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Abstract In the present study, the biosorption of Astrazon Blue FGRL (AB) which
is one of the cationic dyes most commonly used in nylon and acrylic textiles from
aqueous solution was studied onto tea waste (tea dust discharged after using), a
waste lignocellulosic material. The effects of different parameters including biosor-
bent dosage, initial pH, contact time, initial dye concentration, and temperature
were studied. Tea waste was characterized by Brunauer-Emmett-Teller (BET) sur-
face area, FTIR, and SEM. The experimental equilibrium data were fitted to the
Langmuir and Freundlich isotherms. The Freundlich isotherm model fitted to the
experimental data better than the Langmuir isotherm. The maximum biosorption
capacity, gm.x, was found to be 263.16 mg/g. The experimental data were discussed
in detail comparing with some other low-cost adsorbents reported for AB removal
in the previous literature, considering ¢n.x, adsorbent surface area, experimental
conditions, isotherm models, and thermodynamics of the AB adsorption. The ther-
modynamic data indicated that AB biosorption was feasible but nonspontaneous,
endothermic, and a chemisorption reaction.
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Introduction

Discharge of colored wastewaters from textile industries into natural streams causes
several environmental problems which is accompanied by the necessity of removal
of the dyes from wastewater before discharging into water bodies. In wastewater
treatment, various methods such as biological treatment, coagulation, membrane
separation, advanced oxidation, and adsorption are used to remove dye.

Adsorption is a simple, very efficient separation process. It is easily operated.
Therefore, among the mentioned techniques above, it attracts extensive attention.
However, the use of inexpensive adsorbents having high adsorption capacity is a
very important issue in terms of adsorption technology [1]. Powdered and granular
activated carbons are the most commonly used adsorbents in the treatment of indus-
trial wastewater. However, they are not low cost. Whereas, adsorbents to be used in
wastewater treatment should be low cost, easily available, and environmentally
friendly and have high adsorption capacity. Agro-based waste materials/by-products,
industrial by-products, and biomasses such as bacteria, yeast, and fungi do meet
these requirements. Lignin and cellulose are the two major constituents found in
agro-based waste materials and by-products. Besides, these materials may also con-
tain alcohols, aldehydes, ketones, and carboxylic, phenolic, and ether groups, which
are the other polar functional groups of lignin [2]. Nowadays, the agro-based waste
materials/by-products, which are lignocellulosic materials, attract particular inter-
ests due to their environmentally friendly properties, inexpensiveness, and easy
availability as an adsorbent.

In this study, the removal of Astrazon Blue FGRL (AB) dye by tea waste (tea
dust discharged after use), which is a lignocellulosic material, was investigated. AB
is a cationic dye which is widely used for dyeing acrylic and nylon. These groups of
dyes have complex chemical structures. Therefore, they are not destroyed by chemi-
cal, physical, and biological treatment [3]. Even at low concentrations, the majority
of the cationic dyes are harmful to human beings and toxic to microorganisms [4].

Up to now, researchers have worked on the utilization of macroalga C. lentil-
lifera [5], dried biomass of baker’s yeast [6], fly ash, apricot stone activated carbon
[71, dried sea grape (Caulerpa lentillifera) [8], and sepiolite [7, 9] for Astrazon Blue
FGRL (AB) removal from aqueous solution. However, according to our literature
knowledge, the utilization of tea waste for adsorbing AB has not been reported.

Tea plant (Camellia sinensis (L) Kuntze) is grown in various countries in the
world. After tea leaves were dried and cured by tea factories, it is widely consumed
as a beverage. Turkey is one of the largest producers of tea in the world. Tea plant is
usually grown in Rize, Turkey. In Turkey and many other parts of the world, it is one
of the most popular and inexpensive beverages. The used tea after preparation of
this beverage is completely disposed of as a waste. It is therefore available in huge
amounts as solid wastes from houses, cafes, and restaurants in nearly all parts of the
world.

In the scope of this study, the effect of various operational parameters (adsorbent
dosage, contact time, initial dye concentration, pH, temperature) on AB removal
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was studied. The biosorption equilibrium isotherms and thermodynamic parameters
of AB dye on tea waste were evaluated. The AB removal using tea waste was com-
pared and discussed in detail with various low-cost adsorbents reported in the litera-
ture, in the light of the adsorbent surface area, experimental conditions, isotherm
models, and thermodynamic and maximum adsorption capacity.

Experimental

Biosorbent

Tea dust discharged after use (tea waste) was collected from households and used
without any additional pretreatment except for washing and sieving to obtain the
desired adsorbent sizes. The Turkish tea waste was washed several times with boiled
water and then washed with an adequate amount of distilled water until the washing
water contained no color. The washed tea was dried in an oven at 70-80 °C for a few
hours and then sieved to the particle size of 0.8—1 mm. The dried material was
stored in dark glass bottles for further use.

Chemicals

Astrazon Blue FGRL (AB) was obtained by DyStar, from Turkey. This dye con-
sisted of two main components which were C.I. Basic Blue 159 and C.I. Basic Blue
3 (Fig. 1). The ratio of the two components was 5:1 (w/w).

A 1000 mg/L stock solution of the AB was prepared in distilled water. The solu-
tion was diluted to the required concentration for the experiments.
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Characterization of Biosorbent

In this study, the characterization of tea waste was performed by utilizing Brunauer-
Emmett-Teller (BET) surface area, Fourier transform infrared (FTIR) spectroscopy
(Shimadzu model FTIR-8201 PC (1000-4000 cm™!), and scanning electron micros-
copy (SEM) (Hitachi 2300 Scanning Electron Microscope). The analysis of
Brunauer-Emmett-Teller (BET) surface area was carried out in the METU Central
Laboratory-Training Centre in Ankara, Turkey.

Batch Biosorption Experiments

In the batch biosorption experiments, the tea waste was weighed and then placed in
250 mL stoppered Erlenmeyer flasks containing 50 mL of dye solution. The flasks
were then placed in a water-bath shaker and agitated at a stirring rate of 200 rpm.
The suspensions were filtered, and the concentrations of AB in the filtrate were
analyzed using a UV/VIS spectrophotometer (Perkin Elmer UV/VIS spectrometry)
by monitoring the absorbance (at 599 nm). The experiments were conducted with
varying biosorbent dosages (50, 100, 200, 300, 400, 600 g/L), contact times (5, 15,
30, 45, 60, 75 min), initial AB concentrations (25, 50, 100, 200 mg/L), initial pH
(2.0, 4.0, 6.0, 8.0, 10.0), and temperature (20, 30, 40, 50 °C). The desired pH of the
solution was adjusted using dilute HC1 and/or dilute NaOH.

The amounts of dye uptake per unit weight of the biosorbent ¢, (mg/g) and dye
removals (%) were calculated by the following equations, respectively:

\%
q. (mg/g)=(Co—Ce)M (1)

Dye removal (%) = M 100 2)

0

where C,, and C, are the initial and equilibrium concentrations of dye in the solution
(mg/L), respectively, Vis the total volume of the dye solution (L), and M is the mass
of the biosorbent used (g).

To ensure the repeatability of the data, the biosorption experiments were per-
formed at least twice, and the mean values were presented.
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Theory
Equilibrium Isotherms

Langmuir model (Eq. 3) and Freundlich model (Eq. 4) are expressed in linear form
as follows [10, 11]:

C C
en 1yt @)
qe quax qmax

logg, =logK, +llog C, 4
n

where C. is the equilibrium dye concentration (mg/L), ¢. is the amount of dye
uptake per unit weight of the biosorbent (mg/g), ¢um.x i the maximum biosorption
capacity of the biosorbent (mg/g), b is the Langmuir isotherm constant (L/mg), and
Kr (mg/g) and 1/n are the constants representing the biosorption capacity and the
biosorption intensity, respectively.

Thermodynamic

The thermodynamic parameters (the change in free energy (AG), enthalpy (AH),
and entropy (AS)) were calculated using the following equations:

AG = —RTInK, (5)
q
Kd = C_e (6)
AS AH
K, == -2 7
« =R TRT (N

where K is the distribution coefficient for the adsorption; AH, AS, and AG are the
changes in enthalpy, entropy, and Gibb’s free energy, respectively; R is the gas con-
stant; 7 is the absolute temperature; g is the equilibrium concentration of dye cat-
ions sorbed onto biosorbent (mg/L); and C. is the equilibrium dye concentration
(mg/L).
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Results and Discussion

Characterization of Tea Waste
Specific Surface Area

The Brunauer-Emmett-Teller (BET) surface area of the tea waste as a natural mate-
rial with plant origin was determined as 0.871 m?%g. It can be said that the BET
surface area of the tea waste is significantly smaller than that of the activated car-
bon. It is known that the surface area of several activated carbons used for wastewa-
ter treatment is about 1000 m?/g [12].

Lignocellulosic adsorbents (natural raw materials mainly with plant origin) such
as agro-based waste materials usually exhibit low surface area. Physicochemical
modifications of these materials can enlarge surface area, type of adsorbing sites,
porosity, etc. Thus, sorptive capacity can be improved. However, it is noted that the
modification process may compensate for the cost of additional processing [13].
Therefore, tea waste was not subjected to any pretreatment.

Fourier Transform Infrared (FTIR) Analyses

In this study, the chemical characterizations were studied by Fourier transform
infrared (FTIR) spectroscopy in order to identify the functional groups that might
have participated in the biosorption and also indicate the surface site(s) on which
biosorption has taken place. The FTIR spectra for tea waste before and after dye
biosorption are shown in Fig. 2. The FTIR spectral characteristics of the tea waste
are shown in Table 1. The spectral data obtained from FTIR analyses in the present
study were found to be similar to the ones (bonded OH groups, aliphatic C—H group,
secondary amine group, etc.) obtained from some other studies on heavy metal or
dye biosorption by tea (tea dust discharged after use, waste tea leaves from tea fac-
tory, etc.).

From the FTIR spectra, various functional groups were detected on the surface
of the biosorbent sample before and after biosorption. As can be seen from Fig. 2,
the spectra display the number of adsorption peaks. Figure 2 also shows that the
comparison of the spectra of the tea waste unloaded and loaded with dye showed
changes in the absorption intensities of various peaks.

According to the spectra, it can be said that the biosorbent exhibits a complex
nature. Vien-Lin et al. [14] revealed that the troughs due to the bonded OH groups
can be observed in the range of 3340-3380 cm~!. Fazal and Rafique [15] reported
that the trough was observed at 3404.47 cm~! (-OH, —-NH). In our study, the bonded
OH groups were seen at 3310.6 cm™! before adsorption. The band changed after
biosorption (3298.1 cm™!). The considerable shift to the lower wave number sug-
gested that chemical interactions between the dye cations and the hydroxyl (OH)
groups occurred on the tea waste surface [15].
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Fig. 2 The FTIR spectra for the tea waste before and after AB biosorption

Table 1 IR absorption bands and involvement of possible groups in biosorption of AB by the tea
waste

Frequencies (cm™")

Before biosorption After biosorption Assignment

3310.6 3298.1 Bonded —OH groups

2850.2 2850.6 Aliphatic C-H groups

1732.4 1732.4 Carbonyl stretch of unionized
carboxylate

1608.6 1614.81 Symmetric bending of CHj

1516.1 1516.0 Secondary amine group

1464.8 1464.5 Symmetric bending of CH;

1164.9 1155.7 C-O stretching of ether groups

661.09 661.38 —CN- Stretching

The bands observed at about 2850.2 and 2850.6 cm~! before and after biosorp-
tion could be assigned to the aliphatic C—H group [16, 17]. A shoulder at wave
number 1732.4 cm~! was observed. It might be due to the carbonyl stretch of union-
ized carboxylate [18]. As stated by Malkoc and Nuhoglu [17], the peaks observed at
1511 and 1546 cm™! correspond to the secondary amine group. We observed this
peak at 1516 cm~!. Symmetric bending of CH; was observed to shift to 1464 cm=".

Auta and Hameed [19] revealed that 1034.20 cm™! band width had some mole-
cules containing sulfur/oxygen bonds (S=—0). We observed this peak at 1037.5 cm~".
It was reported that the peaks observed at 1148 and 619 cm™' could be assigned to
C-O stretching of ether groups and —CN stretching, respectively [20]. In our study,
the C-O stretching of ether groups was seen at 1164.9 and 1155.7 cm™!. -CN
stretching was seen at 661.09 and 661.38 cm~.
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Fig. 3 Scanning electron micrographs of the tea waste (magnification: 1500x) (a) before and (b)
after dye biosorption

SEM Micrographs

The SEM micrographs of the tea waste before and after dye biosorption are given in
Fig. 3, respectively. It can be seen that the tea waste mainly consists of fibers with
open stomata. Similar finding for green tea residue has been reported by Yang and
Cui [21]. As can be seen from Fig. 3, a significant difference does not exist in the
surface morphology of the tea waste before and after dye biosorption.

The Effect of Biosorbent Dosage

The effect of biosorbent dosage on AB removal is shown in Fig. 4. The percentage
of dye removal increased when the dosage of the tea waste per liter of solution was
increased. This trend is a result of the increased adsorbent surface area and the avail-
ability of more adsorption sites arising from the increased dosage of the adsorbent
[18]. On the contrary, the dye uptake (g) decreased with an increase in the biosor-
bent dosage. As stated by Jiang et al. [22], this may be due to the presence of more
surface area for a fixed amount of dye. Similar findings for AB adsorption onto
macroalga Caulerpa lentillifera [5], cationic dye methylene blue adsorptions onto
tea waste [18], and sugar beet pulp [23] have been reported.

The Effect of pH

The effect of initial pH on the biosorption of AB onto tea waste was investigated by
varying the initial pH from 2 to 10, under a constant initial dye concentration of
50 mg/L, adsorption time of 30 min, biosorbent size of 0.8—1.0 mm, and a tea waste
dosage of 5.0 g/L. The results of the pH studies are shown in Fig. 5. As known, the
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Fig. 4 The effect of biosorbent dosage on AB removal onto the tea waste: (a) dye removal (%) (b)

dye uptake, g (mg/g) (C,, 50 mg/L; biosorbent particle size, 0.8—1 mm; pH, 5.0; contact time,
30 min)

solution pH affects the surface binding sites of the adsorbent and the degree of ion-
ization of the dye [24].

As can be seen from Fig. 5, the dye uptake increased as the initial pH increased
from pH 2 to 4 and then slightly decreased at pH beyond 5. AB is a cationic dye,
which exists in aqueous solutions in the form of positively charged ions. As stated
by various researches [24, 25], dye removal is inhibited at low pH (less than 4.0).
This can be explained by the high concentration of protons in the solution which
leads to positive charge density on dye binding sites. As described by Uddin et al.
[18], when the pH increases, the surface of the tea waste may become negatively
charged as a result of the adsorption of OH~, and the carboxyl groups of the tea
waste may become deprotonated. Thus, negatively charged biosorption sites are
produced. Accordingly, the biosorption process is favorably preferred by means of
the electrostatic forces of attraction.
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Fig. 5 The effect of initial pH on AB removal by tea waste (C,, 50 mg/L; biosorbent particle size,
0.8—1 mm; biosorbent dosage, 5.0 g/L; contact time, 30 min)

However, as can be seen from Fig. 5, the dye biosorption at alkali pH is slightly
decreased. This behavior may be due to the competition of OH™ [26]. A similar
trend has been observed elsewhere [26, 27].

In this study, the initial pH of 5.0 was selected as the more adequate value for the
other biosorption experiments. As stated by Liu and Huang [28], the pH values of
the cationic dye solutions are generally below 6.0, and instead of the alkaline medi-
ums, the cationic dyes become stable in the acidic mediums. Moreover, the pH

values of the cationic dye effluents arising from the dyeing processes range from
4.0to 7.0.

The Effect of Initial Concentration and Contact Time

The effect of contact time and initial dye concentration on dye removal is shown in
Fig. 6. As can be seen from Fig. 6, an increase in the initial dye concentration leads
to an increase in the dye uptake. In other words, the more concentrated the dye solu-
tion, the higher the biosorption capacity. Presumably, this trend results from the
high driving force for mass transfer in high dye concentration [29]. The resistance
to dye uptake decreases as the mass transfer driving force increases [7, 30].

The results were in agreement with Karagozoglu et al. [7], Marungrueng and
Pavasant [5], and Ongen et al. [9] who studied the adsorption of AB from aqueous
solutions. The increased dye uptakes with increasing initial concentrations have
also been observed in the adsorption of a cationic dye, methylene blue, onto tea
waste [18] and rejected tea [30].

As can be seen from Fig. 6, rapid dye uptake values were obtained in the initial
stages of contact time. However, as the contact time increased, biosorption became
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Fig. 6 The effect of contact time and initial dye concentration on AB removal by tea waste (bio-
sorbent particle size, 0.8—1 mm; biosorbent dosage, 5.0 g/L; pH, 5.0)

progressively slower. The fast removal of dye in the initial stage and thereafter satu-
ration gradually could also occur as a consequence of a large number of surface
sites which were initially available for the biosorption of the dye molecules.
However, steric repulsion could occur between the solute molecules, which conse-
quently leads to a slower biosorption process [31]. Similar phenomena have been
observed in the adsorption of AB onto sepiolite, fly ash, and apricot stone activated
carbon [7].

Equilibrium Studies

In this study, the Langmuir and Freundlich isotherm models were used for the math-
ematical statement of the dye biosorption onto tea waste. Fitting of the Freundlich
model to the experimental data was better than the Langmuir model. The constants
and correlation coefficients (r) of the Langmuir and Freundlich isotherm models for
AB biosorption on tea waste are presented in Table 2. The equilibrium isotherm of
AB in aqueous solutions onto tea waste is shown in Fig. 7.

In the Freundlich equation, the surface is assumed to be heterogeneous. Therefore,
the reason for the better fit of the Freundlich isotherm to the experimental data (r:
0.9565) may be a consequence of the heterogeneous distribution of the active sites
on the tea waste surface [32]. The Langmuir isotherm is known with its dominant
ion-exchange mechanism. On the other hand, the Freundlich isotherm exhibits
adsorption-complexation reactions that occur in the biosorption process [33].
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Table 2 The Freundlich and Langmuir constants for AB biosorption on tea waste

Langmuir Freundlich
Gmax (ML) b (L/mg) R Ky (mg/g) n R
263.16 0.006 0.9265 2.76 0.80 0.9565

R correlation coefficient

40 -
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q; (mg/g)
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0 10 20 30 40

C. (mg/L)

Fig. 7 Equilibrium isotherm of AB in aqueous solutions onto tea waste

The Comparison in Detail of the AB Adsorption Capacities
of Various Low-Cost Adsorbents Reported in the Literature

Up to now, some kinds of biomasses (macroalga Caulerpa lentillifera, baker’s
yeast), natural materials (sepiolite), industrial waste products (fly ash), and acti-
vated carbon prepared from agricultural by-product (apricot stone activated carbon)
have been used for AB removal by various researchers [5-9]. The comparison of the
maximum adsorption capacity (¢...) and the adsorbent surface area of the tea waste
tested in this study with these adsorbents reported in the literature is given in Table 3.
Besides, the experimental conditions employed in these studies, isotherm models,
thermodynamics, and kinetics related to AB removal by these adsorbents, are pre-
sented in this table.

Indeed, every single adsorbent has distinct physical and chemical characteristics
including porosity, surface morphology, surface area, stability, and physical strength.
In addition, depending on the experimental conditions, the adsorption capacities of
the adsorbents vary. Thus, it is difficult to make a comparison of the adsorption
performances [34]. However, as can be seen from Table 3, ¢, of the tea waste is
similar to or greater than those reported for other kinds of adsorbent. Despite the tea
waste’s low surface area, it exhibited a high biosorption capacity for AB. The high
biosorption capacity of the tea waste may be attributed to its cellulosic structure
which has a high affinity for dyes [35].



Biosorption of Dye from Aqueous Solutions by a Waste Lignocellulosic Material 289
Table 3 Comparison of the various adsorbents for AB removal
Experimental conditions
ASA Time |T Isotherm Ginax
Adsorbents (m%g) | (h) (°C) | models TD (mg/g) | Rs
Macroalga Caulerpa - - 18 Freundlich Endothermic | 30.67 [5]
lentillifera
Macroalga Caulerpa - - 27 Freundlich Endothermic | 37.17 [5]
lentillifera
Macroalga Caulerpa - - 40 Freundlich Endothermic | 48.65 [5]
lentillifera
Macroalga Caulerpa - - 50 Freundlich Endothermic | 49.26 [5]
lentillifera
Macroalga Caulerpa - - 70 | Langmuir and | Endothermic |46.73 | [5]
lentillifera Freundlich
Dried biomass of - 4 20 Langmuir Endothermic | 69.93 [6]
baker’s yeast
Dried biomass of - 4 30 Langmuir Endothermic | 75.19 [6]
baker’s yeast
Dried biomass of - 4 50 Langmuir Endothermic | 96.16 [6]
baker’s yeast
Apricot stone activated | 566 24 30 | Langmuir Endothermic | 181.50 | [7]
carbon
Apricot stone activated | 566 24 40 | Langmuir Endothermic | 188.68 | [7]
carbon
Apricot stone activated | 566 24 50 Langmuir Endothermic | 201.61 | [7]
carbon
Sepiolite 2343 |24 30 Langmuir Endothermic | 155.52 | [7]
Sepiolite 2343 |24 40 | Langmuir Endothermic | 190.11 |[7]
Sepiolite 2343 |24 50 | Langmuir Endothermic | 209.21 | [7]
Fly ash 0.342 |24 30 | Langmuir Endothermic | 128.21 | [7]
Fly ash 0.342 |24 40 | Langmuir Endothermic | 141.84 | [7]
Fly ash 0.342 |24 50 | Langmuir - 152.44 | [7]
Dried sea grape 5.0 - 25 | Freundlich 80.70 | [8]
(macroalga Caulerpa
lentillifera)
Sepiolite (meerschaum) | 377.9 |1 20 | Freundlich Exothermic | 312.50 |[9]
Tea waste 0.87 1 20 | Freundlich Endothermic | 263.16 | This
study

- No data available, PSO pseudo-second-order kinetic model, ASA adsorbent surface area, Time
contact time, 7 temperature, 7D thermodynamic, Rs references

When Table 3 was examined in detail, it was seen that:

1. An interesting feature of the adsorbents is that, on the contrary to what was
expected, g, values of most of the adsorbents with high surface area were lower
than those of the adsorbents with low surface area such as the tea waste. For
example, the surface areas of the apricot stone activated carbon and the sepiolite
samples are 566 m?/g [7],234.3 [7], and 377.916 m?/g [9], respectively. However,
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the sepiolite samples have higher g,,.x values than those of the apricot stone acti-
vated carbon. In spite of the fact that the surface area of fly ash [7] is lower than
that of the dried sea grape (macroalga Caulerpa lentillifera) [8], its g, value is
higher than that of the dried sea grape (macroalga Caulerpa lentillifera). The
reason may probably be due to the effect of pore diameter as well as the varying
experimental conditions. As also pointed out by Punjongharn et al. [8], the effect
of the pore diameter is more important than that of the surface area. Cationic dye
molecules could hardly enter the small pores of the adsorbent, and access to the
binding sites inside the pores becomes difficult.

2. AB adsorption by macroalga Caulerpa lentillifera [5], dried sea grape (mac-
roalga Caulerpa lentillifera) [8], sepiolite [9], and the tea waste (this study) is
best described by the Freundlich adsorption isotherm model which may show
adsorption-complexation reactions that occur in the adsorption process. The
Langmuir isotherm model established the best prediction for the adsorption of
AB by dried biomass of baker’s yeast [6], apricot stone activated carbon [7],
sepiolite [7], and fly ash [7]. As stated above, the Langmuir isotherm is known
with its dominant ion-exchange mechanism.

3. Although macroalga Caulerpa lentillifera and sepiolite are tested for AB removal
from aqueous solution by various researchers [5, 7, 9], g values found for
these adsorbents by various researchers are different from each other. It can be
said that, as expected, this trend is due to the different experimental conditions.

4. gmax and b values of all the adsorbents (apricot stone activated carbon, sepiolite,
fly ash, macroalga Caulerpa lentillifera, and dried biomass of baker’s yeast)
reported in the literature except for the sepiolite tested by Ongen et al. [9] clearly
increased depending on the temperature. The adsorption of AB on various adsor-
bents as well as the tea waste is endothermic in nature.

The Effect of Temperature

The effect of temperature on AB biosorption was studied at the dye concentration of
50 mg/L and contact time of 30 min under the optimum experimental conditions of
biosorbent size of 0.8—1.0 mm, biosorbent dosage of 5.0 g/L, and at pH of 5.0, and
the results are shown in Fig. 8. The dye uptake, g, on the tea waste increased with
the increasing temperature (Table 4), indicating that a high temperature favors AB
removal by biosorption on tea waste (Fig. 8) and the biosorption of AB on tea waste
was endothermic in nature.

Although adsorption reactions are normally exothermic, the adsorption experi-
ments for different temperatures in this study show endothermic results. It also
implies that the adsorption process is dominated by the diffusion process. As stated
by Li et al. [36], the diffusion is an endothermic process. Therefore, it can be said
that the interparticle diffusion rate of the adsorbate molecules into the pores
increased with an increase in the temperature. When the temperature increases, the
molecular mobility increases, and the solution viscosity decreases. The increase in
the molecular mobility and the decrease of solution viscosity enhance the diffusion
rate of dye through the boundary layer and within the internal pores of the tea waste
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In Ky and 1/T

Table 4 Thermodynamic parameters for the biosorption of AB by tea waste

q (mg/g) AG (kJ/mol) AH (kJ/mol) | AS (J/mol K)
293K |303K 313K 323K [293K 303K |313K [323K
872 886 19.17 ]9.33 468 |517 |624 |7.09 19.61 —82.48

particles [30]. Similar effects on the removal of cationic dyes were reported by other
researchers for temperature [24, 28, 30].

The calculated thermodynamic parameters (AG, AH, and AS) are given in
Table 4. The positive and weak value of AG indicates that the biosorption of AB dye
is feasible but nonspontaneous [37]. Also, as can be seen from Table 4, the positive
values of AG increase with increasing temperature. It can be said that this indicates
the presence of an energy barrier at high temperature in biosorption [38].

The thermodynamic parameters AH and AS for the biosorption of AB by tea
waste were obtained from the slope and the intercept of a plot of In K, versus 1/T
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(Fig. 8). The positive change of 19.609 kJ/mol in AH indicates that, as stated above,
the biosorption of AB by the tea waste is endothermic. This finding was similar to
the other studies on the biosorption of AB. For instance, positive enthalpy of adsorp-
tion was also observed in the adsorption of AB on sepiolite, fly ash and apricot stone
activated carbon [7], C. lentillifera [5], and dried biomass of baker’s yeast [6]. The
positive value of AH has also been observed in the adsorption of methylene blue
onto tea waste [26] and NaOH-modified rejected tea [39]. Besides, the positive
value of AH (19.609 kJ/mol) indicates chemical adsorption [5, 6].

The negative value of AS (=82.477 J/mol K) normally indicates that a significant
change does not occur in the internal structure of the tea waste during biosorption of
AB [40]. Besides, the negative sign of the entropy indicates that at last things
become more organized than at the beginning [4].

The values of T,AS were determined from the experimental data, where T, rep-
resents the average values of the range of temperature used for the adsorption stud-
ies. It was found to be AH < —T,AS. This indicates that, even though the contribution
of AH is not negligible, the influence of entropy is more important than that of the
enthalpy in activation [40].

Cost Estimation

The cost-effective and economic removal of dyes from industrial wastewaters is
possible if low-cost and easily available adsorbents are used. In Turkey as well as in
many parts of the world, the tea waste is an easily available material from the
houses, cafeterias, and restaurants as a waste. As stated by Amarasinghe and
Williams [41], an appropriate mechanism should be considered for the collection
and storing of the tea waste.

Hydroxyl and carboxylic groups in agricultural wastes make them amenable to
easy desorption and regeneration with basic or acid solution [13]. However, it can
be said that the regeneration of the tea waste is not required due to its abundant
availability and low cost. It can also be disposed of after use without the need for
expensive regeneration.

In the world market, activated carbon has a price that changes over a wide range
(US$ 3-12 for kg) depending on the origin, quality, and quantity [42]. The cheapest
commercially available activated carbon available in Turkey is US$ 1.5 for kg. As
stated above, tea waste, which is a household waste, is available in huge amounts.
Therefore, the total cost of tea waste will be extremely low when compared with
those of the activated carbon and some other adsorbents for AB dye. For cost analy-
sis, the expenses for collection and storing can be considered.

As stated by Baek et al. [25], the dye-loaded adsorbent can be disposed of by
incineration to prevent further impact on the environment. The dye-loaded tea waste
can be utilized as a fuel in the boilers/incinerators after dried. Thus, both energy
recovery from the used biosorbent and the safe disposal of the biosorbed dye can be
obtained by providing a greener solution.
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Conclusion

In this study, the utilization of the tea waste (tea dust discharged after use), which is
a green environmentally friendly adsorbent, in the removal of toxic AB dye from
aqueous solution was reported.

The main conclusions can be summarized as follows:

1. When the optimum experimental conditions were determined as a function of the
process parameters such as the biosorbent dosage, initial AB concentration and
contact time, initial pH, and temperature, it was seen that the values of the bio-
sorbent dosage, contact time, initial pH, and temperature were found to be
5.0 g/L, 30 min, 5.0, and endothermic, respectively.

2. The uptake of the dye, ¢, decreased at low initial pH (less than 4.0) and increased
when the temperature of the aqueous medium increased. The effect of initial pH
and temperature on AB removal using the other low-cost adsorbents (sepiolite,
fly ash, apricot stone activated carbon, C. lentillifera, and dried biomass of bak-
er’s yeast) reported in the literature exhibited similar trends to the tea waste.

3. The Freundlich equation fitted well to the experimental data. The maximum bio-
sorption capacity, gm., was found to be 263.16 mg/g by the Langmuir isotherm.

4. It is worth mentioning that when ¢,,,, values obtained for biosorption of AB onto
tea waste (this study) and various other low-cost adsorbents reported in the lit-
erature were compared with each other, it was seen that g,,,, values of the adsor-
bents with low surface area such as the tea waste were higher than those of most
of the adsorbents with high surface area. It was realized that the adsorbents with
high surface area do not always exhibit high g,,,, values. However, it should not
be forgotten that the adsorption capacities of the adsorbents differ depending on
the experimental conditions.

5. From the thermodynamic parameters (E,, AG, AH, and AS), it was concluded
that the biosorption process takes place by chemical adsorption (probably indi-
cating adsorbent/dye complexation) and is endothermic in nature.

6. It can be said that the biosorption of AB onto the tea waste is a complex process.
It is thought that ion-exchange, complexation, and electrostatic interactions play
an important role in the whole biosorption process of the tea waste for AB
removal, as revealed for metal sorption using tea industry waste by Cay et al. [33].

7. In spite of the fact that the tea waste has a significantly low surface area com-
pared to the commercial activated carbons, the use of tea waste for biosorption
of AB from wastewater streams seems to be feasible. From the economical point
of view, the tea waste can be used as an alternative adsorbent to activated carbon.
It has a low cost and good affinity for AB.

Further studies on AB biosorption using tea waste are currently underway. The

kinetics and column studies will be the subject of the next study.
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