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Abstract

Rapid industrial development causes environmental contamination of land, water, and air with heavy metals
which pose a significant threat to human survival. This study aims to remove antimony from wastewater using
tea leaves and tea fiber (Camellia sinensis) as an adsorbent to curb the environmental decay posed by
industrialization. The FTIR study presents significant vibration frequencies that correspond to —OH, C-H, and
C=0 in both the leaves and fibers which impact the adsorption. The adsorption study was performed by the
batch adsorption method, varying different parameters including pH, adsorbent dosage, temperature, initial
concentration, and contact time to find best-suited conditions for the removal of antimony from aqueous media.
The results show an equilibrium condition at pH 5 and 30 minutes for both tea leaves and fibers whereas for
tea leaves the equilibrium concentration was obtained at a dosage of 2g, and 3g for the fiber. From the
adsorption model, the sorption of antimony by tea leaves follows the Langmuir model (R? = 0.783), whereas
that of tea fiber follows Freundlich (R? = 0.827). From Kinetic studies, the sorption of antimony by both plant
parts follows second-order kinetics with approximate R? values of 1. From the adsorption capacity, it is no
exaggeration to consider tea leaves and fibers as an excellent biosorbent for the sorption of antimony.
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INTRODUCTION

Earth-crust, including land, atmosphere, and water bodies, is contaminated by anthropogenic
activities like industrial effluents, mining, explosives, metal plating, domestic effluents, leaching, and
garbage run-offs [1]. These environmental pollutants contain several heavy metal ions and the danger
associated with the presence of these heavy metals has been attributed to bioconcentration and
bioaccumulation in the food chain [2] and transported to several locations usually by water [3].
Industrialization has rapidly increased the demand for the exploitation of natural resources and
exacerbated environmental pollution, particularly in antimony deposition into water bodies over the
past century [4]. Heavy metal pollution, a growing global concern, is causing significant
environmental damage due to various pollutants including inorganic ions, organic pollutants, organ
metallic compounds, radioactive isotopes, gaseous pollutants, and nanoparticles.

Heavy metals as described by Barrera et al., [5] are elements whose density is equal to or greater than
6.0 g/cm3 e.g. Lead (Pb), mercury (Hg), cadmium (Cd), and arsenic (As). They have long been used
by man as building materials, as medicine, as pigments, or as additives for petrol [6, 7]. Researchers
later proved that heavy metals generally pose a great deal of problems to mankind due to their
presence in the environment at concentrations above the threshold [8]. Heavy metal pollution is a
global environmental issue causing health complications like lead poisoning, as it is toxic,
indestructible, and bioaccumulates, affecting various systems [9]. Also, excess ingestion of zinc can
lead to microcytosis, impaired immune response, neutropenia, and hypocupremia, [10].

Biosorption of heavy metal is a common practice in industries to reduce environmental pollution and
contamination, reported as a low-cost and efficient method by researchers [11, 12]. A good number
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of agricultural wastes have been investigated for potential biosorption efficiency. Lately, Saleh [13]
reported that adsorption is one of the most suitable techniques for the removal of antimony from
wastewater. Antimony biosorption activity of grapefruit peel, peapod shelling, green bean husk wheat
straw, black gram husk, rice straw, and husk were investigated by 1qgbal et al., [14]; that of lichen
Physcia tribacia studied by [15]; and, Hasan et al. [16] revealed excellent Sb(V) removal efficiency
of orange peels treated with acetic acid. The Proposed mechanism for biosorption depends on the
interactions between the metallic cations and the anions contained in the biomass [17]. Adsorption
has been studied using various models, such as Langmuir and Freundlich isotherm, to gain a better
understanding of its nature [18]. The thermodynamic consequences of the biosorption process
highlight exothermic and endothermic aspects which indicate the suitability of nonliving biomass for
various adsorption studies. The surface modification techniques reported by Yakubu et al., [19] for
biomass surface functionalization increase the sorption capacity. The common chemical modification
methods are acid or alkali treatment and cross-linking with glutaraldehyde and epichlorohydrin.
This study explores the use of Camellia sinensis biomass as an adsorbent for heavy metal removal
from contaminated aqueous solutions. It highlights the potential of converting tea leaves and fibers
into biosorbents, reducing waste and pollution while promoting a safe aqua environment.

MATERIALS AND METHODS

The reagents used in the experiments were Sh.Os (Analytical grade), HCI (ECOCHEM Ltd 69%
Technical Grade), and NaOH (98% ACL Labscan). A stock solution of antimony pentaoxide of about
0.1 M was disolved in distilled water from which serial dilutions were made for concentrations of 20
mg/L, 30 mg/L, 40 mg/L, and 50 mg/L. 0.1 M solution of HCI and 0.1 M NaOH was also prepared
in distilled water. Fourier transformed infrared spectroscopy (Happ-Genezel) was used for functional
group analysis and Atomic Adsorption Spectroscopy AA500 AAS (PG Instruments) for residual
metal concentrations after adsorption.

Preparation of adsorbent

Both tea leaves and tea fiber (Camellia sinensis) used for this experiment were collected from Kakara
High Land Tea, Sarduna L.G.A of Taraba State. The leaves were washed and rinsed, sun dried for 7
days, pulverized, sieved, and stored in an airtight polyethylene bag for analysis. The dried tea fiber
was also pulverized and sieved [20].

Adsorption studies

Batch adsorption studies were carried out to obtain both rates of adsorption and equilibrium data.
This was performed by varying concentration, adsorbent dosage, contact time, pH level, and
temperature.

Effect of Biosorbent dosage

About 1 g, 2 g, 3 g, and 4 g of the adsorbent was weighed into different conical flasks. 50 cm? of
metal solution was measured into each of the conical flasks and labeled. The flasks were corked, and
the mixture was agitated with the aid of a shaker for 1 hour to attain equilibrium, the slurries were
then filtered using Whatman filter paper and a plastic funnel, the filtrates were kept in well-labeled
containers and thereafter the concentrations of the resulting filtrate were determined using atomic
absorption spectrometer [21, 22].

Effect of time

About 1 g of biosorbent was suspended in different conical flasks containing 50 cm® 40 mg/L of
antimony metal solution. Each beaker was agitated on an electrical shaker/rotatory mixer at 30 rpm
and the time difference between each beaker was 10 minutes, 20 minutes, 30 minutes, and 40 minutes.
A temperature of 25 °C, pH of 6, and concentration of metal 0.1 M were kept constant. The solutes
were extracted, centrifuged at 4000 rpm for 3 minutes, separated from the biosorbent, and then
analyzed using an atomic absorption spectrometer [21+23].
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Effect of Initial Concentration

Approximately 50 cm? each of metal solution, containing different concentrations; 20 mg/L, 30 mg/L,
40 mg/L, and 50 mg/L were measured into different conical flasks. 1 g of the biosorbent was dispersed
onto each of them, the flasks were corked, and the mixture was agitated with the aid of a shaker for
1 hour to attain equilibrium, the slurries were then filtered using Whatman filter paper and a plastic
funnel. The filtrates were then kept in well-labeled containers and thereafter the concentrations of the
resulting filtrates were determined using an atomic adsorption spectrometer [22, 24].

Effect of pH

For the effect of pH on the biosorption of Antimony (Sb), experiments were conducted at 25°C by
contacting 1 g of the tea leaves and tea fiber with 50 cm? of 40 mg/L antimony solution in a conical
flask. The pH of each of the solutions was adjusted to the desired value with 0.1 M sodium hydroxide
and or 0.1 M Hydrochloric acid. The study analyzed antimony concentration in conical flasks at
different pH values, and decanted biomass, and analyzed residual antimony concentration in
triplicates using an AAS machine [25+28]. The effect of pH on the biosorption of metal ions was
carried out within the range that does not influence the precipitation of the metal [29].

Effect of temperature

About 50 cm?® of 40 mg/L of the antimony metal solution was measured into four different conical
flasks which were adjusted on a temperature scale of 313 K, 323 K, 333K, and 343 K. 1 g of the
adsorbent was then weighed and poured into each flask. The slurries were shaken for 1 hour, filtered
using Whatman paper and a funnel, and the concentration of the filtrates was determined using an
Atomic Adsorption spectrometer [21, 22].

Estimation of Metal Uptake

The equilibrium metal uptake ge and the adsorption efficiency in the percentage of the biomass were

calculated according to equations 1 and 2:
__ (Co-Ce)

qe= m v, (1)
% efficiency= (COC_Oce)X 100, (2)

where ge is the metal ions uptake at equilibrium (mg/g), V is the volume of the metal solution used
(L), Cois the initial concentration of a metal ions in solution (mg/L), Ce is the final concentration of
a metal ion in solution at equilibrium (mg/L), and m is the mass of biosorbent (g).

Characterization of adsorbent: adsorption kinetics

Kinetics involves the study of the rate of chemical reactions or processes and facilitates an
understanding of the factors that influence these rates. It is important to monitor the experimental
conditions that influence the speed of a chemical reaction in its race toward equilibrium. These
kinetics provide information about the possible mechanism of adsorption. In addition, the different
transition forms until the final adsorbent complex are revealed. The data obtained is used to develop
appropriate mathematical models to describe the interaction. The adsorption mechanism of Antimony
onto the tea leaves and tea fiber was studied using first order and second-order kinetic equations [30].

Pseudo-first order kinetics model
The first-order rate expression of the Langeron model is expressed in equation 3:

a

a_q: = K1(qe-q¢) (3)
The integrated rate law after application of the initial concentration at gq:= 0 and t = 0; becomes a
linear equation given by equation 4:

log(ge — qt) = logqe — %t 4)
where: ge is the quantity of metal uptake at equilibrium (mg/g), gt is the quantity of metal uptake at

time t. If the pseudo-first order is applicable, a plot of log (ge-qt) versus t should yield a linear
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connection. The slope and intercept of the curve can be used to derive the constant ki and projected,
respectively [31].

Pseudo-second order kinetics model

The first order kinetics model gives only ki and ge cannot be estimated using this model, the
applicability of the second order kinetics must be tested for the estimation of ge with the rate equation
is given by:

]
T = Ka(qe-q0)° (5)
Integrated rate expression for second order kinetic model is presented in equation 6:
1 1 1
= +—t (6)

ac k24 Qe
where: ko (mg/g.min) is the rate constant of the second-order equation, g: (mg/g) is the metal absorbed
at time t (min), and ge is the metal adsorbed at equilibrium (mg/g). A plot of t/ge versus t should be
given a linear relationship which allows the computation of the second-order rate constant kz and ge.
The second-order model assumes that the rate-limiting step may be chemical adsorption involving
valence forces through the sharing or ion exchange of electrons between the absorbent and adsorbate
[32].

Equilibrium Isotherm Model

The analysis of isotherm data is crucial for developing accurate equations for design and optimization.
The most common isotherms in solid-liquid systems are theoretical equilibrium isotherms like
Langmuir and Freundlich [33].

Langmuir Adsorption Isotherm
The Langmuir adsorption isotherm, also known as the ideal localized minelayer model, is a theoretical
framework that studies the adsorption of gases on solid surfaces [34]. Adsorption of adsorbate into
an adsorbent requires three assumptions: contact with strongly attracted adsorbent surface, monolayer
adsorption, and specific sites for solute absorption. The Langmuir isotherm equation is presented in
equation 7.
q Qok, Ce (7
o=

- 1+KLCe

Langmuir adsorption parameters were determined by transforming the Langmuir equation into linear
form (equation 8).

1 1 1

de _QO_QOKLCe ®)
where: Ce is the equilibrium concentration of adsorbate (mg/L), ge is the amount of metal adsorbed
per gram of the adsorbent at equilibrium (mg/g), Qo is maximum monolayer coverage capacity
(mg/g), Ki is the Langmuir isotherm constant (L/mg) The values of Qo and K. were computed from

the slope and intercept of the Langmuir plot of — versus —

The equilibrium parameter RL, is a dlmensmnless constant referred to as the separation factor
(equation 9).
R _ 1 9)

1+(1+Kj, XCp)
where: Co is the initial concentration, Ki is the constant related to the energy of adsorption
(Langmuir), Ry value indicates the adsorption nature. It is either unfavorable (R.>1), linear (R.=1),
favourable (0<R_<1) and irreversible (R.=0).
Freundlich adsorption isotherm
Regarding Freundlich adsorption isotherm, it is assumed that the stronger bonding sites are occupied
first, and the binding strength decreases with increasing degree of site occupation. This isotherm are
used to study the heterogeneity and surface energy. The empirical equation proposed by Freundlich
is presented in equation 10:
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CI6=Kng (10)
where: Kr and n are coefficients, ge is the weight adsorbed per unit weight of absorbent, Ce is the
equilibrium concentration of the metal solution. Taking logarithm and rearranging, the following
equation results:

log qe=log Kf+ %Iog Ce (11)
The constant Ks is an approximate indicator of adsorption capacity, while 1/n is a function of the
strength of adsorption in the adsorption process [35].
If n =1 then the partition between the two phases are independent of the concentration. If the value
of 1/n is below one it indicates normal adsorption [36]. When 1/n is more than one, cooperative
adsorption takes place [36]. As a result, when the system's temperature rises, changes in the constants
Kf and n indicate slow adsorption, which calls for higher pressure to enhance sorption saturation at
the surface. When determining the kinetics and isotherm models of the sorbent-sorbate process, the
Kf and n parameters play a crucial role [37, 38]. The 1/n values have a significant influence on the
heterogeneity of the system defined by both linear transform equations and linear least squares. When
1/n = 1, this expression reduces to a linear adsorption isotherm. A favourable sorption process is
indicated if n is between one and ten.

Thermodynamic studies

In environmental engineering practice, both energy and entropy factors must be considered to
determine which process will occur spontaneously [39]. The thermodynamic parameters were
obtained by varying the temperature conditions while keeping other variables constant including
metal concentration, pH, adsorbent dose, and contact time. The apparent equilibrium constant (kc) of
the biosorption is defined in equation 12:

K, _ ge (12)
where ge is the concentration of silver on the absorbent (mg/g) and C. is the residual silver
concentration at equilibrium (mg/L). In this case, the activity should be used instead of concentration
to obtain the standard thermodynamic equilibrium constant (kc) of the absorption system [40].

The values of the thermodynamic parameters such as AG®, AH®, and AS°, can be calculated using the
expression presented in equation 13. The Gibb's free energy of the absorption process is calculated
[35].

AG®°=-RT In K¢ (13)
Where AG° represents the standard Gibb’s free energy change for the adsorption (J/mol), R represents
the universal gas constant (8.314 J/mol/K) and T represents the temperature (K). The plot of InKc
versus 1/T gives a straight line with the slope and the intercept giving values AH®, and AS°. These
values could be used to compute AG® from Gibb's relation (equation 14).

AG® = AH>-TAS® (14)
Positive change in enthalpy (AH®) implies that the adsorption is an endothermic process, but positive
change in entropy (AS°) reflects enhanced randomness at the solid/ solution interface.

RESULT AND DISCUSSION

FTIR analysis

FTIR is used to analyze vibrational frequencies of functional groups, revealing their molecular
structure. Non-zero dipole moment in these groups influences chemisorption of metallic pollutants
by biomass. Table 1 presents the difference in functional groups for tea leaves and tea fibers.

The FTIR results of tea leaves exhibit N-H at 3697.5 cm™ indicating the presence of primary aming;
O-H band at 3615.6 cm™ corresponding to alcohol, carbohydrate, proteins, and phenols; C-H band at
2918.5 cm an indicative of alkane; P- band at 2322.1 cm™ corresponding to phosphine and C=0
signaling an aromatic ketone. The presence of primary amine was fully confirmed with the band at
1606.6 cm™, also the band at 1364.2 cm™ is an indicative aromatic amine; a band at 1233.7 cm™
signaled the carboxylic acid and 1010.1 cm™ shows the presence of primary alcohol or/and ether [41].
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Table 1. FTIR analysis for tea leaves and tea fiber

Tea leaves Tea fibers

Peak Bond type Functional group Peak Bond type Functional group

wavelength wavelength

3697.5 N-H Primary amine 3276.2 0-H Carbohydrate;
protein; phenol

3615.6 O-H Carbohydrate; protein; [2918.5 C-H Alkane

alcohol

2918.5 C-H Alkane 1625.1 -C=0 Amide band |

2322.1 P- Phosphine 1513.1 -C=0 Carboxylic acid

1729.5 C=0 Aromatic ketone 1513.8 C-N Amide band 111

1606.5 N-H Primary amine 1144.2 C-O0 Secondary alcohol

1461.1 -C=0 Inorganic carbonate 1017.6 R-O-R Ether

1364.2 C-N Aromatic amine

1233.7 R-COOH Carboxylic acid

1010.1 C-O Primary alcohol

The FTIR results of tea fiber, on the other hand, exhibit an O-H stretch band at 3276.3 cm™
corresponding to alcohol, carbohydrate, proteins, and phenols; C-H band at 2918.5 cm™ indicating an
Alkane; a —C=0 band at 1625.1 cm™ correspond to the amide; while a C-O band at 1144.2 cm*
correspond to secondary alcohol and C-O band at 1017.6 indicates an ether or/and primary alcohol.
The spectrum explains that some peaks were shifted or disappeared, and new ones formed. These
changes observed indicate the tendency of chemical adsorption.

Adsorption studies: pH effect

Figure 1 presents the plots of the effect of pH on the adsorption of both tea leaves and tea fibers. From
the graph, it was observed that there was a decrease in adsorption as the acidity decreased from pH of
three to five followed by a steady increase as the acidity further decreased for tea leaves. The tea fiber's
adsorption efficiency increased with pH increase from three to five, then decreased as pH shifted
towards alkalinity, establishing an equilibrium concentration at pH 5. At low pH values, metals compete
with excess H+ ions for adsorption on sorbent surfaces, reducing removal and biosorption efficiency.
Raised pH increases adsorption due to —OH group attraction [42].
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Fig. 1. Effect of pH of the sorption of antimony by tea leaves (a) and tea fibers (b) at 40 mg/L
Antimony / 1 g bio sorbents

Effect of adsorbent dosage

The experiment results on the effect of adsorbent dosage in Figure 2 shows respectively that
equilibrium was attained at an adsorbent dosage of 2.0 and 3.0 g for tea leaves and tea fiber
respectively. Beyond this equilibrium condition, the adsorption efficiency dropped below the
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equilibrium concentration. This indicates that the adsorption of antimony unto both tea leaves and tea
fiber increases steadily and reaches a maximum, then desorption sets in. The biosorption efficiency
of tea fiber decreases between 1 and 2 g dosage of biosorbent due to lower available binding sites or
functional groups to the initial concentration of metallic pollutants, as fewer pollutants exhaust the
limited binding sites.
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Fig. 2. Effect of dosage (g) of the sorption of antimony by tea leaves (a) and tea fibers (b), in %

Effect of initial concentration

The effect of the initial concentration of antimony in the aqueous solution shows an increase in %
removal with a decrease in concentration for tea leaves and the tea fiber shows a steady decrease in
% removal with increasing metallic ion concentration as presented in the plots of Figure 3(a, b). The
equilibrium concentration for both the tea leaves and tea fibers to the effect of initial concentration
were obtained at a dosage of 40 and 30 mg/L respectively.
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Fig. 3. Effect of initial concentration (mg/L) of antimony on the sorption efficiency of tea leaves (a)
and tea fibers (b), in %

Effect of temperature

The study reveals that temperature affects the adsorption of antimony on tea leaves and tea fiber, with
an increase in temperature causing a decrease in adsorption captured in figure 4 (a, b). This indicates
that adsorption reactions are normally exothermic. For the tea leaves (figure 4a) between the
temperatures of 313 and 333 K, the adsorption efficiency remains almost stable, attaining an
equilibrium at about 333 after which a steep decline in the adsorption efficiency was observed as the
temperature increases up to 343 K. For the tea fiber, the reverse was the case where there was a steep
decline in the adsorption efficiency between 313 and 333 k and maintaining an almost stable condition
above these temperatures. In essence, increasing temperature decreases the adsorption efficiency of
the biosorption of antimony by tea leaves and tea fibers respectively.
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Effect of contact time

Time is a crucial parameter in biosorption studies, as it provides insight into kinetics and rate of
process, essential for efficiency in industrial applications. The effect of contact time on batch
adsorption for both tea leaves and tea fiber show that adsorption decreases between 15 and 20 minutes
and then increases steadily between 20 minutes to 30 minutes (figure 4 b, ¢). The % removal of the
metal by the biosorbent then starts decreasing again with an increase in time up to 40 minutes. This
implies that equilibrium time was attained at 30 minutes since adsorption decreases afterward. The
adsorption process was found to be very rapid initially and a very large fraction of the total
concentration of metal was removed in the first 30 minutes.
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Fig. 4. Effect of temperatures (a, b) and effect of time (c, d) on the sorption efficiency of tea leaves
(a, ¢) and tea fibers (b, d) at 40 mg/L Antimony/1 g biosorbents

Adsorption isotherm

Adsorption isotherms describe the relationship between bulk adsorbate concentration and adsorbed
amount at the interface, assuming all adsorption sites are equivalent and particle binding ability is
independent of adjacent sites [39, 43]. The research utilized Langmuir and Freundlich isotherm
models for process simulation to enhance understanding of the adsorption isotherm of antimony. For
the Langmuir model, the regression correlation coefficient (R?) for both tea leaves and tea fiber was
found to be 0.783 and 0.252 respectively and that of the Freundlich was 0.3607 and 0.8265 for both
tea leaves and tea fiber respectively (figure 5). This implies that the equilibrium data agrees well with
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Langmuir better than Freundlich which assumes that a monolayer is formed and the uniform energies
of adsorption onto the tea leaves and tea fiber and that no trans-migration of antimony on the adjacent
binding sites, [44].
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Fig. 5. Freundlich isotherm plot (a, b) and Langmuir adsorption isotherm plot (c, d) for tea leaves
(a, ¢) and tea fibers (b, d)

Table 2. Langmuir and Freundlich result for tea leaves and fibers

Langmuir isotherm Freundlich isotherm
Qo(mg/g) Ku(L/mg) RL R? 1/n n Ki(mg/g) R?
Tea leaves 0.1857 0.1185 6.74 0783 | 0.444 2252  -0.0401 0.3607
Tea fiber 1.5115 0.0396 3584 0.2519 | 1.182 0.843 -0.0532 0.8265

Thermodynamics

The thermodynamic behavior of the biosorption of Sh(Il) on the biomass can be fully understood by
calculating the thermodynamic parameters including the enthalpy and entropy from the slope and
intercept of a plot of In k¢ versus 1/T as shown in Figure 6 (a, b) for the tea leaves and tea fiber
respectively (tables 3, 4).

Table 3. Percentage removal related to the temperatures

Adsorbent Temp, K 1/T*10°  Ce(mg/L) Qe(mg/L) Kc(g/L) Inkc %removal
Tea leaves 313 3.20 0.250 1.9875 7.95 2.07 99.38
323 3.10 0.310 1.9845 6.40 1.86 99.23
333 3.00 0.340 1.983 5.83 1.76 99.15
343 3.90 0.740 1.963 2.65 0.97 98.15
Tea fibers 313 3.20 0.500 1.975 3.95 1.37 98.75
323 3.10 0.68 1.966 2.89 1,069 8.30
333 3.00 0.720 1.964 2.73 1.00 98.20
343 3.90 0.790 1.196 1.51 0.41 98.03
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The biosorption of Sb(Il) ion on tea leaves and fiber showed an endothermic enthalpy change,
increasing randomness at the solid/solution interface. The Gibbs free energy change indicated
spontaneity, confirming the process's feasibility and spontaneous nature.
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Fig. 6. Thermodynamic studies for tea leaves (a) and tea fibers (b).

Table 4. Thermodynamic parameter
Tea Leaves Adsorbent

Temperatures K

AG°(KJ/mol) AH°(KJ/mol) AS°(KJ/mol)
313 -826.764
323 -853.186
333 -879.608 0.2449 2.6422
343 -906.029

Tea Fibers Adsorbent

Temperatures K

AG°(KJ/mol) AH°(KJ/mol) AS°(KJ/mol)
313 - 862.574
323 -890.142
333 -917.709 0.3046 2.7568
343 -945.278

Kinetics of the biosorption

Two kinetic models; first order and second order were used to describe the experimental data obtained
for the adsorption of antimony onto tea leaves and tea fiber. The correlation coefficient (R?) was
0.842 and 0.731 for both tea leaves and tea fiber for the first order. On the other hand, the value of R?
for the second order was 1.00, for tea leaves and tea fiber respectively (figure 7), which both agree
well with the experiment data. The second-order kinetics model better describes antimony adsorption
on tea leaves and fiber, indicating chemisorption due to electron sharing between the adsorbent
surface and adsorbate. Tables 5 and 6 show data for first and second-order kinetic models for
antimony sorption by tea leaves and fibers. Second-order kinetics were better, while first-order
kinetics had a large deviation.

Table 5. First-order kinetics for both tea leaves and tea fibers

Tea leaves Tea fibers
Time (min) a-x K1 Time (min) a-x K1
10 38.0085 10.3836 10 38.0075 10.3782
20 38.024 5.2336 20 38.017 5.2146
30 38.0205 3.4827 30 38.0125 3.4685
40 38.0535 2.6574 40 38.024 2.6168
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Table 6. Second-order kinetics for both tea leaves and tea fibers

Time (min) a-x X K1 Time (min) a-x X K1
10 38.0085  1.9915 0.01309 10 38.0075 1.9925 0.0131
20 38.024 1.976 0.01299 20 38.017 1.983 0.0260
30 38.0205  1.9795 0.03905 30 38.0125 1.9875 0.0392
40 38.0535  1.9465 0.2046 40 38.024 1.976 0.0519
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Fig. 7. First-order (a, b) and second-order (c, d) kinetic studies of tea leaves (a, c)
and tea fibers (b, d). (c)

CONCLUSIONS

In this study, tea leaves and tea fiber were investigated for adsorption of antimony from an aqueous
medium and were found to be effective biosorbent for the removal of Sb (Il) from simulated
wastewater, the study showed that the different parameters observed during the research including
initial concentration, contact time, the adsorbent dose, temperature, and pH of the solution influenced
the adsorption process. Two adsorption isotherms, namely, Langmuir and Freundlich were used to
analyze data. The Langmuir isotherm gives the following correlation coefficient R? values of 0.7831
and 0.2519 for tea leaves and tea fiber respectively. In contrast, the Freundlich isotherm gives 0.3607
and 0.8265 values for tea leaves and fiber, respectively. The kinetic study utilized first-order and
second-order kinetics, with the second order fitting well for tea leaves and fiber. Thermodynamic
studies confirmed a feasible, spontaneous, and endothermic adsorption process. The research suggests
that low-cost by-products of tea leaves and fiber processing can effectively remove antimony from
wastewater.
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