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 Abstract: Tea waste products were thrown out without any intention to utilize their 
potential benefits. This waste will help to improve industries to absorb rhodamine-B 
(RhB) dye pollutants currently used by various industries. This study evaluated the 
application of tea waste products to remove Rh-B from aqueous systems by investigating 
adsorption kinetics in a batch process. The ability and mechanism of Indonesian black 
and green tea in RhB adsorption were determined by optimizing temperature, pH, 
contact time, and concentration of dye solution. Achievement of equilibrium attained at 
40 min for black tea (BT) and green tea (GT). Subsequently, the adsorption capacity 
reached optimum at 80 and 70 °C for GT, and the maximum adsorption capacities for 
BT and GT were 22 and 47 mg/g, respectively, at pH 2.5. The absorption of RhB in both 
bio-sorbents was an exothermic process that well fit the Langmuir model and a pseudo-
second-order reaction. The presented R2 values from the Langmuir isotherm are 0.9967 
(BT) and 0.9979 (GT). The separation factor was determined as 0.026 (BT) and 0.055 
(GT). Thermodynamic studies were carried out to calculate free energy, enthalpy, and 
entropy changes. The result showed that the removal study of BT and GT is 59.06 and 
60.25%, respectively, using 10% acetic acid. Study comparisons were carried out on both 
teas with other bio-sorbents for more improvement. These results show that tea waste 
products can be used as alternative adsorbents to absorb RhB from wastewater. 
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■ INTRODUCTION 

Dyes define as complex organic compounds in 
many industries, such as textiles, plastics, rubbers, 
leathers, cosmetics, and papers [1]. Malachite green, 
methyl violet, azure dye, indigo carmine, and RhB are 
various textile dyes [2]. RhB, a synthetic dye, is commonly 
used in the textile industry. Come with the xanthine 
family, RhB can be applied extensively in biological, 
analytical, and optical sciences [3]. RhB, likewise other 
dyes, is steady even in contact with light, heat, and 
oxidation, and it is highly carcinogenic to animals and 
humans [4]. When RhB is straightly disclosed to the body, 
it can cause biological problems, i.e., inflammation, 

hemolysis, and decreased function liver and kidney. 
Getting rid of dye waste into the environment starts 
environmental destruction. Data shows that 100 tons of 
dyes release into the atmosphere annually and poison 
rivers, which will be challenging to be treated [1]. 

RhB is non-biodegradable, moreover, in high 
concentration, and it is demanding to select the standard 
method to reduce the dye waste before throwing it into 
the environment. Therefore, pre-treatment before being 
sent away is fundamental. Traditional methods, such as 
precipitation, were applied to overcome this trouble. 
Other inventive techniques to treat this waste have also 
been developed, bearing research using photocatalytic 
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degradation [5-7], chemical oxidation [8-9] activated 
carbon [10], metal-organic framework (MOF) [10-11], 
and adsorption [12-13]. 

Based on the current information, adsorption is one 
of the covenant procedures that is commercially efficient, 
flexible, and practical for removing textile dyes from 
wastewater [14]. This method is low-cost and 
straightforward and does not need toxic organic solvents 
[15]. Another benefit of this non-destructive method is 
low energy consumption; it uses no pre-treatment 
method and environmentally friendly materials that can 
be applied [16]. One introductory study of the adsorption 
method is the adsorbent's performance, so selecting the 
adsorbent type is essential. One of the crucial parameters 
for the adsorption method is the adsorbent's 
characteristic. The advantage of bio-sorbents is that they 
are cheap and they apply green chemistry principal. Bio-
sorbents from crops, i.e., almond skin and olive waste, 
have been applied as nanoparticle-activated carbon. It can 
absorb some pollutants, but having a nanomaterial 
structure is sometimes complex and costly. Hence, 
looking for a low-cost and safe alternative adsorbent with 
good capacity adsorption for the environment is crucial. 
In an earlier study, almond shells [4] and banana peels 
[17] were used as bio-sorbent for RhB. The research 
revealed that the shells of almond trees and the adsorption 
capacity of banana skins were insufficient. 

The most popular beverage worldwide is tea, 
"Camellia sinensis." Daily consumption of tea reaches 
twenty billion cups [18]. Catechins and flavanol are the 
compounds in the tea that can be anti-oxidants. The 
mineral content in tea includes magnesium, potassium, 
flour, sodium, calcium, zinc, manganese, and copper. 
Furthermore, the classification of tea includes black, 
oolong, green, white, pure, and dark tea. The withering 
and oxidation processes can produce different varieties of 
tea. Many reports of tea commodity show that it has 
numerous health benefits such as anticancer, cholesterol 
reduction, antibacterial properties, anti-inflammatory, 
and contribution agent to weight loss [19]. Due to its 
potential, extensive research has concluded that tea waste 
is an appropriate bio-sorbent for reducing dyes and heavy 
metals in wastewater. 

Cellulose, lignin, tannin, and structural proteins 
are the chemical compounds found in tea [20]. Specific 
functional groups effectively form physicochemical 
reactions with heavy metals and some pollutants. This 
property helps as a tool to remove hazardous 
contaminants from wastewater. Green tea (GT) 
flavonoids are higher than Black tea (BT). So, the 
adsorption capacity could be higher. The –OH 
functional group of cellulose in tea may form a hydrogen 
bond with the carbonyl group of RhB. 

Therefore, this work uses batch adsorption 
experiments to examine the efficiency of BT and GT in 
RhB adsorption. Specific parameters to be analyzed are 
adsorption study, isotherm, thermodynamics, and 
adsorption kinetics. BT and GT morphologies were 
studied using SEM analysis. The primary objective of 
this research is to enhance the economic value of tea 
waste by reducing the toxic dye concentration in 
wastewater. 

■ EXPERIMENTAL SECTION 

Materials 

Most of the devices used in this study were easy to 
access in most laboratories. The materials used are 
Rhodamine-B (RhB) (99% purity Merck, CAS 81889), 
sodium hydroxide (NaOH) (99% purity Sigma Aldrich, 
415413), hydrochloric acid (HCl) (Merck, CAS 7647-01-
0), acetic acid glacial (Merck, CAS 64-19-7), aquadest, 
black tea, and green tea used in this study were 
purchased from a market in Indonesia. 

Procedure 

BT and GT characterization 
Besides the primary instruments, an Agilent 8453 

UV-Vis Spectrophotometer, Fourier Transform Infra-
Red Spectrophotometer (IR Prestige-21 Fourier 
Transform Infrared Spectrophotometer Shimadzu) and 
Scanning Electron Microscope (SEM SU3500) were also 
utilized for the purpose. Initially, both tea wastes were 
cleaned and boiled in water for 8 h and put in the oven 
at 105 °C to dry overnight. Then, both dry tea wastes 
were grounded until getting a particle size of 80 mesh. 
The batch method was used to study the interaction of 
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RhB with GT and BT bio-sorbent. This study focuses on 
contact times, temperatures, pH, and concentrations. The 
BT and GT adsorption characteristics were studied at pH 
1.0 to 7.0, 10–60 min of contact time, 30–100 °C of 
temperature, and 0.5 to 4 mg/L for RhB as the initial dye 
concentrations. 

The methods are described as follows: 0.2 g of BT 
and GT waste are added to several Erlenmeyer. After that, 
10 mL of RhB dye B 5 mg L−1 is added. The mixture is 
stirred for 10 to 60 min. After that, the mixture was 
centrifuged for 60 min at 4000 rpm. The absorbance of the 
filtrate was measured at its maximum wavelength of 
543 nm [17]. The calculation of the concentration of the 
absorbed dye is prepared. The result indicates an uptake 
curve as a function of contact time. Subsequently, the 
optimal contact time for the absorption of the dye was 
achieved. The temperature change was measured in the 
same manner as the contact time. Furthermore, the 
immersion conditions were performed during the 
optimal contact period. The pH effect has been 
investigated under optimal contact time and temperature 
conditions. During this time, the effect of the initial dye 
concentration is evaluated at the optimum contact time, 
temperature, and pH. 

RhB solutions with different initial concentrations 
in particular volumes were transferred to Erlenmeyer and 
then stirred in a mechanical shaker at 4000 rpm with a 
mass of bio-sorbent for an optimum contact time. The 
standard spectrophotometric method was used to 
calculate the RhB concentration. The batch method data 
was obtained to calculate the equilibrium RhB adsorptive 
quantity using the following expression (Eq. (1)): 

0 t
Vqt (C C )
m

   (1) 

where qt is the RhB adsorbed per g of bio-sorbent (mg/g) 
at time t, V is the volume treated, Ct is the RhB 
concentration in solution (mg/L) at time t, C0 is the initial 
RhB concentration in solution (mg/L), and m is the mass 
of bio-sorbent weight. Furthermore, a scanning electron 
microscope (SEM) was used to study the morphology of 
GT and BT. 

Study of adsorption isotherm 
Equilibrium adsorption isotherms were achieved 

by stirring 10 mg of BT and GT with 5 mg L−1 of RhB 
solutions of different initial concentrations (5–50 mg 
L−1). The dye concentration in the solution and 
adsorption capacity was calculated as described above. 

Kinetics of adsorption 
The kinetic study was done by stirring 10 mg of BT 

and GT with 10 mL of 5 mg L−1 RhB solutions, 
individually, at the same constant speed and optimum 
pH (the pH of the solution was selected as the optimum 
from the pH experiment). Samples were detached at 
appropriate time intervals (10, 20, 30, 40, and 50 min), 
and the absorbance in the supernatant was measured. 
The concentration of the dye in the solution and its 
adsorption capacity was determined as described above. 

Study of thermodynamic 
Batch experiments were treated with 10 mg L−1 

RhB solutions and mixed with 10 mg of BT and GT at 
different temperatures (323 K until 327 K) to study the 
thermodynamics of the adsorption. 

■ RESULTS AND DISCUSSION 

Adsorption Mechanism 

Bio-sorbents BT and GT, which contain 
polysaccharide or polyphenol, have -OH functional 
groups, which may form ester bonds with the carbonyl 
group (C=O) of RhB (Fig. 1). Such a reaction 
mechanism will lead to concluding that the adsorption 
mechanism was chemisorption. Such a reaction 
mechanism was supported by studying the liquid phase 
adsorption of RhB onto Chitosan [21]. In addition to 
chemisorption, the reaction of cellulose with RhB is also 
possible for physisorption. It can be assumed that the N 
atom from the RhB group will interact to form hydrogen 
bonds with the -OH group of cellulose.  

Characterization of the BT and GT 

SEM analysis 
SEM studies the physical properties, morphology, 

and analysis method of organic and inorganic materials  
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Fig 1. Possible reaction mechanism between cellulose from bio-sorbent and RhB 

 
on a nanometer scale to micrometer (μm) of the GT and 
BT [22]. The SEM micrograph of BT and GT before and 
after adsorption with RhB was acquired at a resolution of 
20.000× magnification using a particle size of 1 μm. The 
surface morphology of BT and GT after adsorption with 
RhB (Fig. 2(b) and (d)) conformed narrowly different 
than before adsorption with RhB (Fig. 2(a) and (c)). 

In Fig. 2(a) and (c), the micrograph displayed a 
mesh structure of the GT and BT morphology. After 
adsorption (Fig. 2(b) and (d)), the SEM morphology of 
GT and BT showed new network structures when RhB is 
diffused into the pores. The particles were compactly 
packed with no apparent open porous surface, which 
proved that chemical modification of the surface or 
interaction between bio-sorbent and the RhB dye had 

taken place. The results were similar to other reports 
[17,23]. 

FTIR analysis 
One of the essential topics that must be 

investigated is the mechanism of RhB adsorption on GT 
and BT as active functional groups on the surface of the 
adsorbent are involved in chemical reactions during the 
adsorption process. To address this problem, FTIR 
analysis is therefore required. Fig. 3 shows the usual 
FTIR spectra before and after RhB reacts with the BT 
and GT samples. According to Fig. 3(a), the 
characteristic peak of O–H and N–H was seen in BT at 
3400 cm−1, which is associated with polyphenol 
stretching modes [24]. Alcohol derivatives and phenolic 
substances contain hydroxy functional groups, as shown 
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by wavenumbers that broaden in the 3300 cm−1 areas. 
Areas in phenolic compounds and alcohol derivatives show 
the presence of hydroxy functional groups. The functional 
group of the carbonyl (C=O) bond stretching and the 
double bond of carbon (C=C) in an aromatic circle were 
linked to the strong peak at 1600 cm−1. Stretching of alkane 
(C–H and O–H) was found at wavelength 2900 cm−1, 

while carboxylic acid was given adsorption in an area of 
2800 cm−1. Apart from that, the C–O stretching in amine 
emerged at 1000 cm−1. Identical results were found from 
a previous study [25], where the results of the FTIR 
analysis of tea samples also found absorption at 3388, 
1636, and 1039 cm−1, indicating the presence of a 
hydroxide group, primary amine, double bond C, and also 

 
Fig 2. SEM Image of black tea (a), black tea-RhB (b), green tea (c), green tea-RhB (d) 
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Fig 3. FTIR Spectra of black tea (a) and green tea (b) 

 
the presence of an ether group (C–O–C), respectively. 
This shows that polyphenol, carboxylic acid, and amino 
acid compounds are the main functional groups present 
in tea samples. 

The IR range of GT (Fig. 3(b)) was compared to BT; 
the band at 3300 cm−1 appeared, extending vibrations of 
O–H bunches in water, liquor, and phenols, and N–H 
extending in amines. The C–H extension in alkanes and 
the O–H extension in carboxylic corrosive show up at 
2900 and 2800 cm−1, respectively. The solid band at 
1600 cm−1 was credited to the C=C extension within the 
aromatic ring and the C=O extension in polyphenols. The 
C–N extend of amide gives the band at 1300 cm−1. The C–
O–C extending in polysaccharides gives a band at 
1700 cm−1, and C–O extending in amino acids causes a 
band at 1000 cm−1. Polyphenols, carboxylic corrosive, and 
polysaccharides are plenteous in BT and GT. Fig. 3(a) and 
3(b) appear the FTIR range of BT and GT sometime 
recently and after RhB adsorption. The carbonyl extends 
of C=O of ester from RhB shows up at 1650 cm−1. The new 
C=O bond shape emphatically impacted the retention of 
RhB. The shape of the groups (Fig. 3(a) and (b)) remains 
unaltered but for an increment within the absorbance 
after cellulose responds with RhB. This portrayal takes 
after a past ponder [26]. Absorbance gets to be higher and 
% transmittance after adsorption of RhB into BT and GT 
diminishes. It affirms that these utilitarian bunches tie the 
RhB color through chemical interactions. 

Effect of Contact Time 

Fig. 4 shows how contact time affects adsorption 
capacity. As much as 0.2 g of each BT and GT were 
mixed with 5 mg L−1 RhB solution (pH 2). The contact 
time interval is 10 to 60 min. Adsorption increases 
significantly in the first ten minutes. Adsorption is fast 
initially and slows down near equilibrium. This finding 
is supported by previous studies, which found that color 
removal was rapid in the early stages of contact time and 
decreased over time [4]. As can be seen from Fig. 4(a), 
40 min is the equilibrium time before adsorption 
remains constant. In 40 min, the adsorption capacity of 
BT and GT was 0.8 and 1.22 mg/g, respectively. Iryani et 
al. [15] found that the adsorption process stays higher 
during a contact time of about 80 min. While adsorption 
of RhB using nanoparticle-modified surfactants achieves 
a faster contact time of about 30 min [27]. 

Effect of Temperature 

Five mg L−1 RhB (pH 2) was stirred for 40 min with 
the BT and GT at different temperatures (30–100 °C). 
Fig. 4(b) shows that the adsorption capacity is small at 
0.2 mg/g (BT) and 0.38 mg/g (GT) at 30 °C. As the 
temperature increases, it affects the adsorption capacity 
and reaches the optimal adsorption at 80 °C, while for 
BT at 70 °C. The capacity showed 1.2 and 0.8 mg/g for 
GT and BT, respectively. Theoretically, at high 
temperatures, the adsorbent surface leads to more contact  
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Fig 4. Effect of contact time on the adsorption of RhB on the BT and GT 5 mg L−1, pH 2, adsorbent dose 0.2 g, 
temperature 25 °C (a) and effect of temperature on the adsorption of RhB on BT and GT 5 mg L−1, pH 2.0; contact 
time 40 min, adsorbent dose 0.2 g, temperature 25 °C (b) 
 
with the adsorbate. This phenomenon can be explained by 
the movement of RhB molecules at high temperatures. 
These data were found to be similar to previous research 
[28]. RhB adsorption decreased due to increased Brownian 
motion. It can be explained that the hydrogen bond 
between RhB and bio-sorbent has a significant potential 
to break. This finding was found similar to previously 
reported work [15,21]. An increase in temperature may 
have led to a reduction in the binding force between the 
adsorbent and RhB, thereby reducing the adsorption 
capacity of the adsorbent at high temperatures. 

Effect of pH 

The effect of pH (1–7) was performed to support this 
study. As one of the crucial parameters, pH affects the 
adsorption performance of RhB on BT and GT, as it 
involves the reaction between the anion and the cation on 
the surface of the adsorbent. Based on previous studies, 
adsorption of RhB on orange peel powder, the optimal pH 
was reached at pH 3. In our study, optimization was 
limited from pH 1 to 7 [29]. The optimal sorption of RhB 
at pH values between 3 and 4 has been addressed 
previously [21]. 

A 0.2 g BT and GT were examined with 5 mg L–1 RhB 
dye solutions for 40 min. In Fig. 5(a), it can be observed 

that the adsorption percentage increases as the pH of the 
RhB solution increase from 1 to 2 folds by multiples. The 
pH reached the optimum at 2.5 for BT and GT with a 
degree of adsorption of 85.0 and 93.6%, respectively. 
These findings were also supported by the previous 
study [30]. The effect of H+ ions does not affect 
absorption at low pH. Therefore, the capacity of 
cellulose adsorption remains high. The presence of OH− 
under alkaline conditions inhibits the absorption of 
RhB. This can be explained by the OH competition 
between the surface of the adsorbent and OH– from the 
solution. The -OH group reacts with the carbonyl group 
(C=O) of RhB. These phenomena cause the adsorption 
capacity to become low [30]. This phenomenon has also 
been reported [21]. 

When the pH of the RhB solution is low, the bio-
sorbent is rich in positive ions, and then the adsorption 
capacity becomes low. The repulsion between the cationic 
RhB molecules and the positively charged absorbent 
surface. As the pH of the RhB solution slowly increases, 
the number of hydroxyl ions increases. Therefore, the 
adsorption capacity increases. This can be explained by 
the form of attraction between cationic RhB and cellulose 
in the bio-sorbent. While RhB exists in its zwitterionic 
form  above  pH 3.7,  it forms  larger molecules  (dimers)  
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Fig 5. Effect of pH on the adsorption of RhB on BT and GT 5 mg L−1, contact time 40 min, adsorbent dose 0.2 g, 
temperature 25 °C (a) and effect of initial concentrations of RhB on the adsorption of BT and GT pH 2.5, contact time 
40 min, adsorbent dose 0.2 g; temperature 25 °C (b) 
 
between the carboxyl and xanthene groups of RhB; thus, 
the adsorption capacity becomes low. 

Effect of Initial Dye Concentration 

The RhB (0.5 to 4 mg L−1) was used to study the 
effect of increasing concentration on the adsorption 
capacity. Fig. 5(b) describes the graph between the initial 
concentration and the adsorption capacity in mg/g. It 
explained that as the initial concentrations of the dyes 
increased, the amount of RhB adsorbed also increased. 
The trend of the curve reaches constant when the 
concentration of both bio-sorbents is 3 mg L−1. As RhB 
concentration increases, so does the driving force of 
gradient concentrations [28]. Our results showed that 
increasing RhB concentration increases the adsorption 
capacity from 0.2 to 22 mg/g and 0.5 to 47 mg/g for BT 
and GT, respectively. Rather and Sundarapandian and 
Sebeia et al. [31-32] reported that the adsorption sites are 
saturated because there are limited binding sites 
applicable on the adsorbent surface. 

Adsorption Isotherm 

Adsorption isotherms describe the amount of 
adsorbate retained on an adsorbent surface at a fixed 
temperature when the system reaches equilibrium. 

Adsorption isotherms are fundamental to optimizing 
and understanding the use of an adsorbent. Additionally, 
studying isotherms can help to elucidate the adsorption 
mechanism between the adsorbent (BT and GT) and the 
adsorbate (RhB). Equilibrium data were analyzed using 
Freundlich and Langmuir isotherm models. According 
to Langmuir, adsorption takes place at homogeneous 
points of the adsorbent, and Freundlich achieves a 
heterogeneous surface of the adsorbent with non-uniform 
distribution of the heat of adsorption over the surface 
[29]. Eq. (2) defines the logarithmic form of the Freundlich 
model, and Eq. (3) shows the Langmuir equation [33]. 

e e Flog Q 1 nlogC log K   (2) 
where Qe is the amount of adsorbate at equilibrium 
(mg/g), Ce is the equilibrium concentration of the 
adsorbate (RhB), KF is the Freundlich constant related to 
adsorption capacity, and n is the constant related to the 
intensity of adsorption proportionated with the 
heterogeneity factor. The plots of log Qe vs. log Ce ought 
to present a linear graph, and the value of n and KF can 
gain from the slope and intercept of the graph, 
respectively. 

e e

e max L max

C C 1
Q q K .q

   (3) 
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The qmax represents an equilibrium RhB concentration 
(mg/g) while KL relatives to the adsorption capacity 
(mg/g) is the Langmuir constant. KL is matched with the 
appropriate range variation and adsorbent porosity. The 
adsorption capacity becomes high because of the large 
surface area and pore volume. The RhB isothermal 
adsorption model on BT and GT was statistically 
evaluated by the R2 shown in Fig. 6(a) and (b). The linear 
regression of BT and GT was 0.9967 and 0.9979, 
respectively (Fig. 6(b)). By comparing its R2, the Langmuir 
better described the adsorption of RhB. It proves that the 
adsorption of RhB was monolayer adsorption. The 
Langmuir isotherms give maximum adsorption capacities 
of 12.5 and 20.0 mg/g for BT and GT, respectively. 

The factor of separation (the dimensionless 
equilibrium parameter), RL, is used to confirm the 
favorability of the adsorption that occurs. When the RL 
value is between 0 and 1, that is to say (0 < RL < 1) and RL 
= 1 mean that the adsorption process is favorable. While 
RL = 0 means the adsorption process is irreversible, and 
when RL > 1 means the adsorption is unfavorable [29]. 
The RL can be examined as Eq. (4) [33]: 

L
0

1R
1 bC




 (4) 

where b shows the constants of Langmuir and C0 is the 
initial dye concentration (mg mL−1). The RL values based 

on calculations were 0.026 and 0.055, respectively, which 
means that the adsorption process was favorable. 

Adsorption of RhB using a hybrid ion exchanger 
follows the Langmuir model; The capacity of the 
Langmuir isotherm was 76.4 mg/g at 25 °C [34]. Another 
study used banana peel to remove RhB, and the result 
shows that the maximum adsorption capacity (Qmax) was 
9.522 mg/g, which was suitable for the Langmuir model 
[17]. Adsorption of RhB followed the Langmuir isotherm 
model in graphene oxide. The adsorption capacity was 
8.69 mol g−1, and the RL was found in the range of 0–0.01 
[35]. As well as the research with orange peel powder for 
the adsorption of RhB follows the Langmuir model [29]. 

Adsorption Kinetics 

The pseudo-first order (Eq. (5)) and the pseudo-
second order (Eq. (6)) models were used to study the 
kinetic study of BT and GT: 

  1
e t e

k
log q q log q t

2.303
    (5) 

2
e e2 e

t 1 t
q qk q

   (6) 

where qt and qe are the amount of solute sorbed per mass 
of bio-sorbent (mg/g) at any time and equilibrium, 
respectively, and k1 is the rate constant of first-order 
sorption (min−1). The plot of log (qe − qt) vs. t gives slope  
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Fig 6. Freundlich (log Ce vs log Qe) (a) and Langmuir (1/Ce vs 1/Qe) (b) isotherm graphs 



Indones. J. Chem., 2022, 22 (6), 1612 - 1625    

 

Meyliana Wulandari et al.   
 

1621 

for log (qe) and intercepted as the plot of log (qe − qt). In 
comparison, k2 (g mg−1 min−1) shows the rate constant of 
the pseudo-second order model [36]. 

Pseudo-first order and pseudo-second order models 
of RhB adsorption have been described in Fig. 7(a) and 
(b). Table 1 shows BT and GTs kinetic parameters after 
RhB adsorption. The intercepts and slopes that can 
indicate all kinetic parameters are presented in Table 1. 
BT and GT have a linear regression of 0.9869 and 0.9929, 
respectively, for a pseudo-first order kinetic model. The 
pseudo-second order model (Fig. 7(b)) shows 0.9989 and 
0.9963 for BT and GT, respectively. From this, it can be 
concluded that the regression linearity of the pseudo-
second order kinetics is higher than the pseudo-first order 
kinetics. Therefore, this study follows the pseudo-second 
order kinetic model. The capacity adsorption of Moringa 
oleifera seeds to Cu(II) and Pb(II) follows the pseudo-
second order model [36]. A similar result occurs with the 

adsorption of Casuarina equisetifolia cone powder to 
RhB [37]. 

Adsorption Thermodynamics 

The thermodynamics were studied for the 
adsorption of RhB onto BT and GT, including parameters 
such as standard Gibbs energy change (ΔG°), enthalpy 
change (ΔH°), and entropy change (ΔS°). These 
parameters express the spontaneity, feasibility, and 
interaction between the sorbate-sorbent. The relationship 
between ΔG°, ΔH° and ΔS° was calculated using Eq. (7). 

 
e adsd lnC H

Rd 1 T


  
 

  
 (7) 

where θ demonstrates the fraction of surface coverage 
and ΔH° is the enthalpy of adsorption. For a specific 
amount adsorbed, the effect of equilibrium 
concentrations with temperature has been described in 
Fig. 6(a). The adsorption enthalpy was calculated from the 
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Fig 7. Pseudo-first order (a) and pseudo-second order (b) kinetics of BT and GT 

Table 1. Parameters of adsorption isotherms and kinetic model 
 Adsorption isotherm Kinetic model 

Freundlich Langmuir Pseudo-first order Pseudo-second order 
Black tea R2 = 0.9988 R2 = 0.9967 R2 = 0.9869 R2 = 0.9989 

KF = 480.40 (μg/g)(L/mg)1/n Qmax = 12.50 mg/g Qe = 8.76 mg/g Qe = 158.73 mg/g 
1/n = 0.8915 b = 2.6 × 10−2 L/mg K1 =1.15 × 10−3 min−1 K2 = 3.7 × 10−4 g mg−1 min−1 

Green tea R2 = 0.9965 R2 = 0.9979 R2 = 0.9929 R2 = 0.9963 
KF = 928.32 (μg/g)(L/mg)1/n Qmax = 20.00 mg/g Qe =11.04 mg/g Qe = 238.09 
1/n = 0.8252 b = 5.5 × 10−2 L/mg K1 = 9.2 × 10−4 min−1 K2 = 4.28 × 10−5 g mg−1 min−1 
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plot of ln Ce vs. 1/T, as shown in Fig. 8. It was studied at 
some temperatures. The straight line shows the slope of 
the plot, which corresponds to the ΔH°/R, while ΔS°/R is 
equal to the intercept. Whereas R (8.314 kJ mol−1 K−1) is 
the gas constant and T is the absolute temperature, 
respectively. The ΔG°, ΔH°, ΔS° values obtained are 
described in Table 2. 

The value of ΔH° at pH 2.5 based on calculation, was 
-63.33 and -64.13 kJ mol−1, respectively, indicating that 
the adsorption of Rh-B on BT and GT followed an 
exothermic process (at higher temperatures, the 
adsorption reaction is less favorable). The calculated value 
of ΔH° was more than 40 kJ mol−1, indicating that the 
adsorption mechanism was chemisorption, as predicted 
in Fig. 1. ΔH° for physisorption is between 20 and 
40 kJ mol−1 [38]. 

ΔS° with a positive value indicates that RhB 
adsorption on BT and GT increases. This occurs due to 
increased disorder at the interface between the analyte 
and the bio-sorbent. With increasing temperatures, the 
degree of disorder in the adsorbate-adsorbent 
interactions compared to the adsorbate-solvent 
interaction increases. Eq. (8) was used to obtain the ΔG° 
value of adsorption. 

G H T S        (8) 
Based on the calculation, the ΔG° values reached -

6.917 and -5.959 kJ mol−1 for BT and GT, respectively. A 
negative ΔG° indicates improved feasibility and spontaneity 
of the RhB bio-sorbent system at elevated temperatures 
[39]. This result agrees with a report by Bankole et al. [40]. 
A study comparison of tea waste as a bio-sorbent in this 

work compared to other adsorbents (Table 3) describes 
that GT has a higher adsorption capacity. 

Removal Study 

The removal study was used to get information 
about the regeneration of BT and GT and reusability 
after the adsorption experiment and find out the 
adsorption mechanism on RhB. The eluents used in the 
removal study were water, acetic acid, and sodium 
hydroxide 1 M. The efficiency of each eluent was 
measured by calculating the RhB concentration 
desorbed from BT and GT to the RhB concentration in 
RhB-loaded bio-sorbents using Eq. (9) [40]. 

de

ad

Q
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Q
  (9) 
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Fig 8. A Plot of ln Ce vs 1/T × 10−3 for adsorption of RhB 
into BT and GT 

Table 2. Thermodynamic parameters 
 T (K) ΔG° (kJ/mol) ΔH° (J/mol) ΔS° (J/mol K) 

Black tea 298 -6.917 -63.33 23.00 
Green tea 298 -5.959 -64.13 199.7 

Table 3. Comparison of RhB adsorption on different various low-cost and green adsorbent 
Adsorbent Adsorption capacity (mg/g) References 
Coffee ground powder 5.26 [2] 
Paper waste 6.71 [42] 
Banana peel 9.52 [17] 
Black tea 22.0 This study 
Green tea 47.0 This study 
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Qde is the concentration of RhB desorbed by eluents, and 
Qad is the concentration of RhB adsorbed into bio-
sorbent. Estimated desorption efficiencies for BT for 
water, sodium hydroxide, and acetic acid (10%) were 
10.01, 47.89, and 59.06%, respectively. While for GT the 
desorption efficiencies were 12.96, 50.45, and 60.23%, 
respectively, which can be concluded that solvents that 
can regenerate the bio-sorbent increase the desorption 
efficiency. Therefore, acetic acid (10%) has better 
adsorption properties than sodium hydroxide and water. 
Another study reported that 75% of the methylene blue 
could be desorbed from the surface of Fe3O4 bound to 
graphene oxide using 5% acetic acid in a methanol 
solution [41]. 

■ CONCLUSION 

The adsorption process taking place on the surface 
of the adsorbent is chemisorption using a single-layer 
mechanism, while the reaction process taking place 
kinetically follows the pseudo-second order type. The 
presence of an exothermic reaction is indicated by the 
negative value of the thermodynamic parameter (ΔG°). A 
negative value for the change in ΔS° suggests that the 
degree of disorder decreases as the adsorption process 
occurs; thus, energy must be expended since this does not 
happen spontaneously. Based on the findings, the cheaply 
available and environmentally friendly waste products, 
i.e., tea waste products, will be a good alternative for 
industries using such dye removal in the future. 
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