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Abstract—Activated spent tea (AST) was prepared and characterized by using different techniques such as BET, FTIR
and SEM. It is used for methylene blue (MB) dye removal from aqueous solution in a batch system. Experimental
results showed that natural basic pH, increased initial dye concentration, and high temperature favored the adsorption.
Analysis based on the artificial neural network (ANN) indicated that the adsorbent dose and time with the relative
importance of 30.03 and 35.44%, respectively, appeared to be the most influential parameters in the MB adsorption.
The adsorption of MB was relatively fast and the Avrami fractional order and pseudo-second-order kinetic models
showed satisfactory fit with the experimental data. The equilibrium data were well fitted by the Langmuir and Liu iso-
therm models, with a maximum sorption capacity of 104.2 mg/g. Also, the obtained values of thermodynamic parame-
ters showed that the adsorption of MB onto AST is endothermic and spontaneous. The results of this study indicated
that AST was a reliable adsorbent for removing cationic dyes from wastewater.

Keywords: Activated Spent Tea, Methylene Blue, Adsorption, Kinetic, Isotherm, Artificial Neural Network, Thermodynamic

INTRODUCTION

The rapid industrial growth has led to an increase of pollutant
disposal into the environment. Industries such as textile, paper, plas-
tic, pharmaceutical, rubber, cosmetics, leather and paint discharge
noticeable amounts of colored wastewaters into the environment
along with wastewater produced during the manufacturing pro-
cess [1,2]. Dyes are organic compounds whose presence in efflu-
ents increase their chemical oxygen demand (COD) and decrease
their biological degradability [3]. Reduced penetration of light in
water and subsequent reduction of photosynthesis and oxygen are
the other harmful effects of dyes [4]. Methylene blue (MB), a cat-
ionic dye, is the most commonly used dye for coloring cotton, wool
and silk. MB is injurious to humans and animals: it tends to burn
the eyes and cause methemoglobinemia, mental confusion, rapid
or difficult breathing, nausea and vomiting [3,5].

Several technologies are available for decolorization of aqueous
media, which are mainly put in three different categories: physical
(exchange, membrane filtration), chemical (coagulation and floc-
culation) and biological [2]. The fact is that these techniques are
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often costly; lead to sludge production, and are efficient only in cases
where the pollutant amounts are relatively high [6]. Adsorption, a
physico-chemical treatment process, has been extensively applied
as an effective method for treatment of dye-bearing wastewaters.
Its main advantages include easy and low cost operation, simple
design, insensitivity to toxic compounds, and effectiveness even at
very low concentrations of contaminants [7].

In recent years, many researchers have used various adsorbents
such as carbon nanotubes, graphite, anaerobic granular sludge, lig-
nocellulosic, NaOH-modified rice husk, titanate nanotubes and
sawdust for the removal of MB dye [5-11]. However, many of these
adsorbents are expensive and difficult to prepare and regenerate,
making it necessary to use low cost adsorbents. The waste materi-
als and the by-products of agriculture and industrial activities could
be used as low-cost adsorbents due to their abundance in nature
and fewer processing requirements [1,2]. In this regard, spent tea
is an industrial and household waste which can be used as an effec-
tive adsorbent. It is available in huge amounts worldwide, annu-
ally produced in Iran as much as about 1.05x10° kg, Spent tea is
an oxygen demanding environmental contaminant that requires a
long time for biodegradation. On the other hand, spent tea is an
affordable absorbent because the saturated tea waste adsorbent can
be incinerated and used as an adsorbent. Spent tea adsorbent has
recently been used to remove heavy metals, dyes and organic com-
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pounds [12-14].

In the present study, activated spent tea (labeled as AST) was
prepared and used as an adsorbent for the removal of MB dye from
aqueous solutions. Adsorption experiments were done in a batch
system as a function of pH, contact time, adsorbent dosage, initial
concentration of MB, and temperature. Then to determine the mech-
anism of the adsorption process, kinetic models were investigated.
To evaluate and describe the experimental equilibrium data, non-
linear equilibrium isotherm models were used. Furthermore, arti-
ficial neural network (ANN) was employed to model and predict
the effects of the operational parameters on the dye removal effi-
ciency.

MATERIALS AND METHODS

1. Materials

MB (purity>98.5%, empirical formula C,;H;CIN,S-3H,O; molec-
ular weight 373.9 g/mol), (Merck, Germany) was used to prepare
the stock solution. A stock solution witha concentration of 1,000
mg/L was prepared by dissolving 1 g of MB in deionized water. Con-
centrations of (10-100 mg/L) were then prepared by diluting the
solution of stock with distilled water. Deionized water was used
throughout all the experiments. All other chemicals were of ana-
lytical grade and were used without further purification.

2. Adsorbent Preparation and Characterization

Spent tea leaves were obtained from households. To completely
remove impurities, the leaves were initially washed several times
with deionized water. The sample was then boiled with deionized
water at 100 °C for several times to remove the color. Decolorized
spent tea leaves were dried at 65 °C for one day. Dried spent tea
leaves were activated using sulfuric acid (H,SO,). To this aim, dried
spent tea leaves were immersed in H,SO, and were vigorously agi-
tated for a few minutes followed by their washing in distilled water
till the neutral pH of the filtrate was observed. The sulfuric acid
was used to increase the proportion of active surfaces and prevent
the elution of tannin compounds that would stain the treated water
and increase the COD of solution. After drying at 105 °C, AST was
crushed and eventually sieved through a range of sieves. Only par-
ticles between 250 and 100 um diameter mesh sizes were used in
accordance with the ASTM Method [15]. After sieving, AST par-
ticles were dried in an oven at 80-85 °C for 2 h and then stored in
plastic bags until use.

Physicochemical features of the AST are listed in Table 1. The
moisture and ash content of the adsorbent were measured using a
digital microprocessor-based moisture analyzer (Mettler LP16) and
ASTM D2866-11, respectively. CHNOS-Rapid Elemental Analyti-
cal Instrument (Elementer, Germany) was used for the elemental
analysis of AST. The specific surface area of the AST measured by
nitrogen adsorption/desorption apparatus (Quantachrome, 2000,
NOVA) and Brunauer-Emmett-Teller (BET) model was found to
be 285.5 m”/g. The bulk density and particle size of adsorbent sam-
ples were determined using Gay-Lussac pycnometer and sieve analy-
sis, respectively. The pH zero point of charge (pH,,) of the AST was
determined accordingly with the procedure described by Cechi-
nel et al. [16].

BRUKERS Vertex 70 infrared spectrometer was used for the Fou-

Table 1. Physicochemical features of AST

Parameters Values
Moisture content (%) 3.72+04
Water soluble compounds (%) 1.2+0.3
Insoluble compounds (%) 95.1+0.4
Volatile fraction (%) 64.3+2.9
Ash content (%) 30.9+2.7
Elemental analysis (%)

C 57.5+1.1
H 7.3£0.5
N 04

(0] 30.3+£0.9
S 4.5+0.3
pH,.. 50402
Bulk density (kg/m’) 258
Particle size (um) 100-250
BET surface area (m’/g) 285.5

rier transform infrared (FTIR) spectroscopy analysis. The surface
morphologies of AST were obtained using a Philips XL-20 scan-
ning electron microscope (SEM) (Philips Co., The Netherlands).
3. Adsorption Experiments

In the present study, adsorbent efficiency for the removal of MB
was evaluated through investigating various parameters. The exper-
iment regarding the adsorption of MB onto AST was conducted
by batch environment in 100 mL conical flasks containing 50 mL
of solutions of MB and varying adsorbent dosages. The initial pH
of solution was adjusted in the range of 2 to 10 by adding 0.1 M
HCI and 0.1 M NaOH. The flasks were then shaken at a constant
rate of 300 rpm for 5 h to reach the adsorption equilibrium condi-
tions. The AST performance was also evaluated for the removal of
MB from a simulated dye-house effluent. At appropriate time inter-
vals, the aliquots were withdrawn from the solutions and centri-
tuged for 5 min at 5,000 rpm to separate AST particles. The residual
MB concentrations in the supernatant solutions were determined
by absorbance measurements using UV-visible spectrophotome-
ter (Dr-5000, Hach Co.) at its maximum absorption wavelength of
668 nm. All the adsorption experiments were repeated in tripli-
cates and the mean and the standard deviation (SD) of the values
were used to compute the final results.

The removal efficiency (R) of MB and the adsorption capacity
(q,) was obtained using the following equations:

R(%)= =S 100 1)
C,-C/(V
-GGV "

where q, (mg/g) is the amount of MB adsorbed onto the unit amount
of the adsorbent, C, and C, (mg/L) are the initial and equilibrium
MB concentration, respectively, V (L) is the volume of the solu-
tion, and m (g) is the adsorbent mass in dry form.

After optimization of pH, the adsorption kinetics of MB onto
AST was investigated with initial concentration of MB 100 mg/L at
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different temperatures. The equilibrium isotherms were also investi-
gated at initial concentrations of MB 50 mg/L at different tempera-
tures using different adsorbent mass over a range of 0.1 to 20 g/L
under optimal conditions obtained (optimum pH and contact time).
The effect of the solution temperature on MB dye adsorption behav-
ior was studied at 5, 25 and 50 °C and then the values of thermo-
dynamic parameters were determined. Finally, simulated dye-house
effluent containing different initial concentrations of MB were used
in to verify the efficiency of AST as an adsorbent for the removal
of dyes from textile effluents.

4. Mathematical Modeling Study

4-1. Adsorption Kinetic and Isotherm Models

The kinetic models were applied to understand the controlling
mechanism of the adsorption process [17]. The data obtained from
the adsorption of MB onto AST were analyzed using different kinetic
models: pseudo-first order, pseudo-second order, Elovich, intra-
particle diffusion, fractional power and the Avrami fractional order.
The nonlinear equations and constants related to these kinetic mod-
els are given in Supplementary Table 1.

The equilibrium isotherms are necessary for designing the adsorp-
tion process as well as the description of the adsorption capacity
for different contaminants. These can also give information about
the surface characteristics of the adsorbent [6,14,17]. In this inves-
tigation, the adsorption isotherms were examined with Langmuir,
Freundlich, Liu, Redlich-Peterson and Temkin models. The Lang-
muir isotherm model assumes that adsorption occurs homoge-
neously, while the Freundlich model assumes a heterogeneous ad-
sorption of adsorbate onto the surface. The Redlich-Peterson iso-
therm model, on the other hand, describes adsorption on both homo-
geneous and heterogeneous surfaces. Therefore, this model has fea-
tures of both the equilibrium models of Langmuir and Freundlich
[18]. The parameters and non-linear equations of the adsorption
isotherms are given in Supplementary Table 2. The fundamental
characteristic of the Langmuir isotherm model was evaluated by
the separation factor, R}, to determine the favorability of the adsorp-
tion process. This factor indicates the shape of the isotherm to be
one of unfavorable (R;>1), favorable (0<R;<1), irreversible (R;=0)
or linear adsorption (R;=1). The values of R; were calculated using
the following equation:

1

R ?

Table 2. Input and output variables and their ranges

Variable Range
Input layer
Dye concentration (mg/L) 10-100
Adsorbent dose (g/L) 0.1-20
pH 2-10
Temperature (K) 278-323
Time (min) 1-300
Output layer
Dye removal efficiency (%) 14.2-99.99

4-2. Artificial Neural Network Model

Artificial neural network (ANN) is a technique used to model
complex processes [19]. This technique, in which the processing
units are neurons, has been used successfully to model water treat-
ment processes [20]. ANN consists of three main layers of neu-
rons called input, hidden and output layers. The layers, number of
neurons (nodes) in each layer, and the transfer functions between
layers form the network topology [21]. In this study, MB adsorp-
tion on AST was modeled by three-layered feed-forward back propa-
gation neural network using linear transfer functions. A total of 81
experimental sets were used to feed the ANN structure. The data
sets were divided into training, validation and test subsets that con-
tained 61, 10, and 10 samples, respectively. The validation and test
sets, for evaluation of the validation and modeling power of the
nets, were randomly selected from the experimental data. The range
of variables used in input and output layers is summarized in Table 2.

Training the ANN is sensitive to the number of neurons in the
hidden layer. Therefore, a series of topologies in which the num-
ber of neurons in their hidden layer varied from 2 to 20 were used
to model the adsorption process. Mean squared error (MSE) was
applied to evaluate the effect of the number of neurons on model-
ing accuracy:

MSE = (g:l(Rt, pr67 Ri, exp)'zj/N (4)
i=1

where N is the number of data point, R; . and R; ,,, are network
prediction and experimental dye removal efficiencies respectively,
and i is an index of data.

Table 3. The FTIR spectral characteristics of AST before and after MB adsorption

Frequencies (cm™")

IR peaks Assignment Ref.
Before adsorption After adsorption Differences

1 3397 3383 +14 Bonded -OH groups [14,25]
2 2924 2924 0 Aliphatic C-H stretch [26]
3 2853 2853 0 Aliphatic C-H stretch (34]
4 1719 1719 0 Carbonyl stretch of carboxyl [14]
5 1655 1655 0 C=0 stretching [35]
6 1519 1523 —4 Secondary amine group [36]
7 1457 1451 +6 Symmetric bending of CH, (36]
8 1157 1160 -3 C=0 stretching of ether groups [37]

April, 2016
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Table 4. Kinetic parameters for MB adsorption using AST adsorbent (Conditions: pH 7.0+0.1, adsorbent mass 10 g/L, C,=100 mg/L)

Temperature (K)

Adsorption kinetic models Parameters
278 298 323
Qe exp (Mg/g) 8.6 9.5 10
Pseudo-first order q. (mg/g) 8.606 9.207 9.73
q=q. (1—exp(-kit)) ks (min™) 0.05 0.1557 0.39
RMSE 0.65 0.8161 0.544
SSE 4,644 7.326 3252
R’adj 0.961 0.935 0.97
Pseudo-second order kg (g/mg-min) 0.0072 0.0256 0.060
0 k,qut q. (mg/g) 9.485 9.702 10.14
1+q.k t RMSE 04121 0.3819 0.205
SSE 1.868 1.604 0.464
R’adj 0.984 0.986 0.996
Avrami fractional order k,y (min™") 0.036 0.1164 0.3370
q=q{1-exp[~ (kt)]""} q. (mg/g) 9.33 9.738 9.993
Ny 0.60 0.517 0.588
RMSE 0.199 0.164 0.142
SSE 0.397 0.270 0.201
R’adj 0.996 0.997 0.998
Power fraction a (mg/g-min’) 2.144 4.086 6.034
g=at’ b 0.2724 0.1696 0.104
RMSE 0.709 0.8378 1.005
SSE 5.529 7.721 11.11
Radj 0.953 0.9314 0.895
Elovich o (mg/g-min) 1.722 14.93 3123
0= ( %)m (14 aft) B (g/mg) 0.589 0.772 1.051
RMSE 0.394 0.546 0.863
SSE 1.746 3278 8.19
R’adj 0.985 0.97 0.922
Intraparticle diffusion k;; (mol/ g-min“) 0.526 0.46 0.371
q=k > +C C 1.801 3.727 5.434
RMSE 1.237 1.823 2.308
SSE 16.83 36.57 58.6
R’adj 0.86 0.68 0.44

5. Models Fitness

In the present study; the parameters of kinetic and isotherm mod-
els were determined based on the non-linear method by using the
MATLAB® 7.11.0 (R2010b) with the Levenberg-Marquardt algo-
rithm. To select the most suitable kinetic and isotherm model, it is
necessary to evaluate their validity. Here, the validity of kinetic and
isotherm models was assessed by criteria such as the adjusted deter-
mination factor (R’adj), the sum of squared error (SSE) and the
root mean square error (RMSE). These criteria describe the good-
ness of fit between the experimental and predicted data. R*adj, SSE
and RMSE can be calculated according to Supplementary Table 3.
6. Simulated Dye-house Effluent

To imitate the effluent produced by typical textile industries using
reactive dyes, a simulated dye-house effluent containing five typi-
cal dyes commonly used as fabric colorants together with auxil-

fary chemicals was prepared at pH 7.0. Typically, between 10-60%
of synthetic dyes and almost the entire dye bath auxiliaries remain
in the spent dye bath and its composition is diluted 5- to 30-fold
during the next regular washing and rinsing steps [22-23]. The char-
acteristics of the simulated dye-house effluent are summarized in
Supplementary Table 4.

RESULTS AND DISCUSSION

1. Characterizations of AST

Fig. 1 shows the electron micrographs for the spent tea and AST.
Clearly, the AST surface is different from that of the spent tea. As
Fig. 1 shows, the AST has an irregular and a more porous struc-
ture than spent tea. This is associated with the removal of impuri-
ties from the spent tea during the acid activation process. Therefore,

Korean J. Chem. Eng.(Vol. 33, No. 4)
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Fig. 1. SEM micrograph (a) spent tea (b) AST.
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Fig. 2. FTIR spectra of AST before and after MB adsorption.

acid activation has increased both the porosity and the active sur-
face of AST. This finding can be confirmed by the high specific
surface area of AST (285.5 m’/g) than raw spent tea (21 m’/g) [24].
Fig. 2 shows the FTIR spectrum of the AST before and after the
MB was loaded. The FT1IR spectroscopic characteristics are shown
in Table 3. The bands around 3,400 cm ™" indicated the presence of
bonded -OH groups [14,25]. The bands observed at about 2,920-
2,850 cm™ could be assigned to the aliphatic C-H group [26]. As
shown in Fig. 2 and Table 3, the spectra display a number of ab-
sorption peaks, indicating the complex nature of the AST. As seen
in Table 3, the spectral analysis before and after MB adsorption
indicated only slight changes in the bonded -OH groups, second-
ary amine group, C=O stretching of ether group and symmetric
bending of CH; of the AST showing that the adsorption process

April, 2016

may be physicochemical in nature.
2. Effect of pH

The pH of solution plays a key role in the adsorption process. It
can also affect the solution chemistry, adsorbent surface charge,
and the functional groups on the active sites. Referring to Fig. 3,
dye adsorption percentages increased by an increase of pH from 2
to 10 for 50 mg/L concentrations of MB. Low adsorption at pH
below 5 can be attributed to the electrostatic repulsion between the
adsorbent and the adsorbate. When the solution pH is lower than
pH,.. (pH<pH,,), the surface of the adsorbent is positive, leading
to an electrostatic repulsion between MB cations and AST, which
results in a decrease in the adsorption percentage. Moreover, in acidic
pH, the H" ions exist at high concentrations, which compete with
MB cations for active sites onto the AST. This result is in good agree-
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tions: contact time 60 min, adsorbent dose 5.0 g/L, 298 K).
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ment with the previous studies for MB adsorption on different
adsorbents [14]. In contrast, at pH>pH,,, the adsorbent surface
becomes negatively charged due to the presence of hydroxide ions
(OH") and, consequently; the MB cations are easily adsorbed onto
it by electrostatic attraction forces. The value of pH of the AST at the
point of zero charge was found to be 5.0+0.2 according to Table 1.
Thus pH values greater than 5.0 will be favorable conditions for
MB adsorption on the AST. Therefore, based on the fact that most
sewage and water pH ranges at about neutral (6.0-8.0), the opti-
mum pH 7.0 was selected throughout the study:

3. ANN Modeling

The optimum ANN with input, hidden and output layers of 5,
10 and 1, respectively, was used to model the adsorption process
(Fig. 4). The weights and biases of optimized ANN topology used
in this study are listed in Supplementary Table 5.

The agreement between the predicted ANN model and the exper-
imental values of dye removal efficiency for the test sets is shown
in Fig. 5. The plot in this figure has a correlation coefficient of 0.999
for the test set. These results confirmed that the neural network
model is a good way of predicting the experimental data within
the adopted ranges.

The relative importance of input variables on the value of dye

Table 5. Isotherm constants of different models for the adsorption
of MB onto AST (Conditions: pH 7.0+0.1, contact time
120 min, adsorbent mass 0.1-20 g/L, C,=50 mg/L)

Adsorption isotherm Temperature (K)
Parameters

models 278 298 323

Langmuir

~ K;qq,C, q, (mg/g) 411 5508  104.2

71K C, K, (L/mg)  0.04 0.036  0.031
R, 0.2 0.22 0.24
R’adj 099 0994  0.992
RMSE 0703 1104  2.039
SSE 4448 1097 3742

Freundlich

q.=K,C!" K: (L/g) 2.888 3638 5614
n 1702 1684  1.574
R’adj 099 0991 0984
RMSE 1102 135 2.986
SSE 1093 1641 8024

Redlich-Peterson

~ KuC, Kpo (L/g) 1482 1756 243
“ ltagCt ap (L/mg) 002 0015  0.0003
g(-) 1143 1187  2.09
R’adj 099 0993 099
RMSE 07315 1159 1438
SSE 428 1074 1654
Liu
_ q.(K,C)" K, (L/mg) 0034 0043 0058
1+(K,C,)" n 0.8734 09469 1361
Qn (mg/g) 4401 6732 7584
R’adj 099 0994 0994
RMSE 07383 113 1.847
SSE 4361 1024 2729
Temkin
q.=BIn(A,C,) A (Lig) 3673 9126 3538
_RT B 4459 4537 5723
by R’adj 0.8476 0.767  0.659
RMSE 4295 6751  13.68
SSE 166 4102 1684

removal efficiency (%) was calculated by Eq. (5)

B k=N, [ m=N, N,

ok o (L M

k=1 =1 k=1
where I; is the relative importance of the jy, input variable on the
output variable, Ws are connection weights, N; and N, are the num-
bers of input and hidden neurons; the superscripts 4, I and © refer
to input, hidden and output layers; and subscripts ‘K ‘m’ and ‘o
refer to input, hidden and output neurons [21]. According to the
obtained results, the relative importance of dye concentration, ad-
sorbent dose, pH, Temperature, and Time on dye removal efficiency

m=N,,

L k=N,
5wy S o,
_ m=1 k=1

Korean J. Chem. Eng.(Vol. 33, No. 4)
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Fig. 5. Simulated results vs. experimental results for dye removal
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was 14.10, 30.03, 10.96, 9.47 and 35.44%, respectively.
4. Adsorption Kinetics

The effect of contact time on the removal of MB dye by AST
was studied at a period of 0-300 minutes, the optimum pH of 7.0
and the adsorbent dosage of 10 g/L at 278-323 K for 100 mg/L con-
centrations of MB (see Fig. 6). Note that the adsorption capacity
rate of dye was fast during the early adsorption stage of contact
time. This phenomenon can be explained by the fact that active
sites are initially vacant and then filled by increasing the contact
time. It is observed from Fig. 6 that the adsorption capacity of MB
was almost constant for the contact times after 120 minutes. In fact,
the adsorption process reaches the equilibrium point at 120 min.
Therefore, this was chosen as the equilibrium time of MB adsorp-
tion onto AST.

To describe the adsorption kinetics of MB using AST, six kinetic
models were tested, as shown in Fig. 6. Taking into account that
the RMSE and SSE values obtained by pseudo-first order (PFO),
Power fraction (P-F), Elovich and Intraparticle diffusion (I-D) kinetic
models were greater than the values obtained with the Avrami frac-
tional and pseudo-second order (PSO) models, it can thus be con-
cluded that the adsorption of MB on AST follows the Avrami frac-
tional model and the pseudo-second order model. The Avrami and
pseudo-second order kinetic parameters of MB adsorption on AST
are listed in Table 4. Moreover, the calculated equilibrium adsorp-
tion capacity, q, ., using Avarmi and pseudo-second order mod-
els are very close to the experimental g, ,, values (Table 4). Liu et
al. and Zhao and Liu showed that the pseudo-second order model
provides a better fitting to the experimental data for the MB ad-
sorption onto graphite powder and anaerobic granular sludge, re-
spectively [7,11].

Table 4 shows that the rate coefficients for Avrami and second-
order kinetic models (k,, and k;) increased with increasing solu-
tion temperature. It was understood that with the increase of tem-
perature, the adsorption rate constants enhanced. These findings
imply that the adsorption of MB on AST is more favorable at higher
temperatures. As observed in Table 4, the values of C of interapar-
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Fig. 6. Non-linear adsorption kinetics of MB on AST adsorbent:
(a) 278 K; (b) 298 K; (c) 323 K; (Conditions: pH 7.0+0.1, ad-
sorbent mass 10 g/L, C, 5,5 100 mg/L).

ticle diffusion model are not equal to zero at all studied tempera-
tures, indicating that intraparticle diftusion is not the only controlling
step for MB adsorption process. Therefore, the rate-limiting step
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maybe is a complex combination of the boundary layer and intra-
particle diftusion [27].
5. Adsorption Isotherms

For the equilibrium study, the contact time was 2 h for MB ad-
sorption to obtain the state of equilibrium at optimum pH 7.0. The
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Fig. 7. The plots of non-linear models of isotherms for MB adsorp-
tion onto AST: (a) 278 K; (b) 298 K; (c) 323 K; (Conditions:
pH 7.0+0.1, contact time 120 min, C, ,z 50 mg/L).

effect of temperature on MB adsorption is shown in Table 5. The
results revealed that the sorption capacity for initial dye concentra-
tion of 50 mg/L increased from 41.1 to 104.2 mg/g with the tem-
peratures increasing from 5 to 50 °C. This behavior revealed that
the MB adsorption onto AST is endothermic. The effect of tem-
perature is fairly common and increases the mobility of the dye
cations. Furthermore, an increase in temperature may cause the
swelling effect within the internal structure of the AST adsorbent,
enabling more penetration of MB molecules into the adsorbent
pores. The increase of the adsorption yield and adsorption capac-
ity at increased temperatures indicated that the adsorption of MB
dye by AST may involve not only physical but also chemical sorp-
tion. This can be due to an increase in bond rupture, and conse-
quently an increase in active sites at high temperatures [28].

Analysis of the equilibrium data is important in designing ad-
sorption systems. In this study; the Langmuir, Freunlich, Liu, Redlich-
Peterson (R-P) and Temkin models were tested using non-linear
equations. Parameters of the adsorption equilibrium isotherms of
MB onto AST were obtained at various MB concentrations and
temperatures given in Table 5.

Despite the fact that the Redlich-Peterson (R-P) model was the
best isotherm model for MB adsorption by AST adsorbent based
on the R’adj, RMSE and SSE, since g is more than 1, this isotherm
model is invalid. Regardless of the Redlich-Peterson (R-P) model,
the Langmuir and Liu models showed the lowest RMSE and SSE
values (Table 5). Additionally, the best fit is obtained through com-
bining the Langmuir and Liu models by employing a nonlinear
method (see Fig. 7). The Langmuir model suggests a uniform dis-
tribution of homogeneous active sites on the adsorbent surface as
well as a monolayer and homogeneous adsorption of MB on the
AST [22]. Moreover, as shown in Table 5, it is obvious that the ob-
tained values of R; dimensionless separation factor are less than
one in all the studied temperatures, confirming favorable adsorp-
tion of MB onto AST. Previous studies have also reported that the

Table 6. Comparison of maximum adsorption capacity of several
biosorbents for MB adsorption at the best experimental
conditions of each work

Adsorbent G R Reference
(mg/g)
Tea waste 85.16 Not reported [14]
Date palm leaves 58.1 0912 [38]
Cocoa pod husk 263.9 0.952 [39]
Acacia fumosa seed shell 10.5 0.9104 [40]
Albizia lebbeck seed pods ~ 328.3 0.9871 [41]
Pistacia khinjuk 185.18 0.9973 [42]
Gralic peel 142.86 0.97 [43]
Modified sawdust 111.5 0.974 [44]
Modified pine sawdust 93.5 0.993 [45]
Raw pine cone 129.9 0.996 [46]
Modified pine cone 142.9 0.99 [46]
Rice husk 28.5 0.999 [47]
Modified loofah 85.5 0.941 (48]
Activated spent tea (AST)  104.2 0.992 This study
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Langmuir isotherm was the best model for the experimental data
of MB adsorption on other adsorbents as well [6,10,11,14]. Table 6
presents a comparison of sorption capacities of MB adsorbed in
different low-cost agro-waste based adsorbents. The maximum
amount of MB uptake per unit mass of AST was 104.2 mg/g based
on the Langmuir equilibrium model. According to Table 6, the AST
adsorbent presented good sorption capacities compared with other
adsorbents.
6. Adsorption Thermodynamic

The thermodynamic parameters including the Arrhenius acti-
vation energy (Ea), entropy change (AS’), enthalpy change (AH")
and Gibbs free energy change (AG’) were obtained using the fol-
lowing equations [11]:

Ea
Ink,=1Ink,— RT

AG’=-RTIn(K)) )

AS AH"

In(K;)= RT

where k, is the Arrhenius factor, R is the gas constant (8.3145 ]/
mol K), and K is the Langmuir equilibrium constant (//mol) at
temperature T.

The magnitude of the activation energy is commonly used as
the basis for differentiating between physical and chemical adsorp-
tion. The activation energy for physisorption usually ranges from
5 to 40 k]/mol since the forces involved in physisorption are weak.
Whereas, chemisorption as a chemical process requires more energy
and generally has activation energies above 40 kJ/mol [29,30]. A
linear plot of In ky, versus 1/T for the adsorption of MB onto the
AST was constructed to determine the Ea value from the slope using
the Arrhenius equation (figure not shown). The activation energy
was calculated to be 37.06 kJ/mol at pH 7.0+0.1 with a linear regres-
sion coefficient of 0.997. The value is of the same magnitude as the
activation energy of physisorption. The positive values of Ea sug-
gested that increasing the temperature favored the adsorption and
adsorption process may be an endothermic in nature.

Considering the relationship between AG’ and K;, AS’ and AH’
were determined from the slope and intercept of the van't Hoff plots
of In(K;) versus 1/T (R?>=0.990). The values of AH® and AS’ are both
positive and found to be 8.9 kJ/mol and 110.4 J/mol K, respectively.
The positive values of AH’ demonstrate that the adsorption pro-
cess has been endothermic. Kara et al. [31] suggested that the AH’
of physisorption is smaller than 40k]J/mol. Based on AH’, this study
suggested that the adsorption of MB onto AST was a physisorp-
tion process. The positive value of AS’ indicates the tendency of
AST for MB and suggests some structural changes in dye and AST.
Furthermore, the positive values of AS’ show an increasing ran-
domness at the AST-solution and an adsorption medium inter-
face during the adsorption. The values of AG’ were obtained (—21.8),
(—23.9) and (—26.8) kJ/mol for 278, 298 and 323 K, respectively.
The negative value of AG’ indicates the spontaneous nature of MB
adsorption onto AST. The values of AG” have decreased as a result
of increasing the temperature, indicating that the adsorption of MB
onto AST is more favorable at higher temperatures [6,32]. These
results are also in good agreement with the previous reports for
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Fig. 8. The comparison the removal of MB by AST in synthetic and
real samples (Conditions: pH 7.0+0.1, adsorbent mass 10.0
g/L, contact time 30 min, 298 K).

MB adsorption on different adsorbents [6,33].
7. Treatment of a Simulated Dye-house Effluent

To evaluate application of AST for treatment of industrial tex-
tile effluents, simulated dye-house effluents containing 10-100 mg/
L of MB were utilized (see Supplementary Table 4). According to
Fig. 8, almost no noticeable difference was observed in the adsorp-
tion yields between the synthetic and simulated dye-house eftlu-
ents at all initial MB concentrations. This result suggests that AST
enjoys a good potential for the removal of dye in real samples. There-
fore, the removal of MB dye from industrial wastewaters using AST
as a low-cost adsorbent can be a cost-effective and useful method.

CONCLUSION

Spent tea, an industrial and household waste, was activated and
used as an effective bio-sorbent to remove MB dye from aqueous
solutions. The initial pH was found to significantly influence the
MB uptake, and the maximum adsorption of MB on AST was at
natural basic pH. The equilibrium data were best described by the
Langmuir and Liu isotherm models, with the results suggesting
that the adsorption capacity increased as a result of increasing tem-
perature. The maximum adsorption capacity was 104.2 mg/g at
pH 7.0£0.1. Adsorption data were modeled by using six different
kinetic models, among which the Avrami fractional order and the
pseudo-second order kinetic models could best describe the sorp-
tion kinetics. The mathematical model developed using ANN could
precisely predict the effect of dye concentration, adsorbent dose,
pH, time and temperature on adsorption efficiency with a satisfac-
tory correlation coefficient of 0.999. The adsorbent dose and time,
with a relative importance of 30.03 and 35.44% respectively, appeared
to be the most influential parameters in the MB adsorption. Changes
in the standard Gibbs free energy (AG"), standard enthalpy (AH’)
and standard entropy (AS°) showed that the adsorption of MB dye
onto AST was spontaneous and endothermic. This study shows
that AST is a promising bio-sorbent for the removal of dye from
colored wastewaters.
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