in the ACTW supports the activation of charcoal after
treatment.

3.2 Microstructural analysis

Surface morphology and granular microstructure of char-
coal and ACTW was analyzed using SEM at room tem-
perature. Microimages of derived charcoal and ACTW are
illustrated in Fig. 2a and b. SEM micrograph displayed the
external surface of the ACTW having crevices and various
large-sized holes. It was concluded from the SEM images
that the synthesized ACTW is highly porous in nature with
the ruptured surface [29]. So, there are plenty of surfaces
available for the adsorption of the dye. The elemental com-
positions present in the ACTW sample were analyzed using
energy-dispersive spectroscopy (EDS). Figure 2c shows
the EDS line spectrum of ACTW. Line profile spectrum
depicts the existence of carbon (52.6 wt%), oxygen (37.5
wt%), and little amount of sulfur (8.8 wt%) in the sample.
The specific surface area and pore volume of charcoal is
2.55 m?%/g and 2.95 cc/g, respectively, and for ACTW is
4.89 m?%/g and 4.13 cc/g, respectively. FTIR spectral studies
also support the presence of sulfur which may be occurred
due to utilization of H,SO, during synthesis or activating
the charcoal.
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Fig.2 a SEM micrographs of a charcoal, b ACTW, and ¢ EDS spectra of ACTW

3.3 Batch adsorption studies
3.3.1 Effect of adsorbent dose

The quantity of adsorbent dose is the predominant param-
eter in adsorption study as it determines the capacity of
adsorbent to remove the dye at a specific concentration.
In this experiment, we varied the amount of ACTW from
0.2 g to 1.8 g (initial dye concentration =40 mg/L, contact
time =50 min). It has been observed that percentage of dye
removed increases from 76.0 to 97.8% and adsorption capac-
ity decreases from 10.1 to 2.2 mg/g. It is attributed that by
increasing the amount of adsorbent dose, the adsorptive sur-
face area increases, due to which the number of available
sites increases and results in increase in percentage removal
of dye [30-32]. The 97.8% of dye removal is observed with
1.5 g of ACTW, but with more increase in adsorbent dose
(1.8 g), there is a little effect on the removal percentages.
The adsorption capacity (g.) decreases because number of
adsorbate molecules remains constant, the remaining dye
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molecules in the solution do not adsorb on the adsorbent.
The effects of adsorbent dosage on the percentage removal
and adsorption capacity of Rh-B dye are represented in
Fig. 3a and b respectively. ACTW is found to porous and
with an extensive high surface area. This enhanced sur-
face area provides numerous active sites for the Rh-B dye
molecules to interact with. Rh-B dye is a planar molecule
containing conjugated electron systems. These n-electron
clouds can interact with the n-electron systems present on
the surface of activated charcoal. The resulting n-n stacking
interactions further contribute to the adsorption process.

3.3.2 Effect of the contact time on adsorption

The impact of contact time on the adsorption of rhodamine
B (Rh-B) dye onto ACTW was investigated by stirring a
dye solution with varying concentrations together with
the adsorbent at a constant speed and temperature. It was
observed that the initial rate of adsorption was rapid due
to the abundance of available adsorption sites, while as the
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contact time increased, the rate of adsorption decreased
due to a reduction in active sites. The highest percentage
of dye removal was achieved after 50 min of contact time.
The adsorption mechanism involves the migration of dye
from the bulk solution, diffusion through the boundary
layer, and intra-particle diffusion into the interior pores of
the adsorbent. This instantaneous adsorption phenomenon
has the advantage of reducing contact time and equipment
size, thereby minimizing the operational cost of the process.

3.3.3 Effect of initial adsorbate concentration

The relationship between the initial dye concentration and
the adsorbent surface is of great significance. Figure 4a and
b demonstrate the adsorption results of various initial dye
concentrations (20, 40, 60, 80, and 100 mg/L) with 1.5 g of
adsorbent at different time intervals. The data reveals that as
the initial dye concentration increases, the percentage of dye
removal decreases, indicating a saturation of the adsorbent
surface’s adsorption sites. Conversely, a higher initial con-
centration of the dye leads to an increase in the adsorption
capacity, owing to the powerful force of mass transfer in
high dye concentrations. At lower concentrations, the ratio
of initial number of dye molecules to available surface is
limited, while at higher concentrations the ratio of number
of dye molecules to available surface becomes substantial.

3.3.4 Effect of pH

The pH of a solution is a crucial factor in determining the
adsorption capacity of an adsorbent during wastewater treat-
ment or dye removal. This is because changes in pH can alter
the surface properties of the adsorbent, thereby affecting its
adsorption efficiency. In order to investigate the impact of
pH on the adsorption capacity of ACTW, a 40 mg/L solu-
tion of cationic Rh-B dye was stirred with 1.5 g of ACTW
at room temperature under varying pH conditions (2.0, 4.0,
6.0, and 8.0). The results showed that the adsorption capac-
ity of ACTW for Rh-B was highest at a low pH of 2.0, as
illustrated in Fig. 5. This can be attributed to the polariza-
tion of the adsorbent surface under acidic conditions, which

(a) 102--71“11103‘)
| % & (40%)
100 B o (60%)
98_-xn4m%)
B > = (100%)

Removal (%)
(-]
&

10 20 30 40 50 60 70
Time (Minutes)

40 50 60

Time (Minutes)

Fig.4 a Effect of initial dye concentration and contact time on
percentage removal (R%) of Rh-B dye. Initial dye concentra-
tion=40 mg/L, contact time =50 min, dose=1.5 g. b Effect of initial
dye concentration and contact time on adsorption capacity of dye. Ini-
tial dye concentration =40 mg/L, contact time =50 min, dose=1.5 g

facilitates the adsorption of the dye molecules on the surface
of the adsorbent.

3.3.5 Effect of temperature

The temperature is a key factor affecting the physico-
chemical adsorption process, as it influences the adsor-
bent capacity. In this study, the effect of temperature on
the removal of dye was investigated at 305 K, 311 K,
and 317 K as shown in Fig. 6. The results demonstrated
that the percentage of dye removal increased with ris-
ing temperature, indicating that the adsorption process is
endothermic. This temperature dependence can be attrib-
uted to the enhanced mobility of the dye molecules at
higher temperatures, leading to increased access to active
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Fig.5 Effect of pH on percentage removal of Rh-B dye (initial dye
concentration =40 mg/L, contact time =50 min)
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Fig. 6 Effect of temperature on percentage removal of Rh-B dye (ini-
tial dye concentration =40 mg/L, contact time =50 min)

adsorption sites. This suggests that temperature can be
used as a parameter to regulate the adsorption capacity
of the adsorbent.

3.3.6 Kinetic models

Equilibrium adsorption isotherm models are essential
requirements for the design of adsorption systems and the
interaction between adsorbent and adsorbent. Models used
to analyze equilibrium adsorption data include the Lang-
muir, Freundlich, and Temkin models.

3.3.7 Langmuir model

The Langmuir isotherm is a widely used model for describ-
ing the nonlinear equilibrium between an adsorbate and

@ Springer

its concentration in solution at constant temperature. This
model assumes that adsorption occurs on a surface with a
homogeneous structure and that a monolayer of adsorbate
molecules is formed. It further assumes that all adsorption
sites have the same energy and that the adsorption process
is reversible. The Langmuir isotherm is a simple model that
allows for the calculation of the maximum adsorption capac-
ity of an adsorbent and the affinity of the adsorbate for the
adsorbent. The linear equation for Langmuir relationship can

be represented as [33]:
Ce Ce 1

= — 4+ 3
9. Dmax QmaxbL ( )

q. is the amount of adsorbed analyte per unit mass of the
adsorbent.

Gmax 15 the maximum amount of adsorption in the adsorbent
monolayer in mg/g.

C, is the equilibrium concentration of analyte in solution
in mg/L.

by is langmuir equation constant.

Gmax a0d by are the Langmuir constants related to the max-
imum adsorption capacity (mg/g) and energy of adsorption
(L/mg) is illustrated in Fig. 7. The essential characteristics
of Langmuir isotherm can be expressed by a dimensionless
constant called equilibrium parameter R, which is defined
by equation:

1

R = —1
L= 1+b,C, @)

The value of R, indicated the type of Langmuir isotherm
as tabulated in Table 1.

Fig. 7 Langmuir adsorption isotherm for Rh-B adsorption at 305 K
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The value of R; was found to be 0.045, 0.032, and 0.021
for 40 mg/L concentration of Rh-B dye at 305 K, 311 K, and
317 K, respectively, which indicates the favorable adsorption.

3.3.8 Freundlich model

The Freundlich adsorption isotherm is an experiential model
that characterizes adsorption on a heterogeneous surface and
accounts for the concept of multilayer adsorption. The model
suggests that there exist numerous adsorption sites on the
surface, each having distinct free energy values. As per this
theory, the surface never achieves complete saturation, even
with a significant increase in solute concentration, since the
presence of high free energy sites on the surface ensures
adsorption continues to occur. The Freundlich isotherm can
be mathematically represented by the following equation:

1
log g, =log K; + - log C, 5)

where K; is Freundlich constant that is related to the adsorp-
tion capacity, n is a constant related to the heterogeneity of
the surface and describes the type of the Freundlich isotherm,
and its value usually varies in the range of 0-1. The closer
value of 7 to 1 means the more homogeneous surface. The
type of relationship is given in Table 2. The Freundlich iso-
therm shows that a higher concentration of initial analyte
would lead to a higher adsorption rate of adsorbent. It is
evident from Freundlich adsorption isotherm as shown in
Fig. 8 that the data fit well with having regression coefficient
R?>=0.97. The values of K;and 1/n have been calculated from
intercept and slope of this straight line are given in Table 3.

3.3.9 Temkin model

This model was given by Temkin and Pyzhevand; the linear
form of Temkin isotherm model is given by the following
equation:

g, =BInK;+BInC, (6)

where K and B are the constants related to adsorption capac-
ity and intensity of adsorption, respectively. A linear plot
between g, verses InC, shows that adsorption follows Temkin
isotherm is illustrated in Fig. 9. The values of K and B have
been evaluated from slope and intercept of the plot.

Table 1 Correlation of R; with

o Isotherm situation Ry
the Langmuir isotherm

Undesirable R >1
Linear R =1
Desired O0<R; <1
Reversible R; =0

Table 2 Correlation n with the

Freundlich isotherm Isotherm situation n
Undesirable n>1
Linear n=1
Desired n<l

3.4 Kinetic studies

Many kinetic models have been applied to study the control-
ling mechanism of dye adsorption from aqueous solution. In
order to investigate the mechanism of adsorption of Rh-B dye
onto AWTC, the pseudo-first-order, pseudo-second-order,
and intra particle diffusion kinetic models were considered:

3.4.1 Pseudo-first-order

The integrated linear form of first order rate equation is
as follows:

log(q, —q,) =log q, — @)

1y
2.303
where ¢, is the amount of dye adsorbed at equilibrium
(mg/g), g, is the amount of dye adsorbed at any time ¢
(mg/g), and K is the first-order rate constant (min~!). But
the data do not follow pseudo-first-order equation.

3.4.2 Pseudo-second-order

The adsorption equation for pseudo-second-order model is
given by following equation:

I +lt 8
9 Kaq? 4. ®)

0
log Ce

Fig.8 Freundlich adsorption isotherm for Rh-B adsorption at 305 K
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Table 3 Langmuir, Freundlich, Temperature Langmuir constants

Freundlich constants Temkin constants

and Temkin isotherms and (K)
their constants at different > >
temperatures Im by Ry n K; R B Ky R
305 8.52 0.53 0.96 0.045 1.69 2.7 0.97 1.81 5.69 0.98
311 8.76 0.95 0.98 0.031 1.79 2.9 0.98 1.65 7.89 0.98
317 8.90 1.40 0.97 0.010 1.90 32 0.97 1.53 9.78 0.97
7 60 -
6 - " 50 -
40 -
5 - @ 20mg/L
30 A M 40mg/L
4 | c‘." 60 mg/L
& = 20 X 80mg/L
* X 100mg/L
10
0 T T T ]
0 20 40 60 80
Time (t) (in Minutes)
I T e T 1
-2 -1 0 1 2 . L .
In Ce Fig. 10 Pseudo-second-order kinetic model for Rh-B adsorption

Fig.9 Temkin adsorption isotherm for Rh-B adsorption at 305 K

where K, is the pseudo-second-order rate constant
(gmg~! min™"), g, is the amount of dye adsorbed on the
adsorbent at equilibrium (mg/g), and g, is the amount of dye
adsorbed on the adsorbent at any time ¢ (mg/g). Figure 10
represents the linear plot of /g, versus t. It is evident from
Fig. 10 that the adsorption process follows the pseudo-sec-
ond-order kinetics. The value of rate constant K, and g, have
been calculated from plot and are listed in Table 4.

3.5 Intra-particle diffusion study

In the batch mode adsorption process, initial adsorption
occurs on the surface of the adsorbent and there are chances
that adsorbate diffuses into the interior pores of the adsor-
bent. Weber and Morris suggested the following kinetic
model to investigate whether the adsorption is intra-particle
diffusion or not. The relationship is given as:

g, =Kyt'*+C )
where g, is the amount of dye adsorbed at time ¢ (mg/g), C is
the constant (mg/g) which gives the thickness of the bound-
ary layer, and Kjp, is the intra-particle diffusion rate constant
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(mg/gmin). The larger values of C from the intercept of the
plot show that greater is the contribution of surface adsorp-
tion. The linear portion in Fig. 11 represents the intra-particle
diffusion effect. The correlation coefficients for intra-parti-
cle diffusion is very close to unity, thereby indicating that
adsorption of Rh-B onto ACTW follows the intra-particle
diffusion model. The value of K 4 and C are listed in Table 4.

3.6 Thermodynamic parameters

The adsorption of Rh-B onto ACTW was studied at three
different temperatures, namely 305 K, 311 K, and 317 K, to
investigate the feasibility and nature of the process. Thermo-
dynamic parameters such as the free energy change (AG),
enthalpy change (AH), and entropy change (AS) were calcu-
lated from the variation of the thermodynamic equilibrium
constant, Ko, using equations given below. The values of
AG, AH, and AS for initial concentrations of 20, 40, 60, 80,
and 100 mg/L are presented in Table 5.

AG = —RT, InK, (10)

KO =qe/Ce (11)

where R is the universal gas constant, and 7T is the tempera-
ture in Kelvin.
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Table 4 Pseudo-second-order

o= A N C,(mg/L) Pseudo-second-order Intra-particle diffusion parameter
kinetic model and intra-particle
diffusion values for Rh-B C, K, q. R? Kipg C R?
adsorption
20 2.46 1.26 0.99 0.006 1.2 0.83
40 0.18 2.17 0.98 0.067 2.1 0.65
60 0.06 3.03 0.99 0.055 29 0.75
80 0.055 4.16 1 0.031 4.5 0.95
100 0.027 5.60 1 0.028 53 0.97
that the adsorption process is spontaneous and feasible. The
67 increasing values of AG with temperature suggest that adsorp-
5 tion becomes more favorable at higher temperatures, possibly
X due to the enhanced diffusion of dye molecules in solution.
_ 4 1 ¢ 20meg/L The positive values of AH indicate that the adsorption pro-
%‘; 3 M 40mg/L cess is endothermic. The relatively low values of AS suggest
£ l-—.—f'—.. 60mg/L a decrease in entropy at the solid-liquid interface during the
& 2 1 % 80mg/L adsorption process. Table 6 shows the comparison between
1 00— the adsorption capacities of different adsorbents derived from
100me/L various waste products and it was observed that the adsorp-
0 ' ' tion capacity of ACTW in the present study was found to be
0 /2 (minSutes) 10 maximum (8.9 mg/g) among these.

Fig. 11 Intra-particle diffusion kinetics model for Rh-B adsorption

AS AH
hK,=—-—
nKo=—" - 27 12)
AH and AS have been calculated from the slope and inter-

cept of the plot between In K, versus 1/7.

4 Conclusion

The outcomes of the study demonstrate the potential util-
ity of activated carbon derived from tea waste (ACTW) in
effectively eliminating the cationic dye, rhodamine B (Rh-
B), from water through adsorption. A thorough investigation

Table 6 Comparison of adsorption capacity of various adsorbents for
rhodamine B removal

AS = Intercept X R (13)
Adsorbent Adsorption References
AH = —Slope X R (14) capacity (mg/g)
where R is a gas constant (8.314 J K~ 'Mole™). C(?ffee ground p(.)Wd‘?’r 3:2 [34]
Table 5 presents the calculated thermodynamic param- Mimusops elengi activated carbon 1.7 (331
eters, including the changes in free energy (AG), enthalpy Banana peel . . ] 38 [36]
(AH), and entropy (AS), for the adsorption of Rh-B dye onto Chamaecyparis lawsoniana fruit 6.8 (371
ACTW at different initial concentrations (20-100 mg/L) and Pomegranate peel 73 [38.]
temperatures (305-317 K). The negative values of AG indicate Tea waste 8.9 This work
Table 5. Us.ing pseudo-second- c, K, log K, AG=—RT log K,
order kinetic model and
intra-particle diffusion, the 305 K 311K 317K AH (KJ mole™) AS=(KJ
thermodynamically parameters mole™! K1)
for Rh-B adsorption
20 4.06 1.40 3.55 3.62 3.78
40 3.25 1.17 2.96 3.02 3.18
60 3.08 1.13 2.86 2.92 2.97 57.49 0.1977
80 2.00 0.69 1.75 1.79 1.82
100 1.40 0.336 0.85 0.86 0.88
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into several key variables, including the initial Rh-B concen-
tration, solution pH, temperature impact, and contact dura-
tion, was carried out to optimize the adsorption process. The
results revealed that elevating the quantity of ACTW (adsor-
bent) utilized, ranging from 0.2 g to 1.8 g, led to a corre-
sponding enhancement in Rh-B dye removal efficiency, rising
from 76 to 97.8%. Correlations between the isothermal data
obtained using the Langmuir, Freundlich, and Temkin equa-
tions were meticulously analyzed. FTIR spectra of charcoal
and ACTW showed significant difference in the functional
groups thereby confirming the activation sites of charcoal.
Microimage of ACTW manifests the effect of activation of
charcoal with enlarged pores and irregularities in the surface
morphology. It can be inferred that ACTW can serve as an
economical and efficient adsorbent for the removal of cationic
dyes from aqueous solutions, thus highlighting the potential
of activated carbon derived from tea waste as a cost-effective
solution for the removal of contaminants from water.
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