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The current research investigated how effectively two biosorbent materials made
from green tea; dry powdered material (DPM) and charcoal powdered material
(CPM), removed the methylene blue from aqueous solutions. Various
experimental parameters were examined, including the pH, temperature, initial
dye concentration, amount of adsorbent, and contact time. The results
demonstrated that the maximum adsorption efficiency for both DPM and CPM
occurred at pH 10. The adsorption equilibrium was rapidly attained for DPM and
CPM, taking 10 and 15 min, respectively. The adsorption data was fitted with four
isotherm models: Dubinin-Kaganer-Radushkevich (D-R) model, Freundlich,
Temkin, and Langmuir models. The best correlation was found in Langmuir model
(R? = 0.996 & 0.991). Maximum adsorption capacity values of 15.58 mg/g for
DPM and 18.66 mg/g for CPM were found using the Langmuir equation. The
adsorption kinetics followed a pseudo-second-order model. The thermodynamic
results showed a standard enthalpy change (AH° = 24.40 and 4.07 kJ/mol),
standard entropy change (AS°=92.93 and 13.34 J/mol-K), and standard Gibbs free
energy change (AG°® = —3.31 and 0.20 kJ/mol) for DPM and CPM, respectively.
These findings indicate that the biosorption process is spontaneous and
endothermic, as evidenced by the negative values of Gibbs free energy change
(AG®° < 0) and the positive values of enthalpy change (AH® > 0), respectively. The
study demonstrates the efficient way in which dyes from wastewater can be
removal by using biosorbents made from green tea.
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1. Introduction

Due to its well-known high water consumption, the
textile industry is one of the largest water-intensive
industries in the world economy [1]. For the purpose of
producing 8000 kg of fabric per day, a standard-sized
textile mill needs roughly 1.6 million liters of water
[2,3]. Consequently, this enterprise generates
substantial amounts of wastewater including hazardous
substances such as surfactants, heavy metals as Cu (l1),
and dyes [4]. These substances' high toxicity, enduring
presence in the environment, and propensity to
accumulate in living things can all have a substantial
effect on ecosystems. Therefore, it is imperative that
these chemical species be eliminated from industrial
effluents before they are released into natural water
bodies [5-7].

There are numerous environmentally safe techniques
for extracting dyes from aqueous solutions, such as
membrane filtering, coagulation, chemical oxidation,
and adsorption [8-16]. Adsorption is one of these
techniques that has several advantages [17]. Its user-
friendliness and ease of adaptation to different
circumstances stem from its straightforward operation
and implementation [18]. Furthermore, adsorption is
highly effective in eliminating impurities, guaranteeing
complete water purification. This approach is a good
choice for large-scale applications because it is also
reasonably priced. Moreover, the adsorption process's
recyclable and sustainable nature are improved by the
materials' frequent regeneration and reuse [19-20].
Adsorption is the method of choice for efficiently
removing colors from water because of its many
advantages, including its high efficiency, sustainability,
economic feasibility, and ease of operation.
Furthermore, research is constantly improving
adsorbent materials and procedures, which raises the
viability and efficacy of adsorption as a first line of

treatment for wastewater containing phenol [21- 22].
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An essential parameter for evaluating an adsorbent's
efficacy is its adsorption capacity. Wastewater
treatment has made use of a number of inexpensive
alternative adsorbents made from biomass, industrial
solid waste, agricultural byproducts, and solid waste

from agriculture [23].

These adsorbents can be made from materials like rice
husk, pinewood, wheat, sugarcane bagasse, orange
peels, olive leaves, switchgrass, coffee and tea, and
Ficus carica bast. Examples of these materials include
clay, sludge, montmorillonite, flax fiber, zeolite, and
biochar [24-38]. Wastewater containing dyes has been
effectively treated by adsorption using these materials.
However, because of its comparatively low adsorption
capability, classic activated carbon is not widely used
for pollution removal. Its limited surface functional
groups, low adsorption selectivity, tiny specific surface
area, and electrochemical characteristics are the reasons

for this limitation.

The research investigated how well two green tea-
derived biosorbent materials; dry material (DPM) and
charcoal (CPM), removed methylene blue from aqueous
solutions. The study's goals were to: (1) use adsorption
models to confirm the adsorption rate and capacity; (2)
evaluate the thermodynamic parameters that control the
adsorption process; and (3) determine the factors that
affect adsorption, such as contact time, adsorbent dose,
initial dye concentration, pH, and temperature.

2. Materials and methods
2.1. Chemicals

Analytical-grade chemicals were all utilised, and no
additional  purification was necessary. Merck,

Darmstadt, Germany provided the hydrochloric acid,
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sodium hydroxide, and methylene blue dye. De-ionized
water was used to make stock solutions of methylene
blue, which were subsequently serially diluted to

produce the working solutions.
2.2. Instrumentation

MB dye concentration was measured utilizing a UV-
Visible spectrophotometer (6305 uv-
Spectrophotometer from Jenway) both before and after
adsorption. At 660 nm, the concentration of MB was
measured. Using methylene blue concentrations from 1
to 10 ppm that were obtained from the stock solution, a
calibration curve was made. A pH meter (3505 Jenway
pH meter) was used to measure the pH. After that, the
container containing the dye solution and adsorbent
material mixture was put in a shaker bath with

temperature control to reach the required temperature.
2.3. Preparation of adsorbent materials

The waste green tea leaves were taken from Libyan
coffee shops in Misurata City. After that, they were
cleaned with double-distilled water and dried in an oven
set to 70 °C for a full day. After being allowed to dry,
the leaves were pulverised using an electric grinder and
screened to remove any particles larger than 125 pm. To
get ready for the dry adsorbent material (DPM), this was
done. After that, the resultant material was kept in

separate containers for later research use [39].

The dry material was heated to 550 °C in a furnace for
two hours in order to undergo pyrolysis and create
charcoal powder (CHM). Following this procedure, the
biochar was removed, ground into a fine powder, sifted,
cleaned with double-distilled water, and then dried at 60
°C. For use in additional research, this finished product

was stored [40].
2.4. Biosorption procedure

Batch studies were carried out to examine how
important factors including pH, contact time, adsorbent

dose, beginning dye concentration, and temperature
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affected the adsorptive removal of methylene blue
(MB). Every experimental run involved 150 rpm
agitation of 50 mL of dye solution. The following ranges
of parameters were tested: pH range (3-10),
temperature range (25-50°C), contact time (0-30 min),
adsorbent dose (0.1-1.0), and dye concentration (5-200
ppm), until equilibrium was established. After the
samples were removed, the remaining dye concentration
in the aqueous solution was examined in order to
calculate  the  kinetics, isotherm, and other
thermodynamic adsorption parameters. One could
change the pH of the solutions by adding HCl or 0.1 M
NaOH. The following formula [41] was used to get the

dye clearance percentage:

%R= =2 x 100 1)

o

Where C, and C. are the starting and equilibrium dye

concentrations, respectively, in milligrams per litre.

Equation [41] was used to determine the equilibrium
adsorption capacity once the system achieved

equilibrium concentration.

(Co' Ce) \4
Q= T 6
Where V is the volume of solution (L), M is the mass of

the adsorbent (g), and Q. is the equilibrium adsorption
capacity (mg/g).
2.5. Isotherms study

The methylene blue adsorption data on DPM and CPM
was obtained, and as indicated in Table 1, the
applicability of the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D-R) isotherms [42-44] was

assessed.
2.6. Kinetics study

To determine which step of the adsorption process is
rate-limiting, the kinetics of adsorption were examined
in isolation. As shown in Table 1, two different kinetic

models [45-46] were used to assess the effectiveness of
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DPM and CPM as adsorbents for the removal of
methylene blue. These models are known as pseudo-

first-order and pseudo-second-order, respectively.

Table 1. Isotherms and kinetic models equations and parameters [42-46]

Isotherms Models

Parameters

Qe: the adsorption capacity (mg/g)
Ce (Mmg/L): concentration at equilibrium

The Langmuir constant is b (L/mg) and the maximal
adsorption capacity is Qm (mg/g).

Kr (mg/g (L/mg)1/n): Freundlich adsorption constants

n: Empirical constant characterizing the heterogeneity of the
adsorbent surface

Temkin adsorption constant, Bt (J/mol)
Temkin isotherm constant, Kt (L/mg)
B: Dubinin-Radushkevich constant (mol?/J2)

Polanyi potential & (J/mol) and R (kJ/mol K) The constant of
gas

T (K): Temperature in absolute terms

Kinetic Models

Xt

Eq' Model Linear equation
0.
) 11 1
3 Langmuir Q—: Q—+ bQ. C
e m m ¢
. 1
4 Freundlich log Q. = logKg + 3 log C,
5 Temkln Qe = BT In KT + BT In Ce
log Qe = log Qm — B €2
6&7 D-R 1
¢=RT Log (1+ C—)
€
Eq. . .
No. Model Linear equation
) k
8 Pseudo-first-order 1“(Qe' Q[) = 1“(Qe)‘ 3303
9 Pseudo-second- U ! + t
order Q kxQ Q

2.7. Thermodynamic parameters

An essential component of studies on adsorption is
thermodynamics. The following equations (5) can be
used to express the thermodynamic factors, such as
entropy change (AS°), enthalpy change (AH®), and
Gibbs free energy (AG®), that affect the spontaneity and

feasibility of the process:

AG=AH-T AS (10)

AG = - RT Ln Ky (11)

To determine the apparent equilibrium constant of

adsorption  (Kc), the standard thermodynamic
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Parameters

Qt (mg/g): Adsorbed quantities at t time
Qe (Mmg/g): Adsorbed quantities at equilibrium

ki (min‘t): The adsorption rate constant

The adsorption rate constant is k2 (g/mg.min).

equilibrium constant should be calculated using activity

instead of concentration:
(12)

The relationship between entropy, enthalpy, and Kqy as
illustrated below could be presented by the following

equation:
(13)
3. Results and Discussion

3.1. Effect of pH on biosorption
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By changing the external charge of the adsorbent
material, the pH variation in the solution has a
considerable impact on the rate of adsorption.
Experiments were carried out in a pH range of 3 to 10
to investigate the impact of pH on the adsorption of
methylene blue (MB) onto dry adsorbent material
(DPM) and charcoal powder (CPM), as illustrated in
Fig. 1. The adsorption of the cationic MB dye was
impeded by the greater concentration of H* ions on the
adsorbent surface, which is probably why a reduced
removal % was seen at pH values below 6. On the other
hand, the cationic dye's adsorption rate was accelerated
at higher pH levels due to the increasing concentration

of anionic charges [47- 48].

Literature on zeta potential studies [49] supports these
observations, indicating that the point of zero charge
(pHezc) of the biochar is approximately 5.8. Thus, at pH
levels above the pHpzc, the adsorbent surface becomes
more negatively charged, favoring the binding of the

positively charged MB species.

DPM CPM
100
80
60

%R

40
20

0 2 4 6 8 10 12
pH

Fig. 1. Effect of pH on adsorption

3.2. Effect of adsorbent dose on biosorption

The adsorbent dose is a crucial factor influencing
adsorption performance. To determine the optimal
amount of adsorbent for methylene blue (MB) removal,
the effect of varying adsorbent doses was studied at a
constant MB concentration. Specifically, 50 mL of a 40
mg/L MB solution was treated with different adsorbent
doses (100, 200, 400, 800, and 1000 mg), as illustrated

LJS Vol. 28, No. 02 (2025) 14-27

in Fig. 2. Both adsorbents, dry powder material (DPM)
and charcoal powder material (CPM), exhibited a
similar trend in MB adsorption behavior under these

conditions.

The removal rate of MB increased as the adsorbent mass
arose because there were more accessible adsorption
sites and pores. After the adsorbent mass hit a particular
threshold, the adsorption process started to approach
equilibrium. At an initial MB concentration of 40 mg/L,
the removal rate of MB reached saturation at an
adsorbent mass of 1000 mg. The inability of the
solution's MB dye molecules to completely occupy all
of the adsorption sites at larger adsorbent doses led to
surface equilibrium and a drop in the amount of

adsorption capacity per unit mass of adsorbent [23,50].

DPM CPM

96
94
92
90
88
86
84
82
80
0 200 400 600 800 1000 1200
Mass, mg

%R

Fig. 2. Impact of adsorbent dose on adsorption

3.3. Effect of contact time on biosorption

In separate batches, spanning from 0 to 30 min, the

effect of contact time on the elimination of methylene

blue (MB) dye was investigated. The findings, which
are displayed in Fig. 3, highlight how important contact
time is to the adsorption process. For DPM and CPM,
the adsorption was quick at first, reaching equilibrium
in 10 and 15 min, respectively. For DPM and CPM, the
maximum removal percentages were 92.8% and 83.3%,
respectively, after 10 and 15 min. Following these
intervals, the saturation of the adsorption process

signified the attainment of equilibrium.
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Fig. 3. Effect of contact time on adsorption
3.4. Effect of initial concentration on biosorption

Over a concentration range of 5-200 mg/L, the impact
of dye concentration on the sorption of methylene blue
(MB) onto DPM and CPM was examined (Fig. 4).
Higher MB concentrations led to an increase in the
equilibrium adsorption capacity, which rose from 1.31
mg/g to 57.90 mg/g for DPM and from 1.21 mg/g to
25.97 mg/g for CPM. No discernible variations in
removal efficiency were seen above a certain dye
concentration (Fig. 4). At larger dye concentrations,
there is a stronger pushing force for mass transfer, which
explains this occurrence. The adsorbent surface has
vacant active spots at lower concentrations.
Nevertheless, there are not enough active sites available
for further dye adsorption above the ideal MB

concentration [38,51].

DPM CPM

0 50 100 150 200 250
c, mg/l

Fig .4. Initial concentration's impact on adsorption

3.5. Biosorption isotherms
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Under certain conditions, both the equilibrium
adsorption capacity and the equilibrium concentration
of contaminants are analyzed using adsorption
isotherms. These isotherms aid in determining
adsorption capacity, adsorption behavior, and potential
adsorption mechanisms. The adsorption isothermal
behavior was described using four models: the
Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) models.

As illustrated in Fig. 5, the isotherm data were linearized
using the Langmuir equation. Table 2 displays the
parameters of the Langmuir isotherm. There is good
agreement between the model parameters, as indicated
by the high value of R2 Furthermore, the strong
correlation coefficient indicates that the Langmuir
isotherm; which presupposes monolayer coverage and a
uniform distribution of activity on the sorbent surface,
is applicable. Fitting the Langmuir adsorption
isothermal equation yielded the theoretical maximum
adsorption capacities of MB onto DPM and CPM,
which were 15.58 and 18.66 mg/g, respectively. DPM
and CPM had highest experimental adsorption
capabilities of 28.40 and 16.83 mg/g, respectively.

The Langmuir equation also allows for the calculation
of the dimensionless separation factor (R.). The RL
values were 0.041 and 0.067, implying that both DPM
and CPM adsorbed MB favorably [53]. The same data
were also fitted with the Freundlich equation, as Fig. 6
illustrates. R? values showed that the Freundlich
equation and the experimental data agreed well, albeit
marginally less so than the Langmuir model. Table 2
lists the pertinent Freundlich coefficients, which were
determined using the isotherms.

Lower agreement was found when the Temkin and D-R
isotherm models (Figs. 7 & 8) were fitted to the
experimental data. R2 values in this range suggest this.

Overall, the Langmuir and Freundlich models and the
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adsorption isotherm analysis results agreed well, with

the Langmuir model exhibiting greater consistency.

#DPM HCPM
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Fig. 7. Temkin isotherms for MB adsorption

Fig. 5. Langmuir isotherms for MB adsorption
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Fig. 6. Freundlich isotherms for MB adsorption Fig. 8. D-R isotherms for MB adsorption

Table 2. Isotherms parameter values for various models in the adsorption of MB onto DPM & CPM

Qm
Qm b
Langmuir Experimental RL R?
(mg.g™) (L.mg?)
(mg.g™)
DPM 15.58 28.40 0.118 0.041 0.996
CPM 18.66 16.83 0.070 0.067 0.991
K n
Freundlich R?
((mg/g)(mg/L)"") (gL
DPM 1.38 1.57 0.979
CPM 1.96 0.61 0.973
Temkin Br Kt R?
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(J.mol?)

DPM 50.96
CPM 11.99
O
D-R
(mg.g?)
DPM 25.32
CPM 12.14

3.6. Biosorption Kinetic

Pseudo-first- and second-order kinetic models were
used to analyse the data for the adsorption of MB onto
DPM and CPM. Table 3 provides a summary of the
findings. The results presented in Figs. 9 and 10
demonstrate that the correlation coefficients for the
pseudo-second-order kinetic model (1.000 and 0.999)
were substantially higher than those for the pseudo-first-
order model (0.009 and 0.370). Additionally, the
calculated equilibrium adsorption capacities (Qe) of
11.21 mg/g for DPM and 10.37 mg/g for CPM from the
pseudo-second-order kinetics closely matched the
experimental values (11.25 and 10.45 mg/g,
respectively). This suggests that chemical interactions

play a significant role in the adsorption process [52].
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Fig. 9: Pseudo-first-order plot for MB adsorption onto: a)

DPM, b) CPM
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Fig. 10. MB adsorption pseudo-second-order plotted
onto: a) DPM, b) CPM
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Table 3. Kinetic parameter values of MB adsorption onto

DPM and CPM
First Qe Qe k1
order (calculated) (experimentally) (min)
(mg.g™) (mg.g™)
DPM 76.21 11.25 0.031 0.009
CPM 1.89 10.45 0.058 0.370
Second Qe Qe k2 (g.mg

order  (calculated) (experimentally)  1.min?)

(mg.g?) (mg.g?)
DPM 11.21 11.25 9.95 1.000
CPM 10.37 10.45 2.38 0.999

3.7. Effect of Temperature on Biosorption

(Thermodynamic Studies)

Experiments were carried out at temperatures of 298,
303, 308, 313, 318, and 323 K to examine the impact of
temperature on the adsorption of methylene blue (MB)
by PDM and CPM. The effect of temperature on MB's
adsorption onto both adsorbents is shown in Fig. 11. For
both adsorbent materials, the equilibrium adsorption
capacity of MB increased as the temperature rose. This
implies that dye molecules' mobility increased with
temperature, demonstrating the endothermic character

of the adsorption process [54].

Thermodynamic variables are vital in determining the
spontaneity and heat change that occur throughout the
adsorption process. These parameters are free energy
(AG®), enthalpy (AH®), and entropy (AS°®). These values
were computed with the assumption that the activity
coefficients are unity at low concentrations (10, 11, 12,
13). Fig. 12 displays the plots of 1/T against InKg, from
which equation 13 can be used to get AS and AH.
Equation 10 can be used to find the value of AG. Table

4 lists the obtained thermodynamic parameters.
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It has been noted that the AG® values for DPM and CPM
are negative at higher temperatures and at all
temperatures, respectively, suggesting that the
adsorption process is spontaneous. The observation of a
decrease in AG® as temperature rises indicates that
adsorption is more effective at higher temperatures. The
adsorption process for methylene blue is confirmed to
be endothermic by the positive AH® value, which
suggests a robust interaction between the adsorbent
materials and methylene blue.

Methylene blue ions must first be partly stripped of their
hydration shell, which requires energy input, before
they can move through the solution and reach the
adsorption sites. As a result, the positive AH® value
suggests that adsorption rises as temperature drops.
Furthermore, during the adsorption of MB onto both
adsorbents, the positive AS® value indicates an increase
in the degrees of freedom at the solid-liquid interface.
This indicates the adsorbents' affinity for MB ions in
aqueous solutions and could point to structural

alterations in the adsorbents [54-56].

DPM @CPM

12

11

10

9.5

295 300 305 310 315 320 325
T, K

Fig. 11. Effect of temperature on adsorption
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second-order kinetic model and the Langmuir isotherm

DPM @®CPM
. model offered the best fit for both adsorbents, according
to the correlation coefficients for the linear equations.
2 Thermodynamic research demonstrated the
15 spontaneous and endothermic nature of the adsorption
7 process.
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