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The adsorption of methylene blue (MB) from aqueous solution by
alkali treated Foumanat tea waste (ATFTW) from agriculture
biomass was investigated. The adsorbent was characterized by
Scanning Electron Microscopy (SEM), Fourier Transform-Infrared
Spectroscopy (FT-IR) and nitrogen physisorption. FTIR results
showed complexation and ion exchange appear to be the principle
mechanism for MB adsorption. The adsorption isotherm data were
fitted to Langmuir, Sips, Redlich-Peterson and Freundlich equa-
tions, and the Langmuir adsorption capacity, Qmax was found to
be 461 mgg�1. It was found that the adsorption of MB increases
by increasing temperature from 303 to 323 K and the process is
endothermic in nature. The removal of MB by ATFTW followed
pseudo-second order reaction kinetics based on Lagergren equa-
tions. Mechanism studies indicated that the adsorption of MB on
the ATFTW was mainly governed by external mass transport
where particle diffusion was the rate limiting step.
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1. Introduction

Saving water to save the planet and to make the future of mankind safe is what we need now. With
the growth of mankind, society, science, technology our world is reaching to new high horizons but
the cost which we are paying or will pay in near future is surely going to be too high. Among the
consequences of this rapid growth is environmental disorder with a big pollution problem. Besides
other needs the demand for water (“Water for People Water for Life” United Nations World Water
Development Report UNESCO) has increased tremendously with agricultural, industrial and domestic
sectors consuming 70%, 22% and 8% of the available fresh water, respectively and this has resulted in
the generation of large amounts of wastewater [1–3] containing a number of pollutants. One of the
important classes of the pollutants is dyes, and once they enter the water it is no longer good and
sometimes difficult to treat as the dyes have a synthetic origin and a complex molecular structure
which makes them more stable and difficult to be biodegraded [4–5]. Therefore, removal of dyes is an
essential procedure of wastewater treatment before discharge. The methods to treat dyeing
wastewater can be classified into two types: physical and chemical processes. Among all these
methods, adsorption by activated carbon is the most common process for dye removal from
wastewater. Although, the process is highly effective, the running costs are high with the need for
regeneration after each sorption cycle [6]. This has led to the search for other potentially suitable
alternative, that is more economical and equally an effective materials for dye removal by adsorp-
tion [7]. A number of investigations have shown that agricultural by-products such as clay [8], durian
shell [9], Hevea brasiliensis [10], banana stalk waste [11] and mango seed kernel powder [12] have the
potential of being used as low cost adsorbent for the removal of dyes in wastewater. Some of the
advantages of using agricultural waste for wastewater treatment include simple technique, requires
little processing, good adsorption capacity, selective of adsorption effluent, low cost, free availability
and easy regeneration [13]. Besides, the exhausted adsorbents can be disposed of by burning and the
heat used for steam generation [14]. However, the application of untreated agricultural or plant waste
as adsorbents can also bring several problems such as low adsorption capacity, high chemical oxygen
demand (COD) and biological oxygen demand (BOD) as well as total organic carbon (TOC) due to
release of soluble organic compounds contained in the plant wastes [15]. Recently, comparative
studies of cationic and anionic dye adsorption by agricultural solid wastes and some other low-cost
adsorbents were reported [13,16–18]. Therefore, the agricultural wastes need to be treated or
modified before being used as adsorbent. Alkali treatment is viewed as one of the widely employed
chemical treatment techniques for surface modification of agricultural wastes for the purpose of
improving its adsorption properties. Treatment of agricultural wastes with aqueous sodium hydroxide
(NaOH) solutions breaks the covalent association between lignocellulose components, hydrolyzing
hemicellulose and de-polymerising lignin [19]. This treatment has a substantial influence on
morphological, molecular and supramolecular properties of cellulose, causing changes in crystallinity,
pore structure, accessibility, stiffness, unit cell structure and orientation of fibrils in cellulosic fibers
[20]. NaOH also improves mechanical and chemical properties of cellulose such as structural
durability, reactivity and natural ion-exchange capacity. Treatment with NaOH removes natural fats
and waxes from the cellulose fiber surfaces thus revealing chemically reactive functional groups like –

OH [21]. In our previous work, we examined the use of Foumanat tea waste for methylene blue (MB)
removal [22]. The objective of this work was to study the adsorption of methylene blue onto alkali
treated Foumant tea waste (ATFTW). Adsorption kinetics, isotherms and thermodynamics were also
evaluated and reported.
2. Materials and methods

2.1. Materials

The Foumanat tea waste was collected from Faculty of Fouman Cafeteria. The collected materials
were washed several times with boiled water and finally with distilled water to remove any adhering
dirt. The washed materials were then dried in the oven at 60 1C for 48 h. The dried tea waste was then
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ground and sieved into a size range of 100–500 μm. Finally, the resulting product was stored in air-
tight container for further use.

The methylene blue (MB) purchased from Merck (No. 115943), was selected as a representative
reactive dye for this study. A stock solution of MB was prepared by dissolving 1.0 g of MB in 1 L of
deionized water, and the concentrations of MB used (50–500 mg/L) were obtained by dilution of the
stock solution. The pH of the solution was adjusted to the desired value by adding a small quantity of
0.01 M HCl or 0.01 M NaOH.

2.2. Preparation of adsorbent and characterization

Foumanat tea waste (FTW) was prepared as described previously. The dried FTW was treated in
0.05 M sodium hydroxide (NaOH) solution for 4 h. The sample was then washed thoroughly with
distilled water until the sample was neutralized and dried in the oven at 60 1C for 24 h. Finally, the
resulting adsorbent, alkali treated Foumanat tea waste (ATFTW) was stored in air-tight container for
further use to adsorption experiments.

Fourier transform infrared (FTIR) analysis was applied to determine the surface functional groups,
using FTIR spectroscope (FTIR-2000, Bruker), where the spectra were recorded from 4000 to
400 cm�1. Surface morphology was studied using Scanning Electron Microscopy (Vegall-Tescan
company). Specific surface area based on nitrogen physisorption was measured by Sibata surface area
apparatus 1100. The samples were degassed at 100 1C for 2 h prior to the sorption measurement.

2.3. Adsorption procedure

Equilibrium isotherms were determined by shaking a fixed mass of ATFTW (0.5 g) with 100 mL of
MB solutions with different initial concentrations (50, 100, 200, 300, 400 and 500 mg/L) in 250 mL
glass Erlenmeyer's flasks at a temperature of 30 1C and pH¼7. The procedure was repeated for
temperatures 40 and 50 1C. Initial pH adjustments were carried out by adding either a 0.01 M
hydrochloric acid or 0.01 M sodium hydroxide solution. After shaking the flasks for 120 min, the
reaction mixtures were filtered through filter paper, and then the filtrates was analyzed for the
remaining MB concentrations with spectrometry at the wavelength of maximum absorbance, 664 nm
using a double beam UV–Vis spectrophotometer (Shimadzu, Model UV 2100, Japan).

2.4. Kinetic studies

Adsorption kinetics experiments were performed by contacting 200 mL MB solution of different
initial concentrations ranging from 50 to 200 mg/L with 0.5 g ATFTW in a 500 mL-stopperred conical
flask at room temperature. At fixed time intervals, the samples were taken from the solution and were
analyzed.

2.5. Isotherm modeling

The non-linear forms of the Langmuir, Freundlich, Temkin, Sips and Redlich-Peterson isotherm
models were used to analyze the equilibrium isotherm data [23]. The fitness of these models was
evaluated by the non-linear coefficients of determination (R2). The Matlab (version 7.3) software
package was used for the computing.

The Langmuir adsorption isotherm assumes that adsorption takes place at specific homogeneous
sites within the adsorbent and has found successful application for many processes of monolayer
adsorption. The Langmuir isotherm can be written in the form (1)

qe ¼ ðQmaxKLCeÞ=ð1þKLCeÞ ð1Þ
where qe is the adsorbed amount of the dye, Ce is the equilibrium concentration of the dye in
solution, Qmax is the monolayer adsorption capacity and KL is Langmuir adsorption constant. The
Freundlich isotherm is an empirical equation which assumes that the adsorption occurs on
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heterogeneous surfaces. The Freundlich equation can be expressed as

qe ¼ KLC
1=n
e ð2Þ

where KF and 1/n are fitting constants which can be regarded roughly, the capacity and strength of
adsorption, respectively. The Sips model is an additional empirical model which has the features of
both the Langmuir and Freundlich isotherm models. As a combination of the Langmuir and Freundlich
isotherm models, the Sips model contains three parameters, Qmax, Ks and 1/n, which can be evaluated
by fitting the experimental data. The Sips adsorption isotherm model can be written as follows:

qe ¼ ðQmaxKsC
1=n
e Þ=ð1þKsC

1=n
e Þ ð3Þ

Similar to the Sips isotherm, Redlich and Peterson, proposed an isotherm compromising the
features of the Langmuir and the Freundlich isotherms:

qe ¼ KrpCe=ð1þαrpC
β
eÞ limx-1

ð4Þ

In which Krp and αrp are the Redlich-Peterson constants, and β is basically in the range of zero to
one. If β is equal to 1, The equation reduces to the Langmuir isotherm equation, while in case where
the value of the term αrpCe

β is much bigger than one, the Redlich-Peterson isotherm equation can be
approximated by a Freundlich-type equation.

Temkin isotherm was first developed by Temkin and Pyzhevand it is based on the assumption that
the heat of adsorption would decrease linearly with the increase of coverage of adsorbent:

qe ¼ RT lnðatCeÞ=bt ð5Þ
In which R is the gas constant, T the absolute temperature in Kelvin, bt the constant related to

the heat of adsorption and at is the Temkin isotherm constant. Temkin isotherm equation has been
applied to describe adsorption on heterogeneous surface.
2.6. Kinetic models

The Lagergren rate equation [24] is one of the most widely used adsorption rate equations for
the adsorption of solute from a liquid solution. The pseudo-first-order kinetic model of Lagergren may
be represented by

dq=qe�q¼ k1dt ð6Þ
Integrating this equation for the boundary conditions t¼0 to t¼t and q¼0 to q¼qt, gives

lnðqe�qtÞ ¼ ln qe�k1t ð7Þ
where qe and qt are the amounts of adsorbate (mg/g) at equilibrium and at time t (min), respectively,
and k1 is the rate constant of pseudo-first-order adsorption (min�1). The validity of the model can be
checked by linearized plot of ln(qe–qt) vs t. Also, the rate constant of pseudo-first-order adsorption is
determined from the slope of the plot.

The pseudo-second-order equation based on adsorption equilibrium capacity can be expressed as

dq=ðqe�qtÞ2 ¼ k2dt ð8Þ
Taking into account, the boundary conditions t¼0 to t¼t and q¼0 to q¼qt, the integrated linear

form the above equation can be rearranged to follow equation:

1=ðqe�qtÞ–1=qe ¼ k2t ð9Þ
Rearranging the variables gives the following equation

t=qt ¼ 1=k2q2e þt=qe ð10Þ
where the theoretical equilibrium adsorption capacity (qe) and the second-order constants k2
(g mg�1 min�1) can be determined experimentally from the slope and intercept of plot t/q vs t.
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2.7. Statistical analysis

All experiments were performed in duplicate and the mean values were presented. The data were
analyzed by one-way analysis of variance (ANOVA) using SPSS 11.5 for Windows. The data was
considered statistically different from control at Po0.05.

2.8. Studies on point of zero charge (pHpzc)

In pHpzc determination, 0.01 M NaCl was prepared and its pH was adjusted in the range of 2–11 by
adding 0.01 M NaOH or HCl. Then, 50 mL of 0.01 M NaCl each was put in conical flask and then 0.1 g of
the ATFTW was added to these solutions. These flasks were kept for 72 h and final pH of the solution
was measured by using pH meter. Graphs were then plotted for pHfinal vs pHinitial.
3. Results and discussion

3.1. FTIR spectral analysis

A closer insight into the biomass surface properties was obtained by comparing the FTIR spectra of
FTW before and after alkali treatment and after MB adsorption (Fig. 1) in the range of 400–4000 cm�1.
FTIR spectra of ATFTW before and after adsorption of MB are shown in Fig. 1. In ATFTW spectrum
before adsorption (Fig. 1b), the broad absorption peaks at around 3432 cm�1 correspond to the O–H
stretching vibrations due to inter- and intra-molecular hydrogen bonding of polymeric compounds
(macromolecular associations), such as alcohols, phenols and carboxylic acids, as in pectin, cellulose
and lignin, thus, showing the presence of “free” hydroxyl groups on the adsorbent surface [25].
The peak at 2921 cm�1 is attributed to the symmetric and asymmetric C–H stretching vibration of
aliphatic acids [25]. The peak at 1638 cm�1 is due to asymmetric stretching vibrations of CQO and
the peak observed at 1525 cm�1 can be assigned to aromatic compound group. The other prominent
peaks are due to NH2 and CQO (1457 and 1046 cm�1, respectively) groups.

However, in the case of ATFTW (Fig. 1(c)) after adsorption, there is remarkable shift in positions
of –OH, CQO and –C–C– group peaks which indicates MB binding mostly at –OH and CQO groups.
Moreover, it can be seen that some of the absolute values of ATFTW were larger than those of FTW
(Fig. 1a), which indicates that ATFTW has higher physical stability and surface activity. The changes in
FTIR spectra confirm the complexation of MB with functional groups present in the adsorbents. These
observation also reported by Nasuha and Hameed [26].

3.2. SEM and BET analysis

SEM microghraphs of FTW and ATFTW with two magnifications are shown in Fig. 2. These results
revealed that their surface morphologies were obviously different. FTW consisted of fibers with open
stomata (Fig. 2a); ATFTW consisted of fibers with significant pore and uneven surface structure
(Fig. 2b), which indicated that the surface area of FTW was increased for alkali treatment and the
surface of ATFTW was rougher than that of FTW. This surface characteristic will substantiate the
higher adsorption capacity. The surface areas of FTW and ATFTWare observed to be 21 and 45 m2/g by
BET method, respectively.

3.3. Effect of initial concentration and contact time on MB adsorption

Fig. 3 shows the effect of the initial dye concentration (50–200 mg/L) on the adsorption of MB.
It was observed that amount of MB adsorbed was rapid for the first 10 min and thereafter it proceeded
at a slower rate (10–80 min) and finally reached saturation. The equilibrium adsorption increases from
15.2 to 62.2 mg/g, with increase in the initial MB concentration from 50 to 200 mg/L. The findings are
because as the initial concentration increases, the mass transfer driving force becomes larger, hence



Fig. 1. FTIR spectra of (a) FTW, (b) ATFTW and (c) ATFTW after MB adsorption.
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resulting in higher MB adsorption [27]. It is also shown in Fig. 3 that the contact time needed for MB
solutions with initial concentrations of 50–200 mg/L to reach equilibrium was 80 min. The initial
concentration provides an important driving force to overcome all mass transfer resistances of the MB
between the aqueous and solid phase. However, the experimental data were measured at 120 min to
be sure that full equilibrium was attained.
3.4. Effect of temperature on MB adsorption

The effect of temperature on the adsorption rate of MB on ATFTW was investigated at three
different temperatures (30, 40, and 50 1C) using initial concentration of 50–500 mg/L (Fig. 4). The
major effect of temperature is influence by the diffusion rate of adsorbate molecules and internal
pores of the adsorbent particle. It is observed that the removal percentage of MB increases with
increased temperature at all concentrations studied. An increase of temperature increases the rate
of diffusion of the adsorbate molecules across the external boundary layer and within the internal



Fig. 2. SEM micrographs of (a) FTW and (b) ATFTW.
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pores of the adsorbent particle, due to decrease in the viscosity of the solution [28]. From the result,
an increase in temperature from 30 to 40 1C increased the ATFTW monolayer adsorption capacities
from 404 to 461 mgg�1 (Table 1). This phenomenon indicates that the adsorption process is
endothermic in nature. This may be due to the mobility of molecules which increases generally with a
rise in temperature, thereby facilitating the formation of surface monolayers [29].
3.5. Point of zero charge (pHzpc) studies and the effect of pH on MB adsorption

The point of zero charge (pHpzc) is an important factor that determines the linear range of pH
sensitivity and then indicates the type of surface active centers and the adsorption ability of the
surface [30]. Many researchers studied the point of zero charge of adsorbents that prepared from
agricultural solid wastes in order to better understand of adsorption mechanism. Cationic dye



Fig. 3. Effect of contact time and initial concentration on the adsorption of MB on ATFTW.

Fig. 4. Effect of temperature on the removal of MB at different initial concentrations.

A. Ebrahimian Pirbazari et al. / Water Resources and Industry 6 (2014) 64–80 71
adsorption is favored at pH4pHpzc, due to presence of functional groups such as OH� , COO� groups.
Anionic dye adsorption is favored at pHopHpzc where the surface becomes positively charged [31,32].
The graph of pHfinal vs pHintial was plotted as shown in Fig. 5. The intersections of the curves with the
straight line are known as the end points of the pHpzc, and this value is 6.7 for ATFTW. Fig. 6 shows the
effect of pH on the adsorption of MB. The experiments were conducted at 250 mL of 100 mg/L initial
MB concentration, 0.50 g ATFTW dose. It was observed that pH gives a significant influence to the
adsorption process. MB is cationic dye, which exists in aqueous solution in the form of positively
charged ions. As a charged species, the degree of its adsorption onto the adsorbent surface is primarily
influenced by the surface charge on the adsorbent, which in turn is influenced by the solution pH.
As shown in Fig. 6, the removal percentage was minimum at pH 2 (42%), this increased up to 6 and



Table 1
Isotherm parameters for MB adsorption by ATFTW.

Temperature (K) 303 313 323

Langmuir
Qmax (mgg�1) 404.72 461.08 429.85
kL (L/mg) 0.0082 0.0077 0.0089
R2 0.9999 0.9996 0.9995

Freundlich
n 1.16 1.14 1.15
kF (mgg�1)(dm3/mg)1/n 4.25 4.39 4.76
R2 0.9996 0.9999 0.9995

Temkin
B/RT 0.0315 0.0313 0.0311
kT (L mg�1) 0.3623 0.3938 0.4147
R2 0.9095 0.9038 0.9087

Sips
Qmax (mgg�1) 571.36 1121.5 785.87
Ks ((mg�1)�1/n) 0.00637 0.00365 0.00548
1/n 0.9526 0.9205 0.9327
R2 1 1 0.9997

Redlich-Peterson
Krp (L kg�1) 3.649 4.557 4.511
αrp (kgmg�1) 0.03947 0.151 0.08529
β 0.658 0.397 0.514
R2 1 1 0.9997
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remained nearly constant (95%) over the initial pH ranges of 6–12. This phenomenon occurred due to
the presence of excess Hþ ions in the adsorbate and the negatively charged surface adsorbent. Lower
adsorption of MB at acidic pH (pHopHpzc)is due to the presence of excess Hþ ions competing with
the cation groups on the dye for adsorption sites. At higher solution pH (pH4pHpzc), the ATFTW
possibly negatively charged and enhance the positively charged dye cations through electrostatic
forces of attraction. We selected pH¼7 for adsorption and kinetic experiments.

3.6. Isotherm modeling

Analysis of the isotherm data is important to develop equations that correctly represent the results
and could be used for design purposes. Fig. 7 and Table 1 show the fitting parameters for the
measured isotherm data for MB adsorption onto ATFTW on the nonlinear forms of Langmuir,
Freundlich, Temkin, Redlich-Peterson and Sips models. The values of non-linear correlation
coefficients (R2) for the Langmuir, Sips, Freundlich and Rudlich-Peterson isotherm models indicate
good fit with the four models. The applicability of Langmuir, Sips and Rudlich-Peterson isotherms
showed that there were effectively monolayer sorption and a homogeneous distribution of active sites
on the surface of biosorbent. In all the temperatures, the Temkin isotherm represented the poorest fit
of experimental data in comparison to the other isotherm equations. The value of exponent 1/n for the
Sips model is close to unity indicating that adsorptions are rather homogeneous. The maximum MB
adsorption capacity (mgg�1) belongs to ATFTW as has been shown in Table 1.The monolayer capacity
(Qmax) is 461 mgg�1 as calculated from Langmuir at 313 K. The Freundlich model assumes that the
uptake of MB occurs on a heterogeneous adsorbent surface. The magnitude of the Freundlich constant
n gives a measure of favorability of adsorption. Values of n41 represent a favorable adsorption
process [33]. For the present study, the value of n also presents the same trend at all the temperatures
indicating favorable nature of adsorption of MB by ATFTW.



Fig. 5. Plot for determination of point of zero charge of ATFTW.

Fig. 6. Effect of solution pH on the adsorption of MB on ATFTW.
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3.7. Effect of alkali treatment of FTW on MB adsorption

In our previous study [22], maximum saturated monolayer sorption capacity (Qmax) of FTW for
MB was 213 mgg�1 at 313 K and in this study, Qmax of ATFTW is 461 mgg�1 at 313 K, suggested
that carboxyl groups (–COOH) are responsible to some extent for the binding of MB cations (in
aqueous solutions, MB dissociates into MBþ and Cl�ions). This means that increasing the number of
carboxylate ligands in the biomass can enhance the binding capacity. Cellulose, pectin, hemicellulose,
and lignin, which are major constituents of FTW, contain methyl esters [25] that do not bind dye
significantly. However, these methyl esters can be modified to carboxylate ligands by treating the
biomass with a base such as sodium hydroxide, thereby increasing the dye-binding ability of the
biomass. The hydrolysis reaction of the methyl esters is as follows [34]:

R–COOCH3þNaOH-R–COO�þCH3OHþNaþ (11)

Therefore, chemically modifying the biomass increases the number of carboxylate ligands, which can
enhance the binding ability of the biomass.



Fig. 7. Isotherm plots MB adsorption onto ATFTW at different temperatures.
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3.8. Adsorption kinetics studies

The dynamics of the adsorption can be studied by the kinetics of adsorption in terms of the order
of the rate constant [35]. The adsorption rate is an important factor for a better choice of material to be
used as an adsorbent; where the adsorbent should have a large adsorption capacity and a fast
adsorption rate. Most of adsorption studies used pseudo-first-order and pseudo-second-order models
to study the adsorption kinetics. For the pseudo-first-order model, the adsorption rate was expected
to be proportional to the first power of concentration, where the adsorption was characterized by
diffusion through a boundary. The pseudo-first-order model sometimes does not fit well for the whole
range of contact time when it failed theoretically to predict the amount of dye adsorbed and thus
deviated from the theory. In that case, the pseudo-second-order equation used was based on the
sorption capacity of the solid phase, where the pseudo-second-order model assumes that
chemisorption may be the rate-controlling step in the adsorption processes [15,36].

The transient behavior of the MB adsorption process was analyzed by using the pseudo-first and
pseudo-second-order kinetic models. Plotting ln (qe�qt) against t permits calculation of k1 (Fig. 8a).
The rate constants, k1, evaluated from these plots with the correlation coefficients obtained are listed
in Table 2. Plotting t/q against t (Fig. 8b), gives a straight line where k2 can be calculated. Usually the
best-fit model can be selected based on the linear regression correlation coefficient R2 values.
Generally the kinetic adsorption is better represented by pseudo-second-order model for anionic and
cationic dye adsorption. Lakshmi et al. [37] evaluated the adsorption of Indigo carmine dye by rice
husk ash. They found that the values of the pseudo-first-order rate constant increases from 0.0087 to



Fig. 8. Kinetic models for adsorption of MB onto ATFTW. (a) Pseudo-first-order and (b) pseudo-second-order rate equations.

Table 2
Kinetic parameters for the adsorption of MB onto ATFTW based on Lagergren rate equation.

C0 (mg/L) Pseudo-first order Pseudo-second order

qe(mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/mg min) R2

50 1.61 0.019 0.973 16.66 0.044 0.999
100 3.65 0.030 0.995 34.25 0.022 1.00
200 8.98 0.026 0.991 69.44 0.012 0.999
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0.0122 min�1 with an increasing initial dye concentration from 50 to 500 mg/L, which indicates that
the adsorption rate increases with an increase in initial dye concentration while the R2 values were
closer to unity for the pseudo-second-order model than that for the pseudo-first-order model.
Ponnusami et al. [38] studied the use of guava leaf powder for adsorption of methylene blue. They
found that the values of R2 of the pseudo-first-order model were between 0.70 and 0.85, while the
values of R2 for the second order model were 0.999, indicating the conformity of second order model.
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The R2 listed (in Table 2) for the pseudo-first-order kinetic model was between 0.973 and 0.995.
The R2 values for pseudo-second-order model were 40.999, which is higher than the R2 values
obtained for the pseudo-first-order model. Therefore, the adsorption kinetics could well be
satisfactorily more favorably described by pseudo-second-order kinetic model for MB adsorption
onto ATFTW.

3.9. Adsorption mechanism

In adsorption process of dye ion on the solid surface, the dye species migrate towards the surface of
the adsorbent. This type of migration proceeds till the concentration of the adsorbate species,
adsorbed, on to the surface of the adsorbent. Once equilibrium is attained, the migration of the solute
species from the solution stops. Under this situation, it is possible to measure the magnitude of the
distribution of the solute species between the liquid and solid phases. The magnitude of this kind of
distribution is a measure of the efficiency of the chosen adsorbent in the adsorbate species. When a
powdered solid adsorbent material is made in contact with a solution containing dyes, the dyes first
migrate from the bulk solution to the surface of the liquid film. This surface exerts a diffusion barrier.
This barrier may be very significant or less significant [39]. The involvement of a significant quantum
of diffusion barrier indicates the dominant role taken up by the film diffusion in the adsorption
process. Furthermore, the rate of an adsorption process is controlled either by external diffusion,
internal diffusion or by both types of diffusions. The external diffusion controls the migration of the
solute species from the solution to the boundary layer of the liquid phase. However, the internal
diffusion controls the transfer of the solute species from the external surface of the adsorbent to the
internal surface of the pores of the adsorbent material [40]. It is now well established, that during
the adsorption of dye over a porous adsorbent, the following three consecutive steps were taken
place [41]:
(i)
 Transport of the ingoing adsorbate ions to external surface of the adsorbent (film diffusion).

(ii)
 Transport of the adsorbate ions within the pores of the adsorbent except for a small amount of

adsorption, which occurs on the external surface (particle diffusion).

(iii)
 Adsorption of the ingoing adsorbate ions on the interior surface of the adsorbent [42].
Out of these three processes, the third process is considered to be very fast and is not the rate
limiting step in the uptake of organic compounds. The remaining two steps impart the following three
possibilities:

Case 1 External transport4 internal transport, where rate is governed by particle diffusion.
Case 2 External transporto internal transport, where the rate is governed by film diffusion.
Case 3 External transport ≈ internal transport, which accounts for the transport of the adsorbate
ions to the boundary and may not be possible within a significant rate, which later on gives rise to
the formation of a liquid film surrounded by the adsorbent particles with a proper concentration
gradient.

In order to predict the actual slow step involved in the adsorption process, the kinetic data were
further analyzed using the Boyd model given by Eq. (12) [43]

Bt ¼ �0:4977– lnð1�FÞ ð12Þ
F represents the fraction of solute adsorbed at any time, t (h), as calculated using Eq. (13)

F ¼ qt=qe ð13Þ
where qt and qe are amounts adsorbed after time t and after infinite time (160 min), respectively.
The calculated Bt values were plotted against time t(h), as shown in Fig. 9. The plot of Bt vs time



Fig. 9. Plot of Bt vs time for different initial concentrations of MB.
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distinguishes between the film-diffusion and particle-diffusion-controlled rates of adsorption. The
linear lines for all MB initial concentrations did no pass through the origin and the points were
scatterd. This indicated that the adsorption of MB on the ATFTW was mainly governed by external
mass transport where particle diffusion was the rate limiting step [43].

3.10. Adsorption thermodynamics

In environmental engineering practice, both energy and entropy factors must be considered in
order to determine what processes will occur spontaneously [44]. Gibb's free energy change, ΔG0,
is the fundamental criterion of spontaneity. Reactions occur spontaneously at a given temperature if
ΔG0 is a negative value. The thermodynamic parameters of ΔG0, enthalpy change, ΔH0, and entropy
change, ΔS0, for the adsorption processes are calculated using the following equations [44,45].

ΔG0 ¼ �RT ln KD ð14Þ
KD, is given by the following equation:

KD ¼ qe=Ce ð15Þ
where KD is the distribution coefficient [45] and

ln KD ¼ �ΔH0=Rð1=TÞþΔS0=R ð16Þ
where R is universal gas constant (8.314 J/mol K) and T is the absolute temperature in K. A plot of ln KD

vs 1/T was found to be linear (Fig. 10). The values of ΔH0 and ΔS0 were respectively determined from
the slope and intercept of the plot. The thermodynamic parameter, ΔG0, is shown in Table 3. ΔH0 and
ΔS0 for the sorption process were calculated to be þ6.312 kJ/mol and þ28.55 J/mol K, respectively.
The negative value of ΔG0 confirms the feasibility of the process and the spontaneous nature of
sorption with a high preference for MB to sorb onto ATFTW. The value of ΔH0 was positive, indicating
that the sorption reaction is endothermic. The positive value of ΔS0 (Table 3) shows that the freedom
of MB is not too restricted in ATFTW confirming a physical adsorption, which is further confirmed by
the relatively low values of ΔG0.

The activation energy (Ea) was obtained from the slope of plot ln (1�θ) against 1/T, where the
surface coverage (θ) was calculated from the relation Eq. (17) [45,46].

θ¼ 1�C=C0 ð17Þ
where C0 and C are the initial and residual concentration of MB in solution, respectively (mg/L).

In order to further support the assertion that physical adsorption is the predominant mechanism,
the values of sticking probability (Sn) was estimated from the experimental data. It was calculated



Fig. 10. Plot of ln KD vs 1/T for initial concentration of MB (500 mg/L).

Table 3
Thermodynamic parameters for the adsorption of MB onto ATFTW.

Langmuir-1 isotherm

Temperature (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/mol K) Ea (kJ/mol) Sn

303 �2.238 þ6.312 þ28.55 þ0.04 1
313 �2.684
323 �2.951

Sn: sticking probability.
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using a modified Arrhenius type equation related to surface coverage as expressed in Eq. (18) [45,47].

Sn ¼ ð1�θÞe�ðE=RTÞ
a ð18Þ

The parameter Sn indicates the measure of the potential of an adsorbate to remain on the
adsorbent indefinitely. It can be expressed as in Table 3. The effect of temperature on the sticking
probability was evaluated throughout the temperature range from 303 to 323 K by calculating the
surface coverage at the various temperatures. The apparent activation energy (Ea) and the sticking
probability (Sn) are estimated from the plot with reasonable good fit for the MB on ATFTW. The Ea
values calculated from the slope of the plot were found to be 0.04 kJ/mol. The positive values of Ea
indicate that higher solution temperatures favors MB removal by adsorption onto ATFTW and the
adsorption process is endothermic in nature. Relatively low values of Ea suggest that MB adsorption is
a diffusion controlled process. The results as shown in Table 3 indicate that the probability of MB
sticking to the ATFTW surface is Sn¼1 for MB (Table 3). This value confirms that, the sorption process
is linear sticking relationship between adsorbate and adsorbent, possible mixture of physisorption
and chemisorption mechanism [47].
3.11. Comparison with other bioadsorbents

A comparison of the maximum adsorption capacity (Qmax value) of ATFTW with those of other
low-cost adsorbents in the literatures is shown in Table 4. The ATFTW shows the comparable
adsorption capacity for MB with respect to other low-cost adsorbents. However, the adsorption
capacity was higher than those of other adsorbents. Therefore, ATFTW was suitable and promising for
MB removal from aqueous solutions since it has a relatively high adsorption capacity.



Table 4
Comparison of the Qmax based on Langmuir isotherm of MB on various adsorbents.

Adsorbent Qmax (mgg�1) References

ATFTW 461 This work
Foumant tea waste 244 [22]
NaOH-modified rejected tea 242.11 [26]
Wheat straw 57.2 [48]
Carboxymethylation wheat straw 266.7 [48]
Citric acid treated wheat straw 432.8 [49]
Modified rice straw 208.33 [50]
NaOH-treated raw kaolin 16.34 [51]
NaOH-treated pure kaolin 20.49 [51]
Tea waste 85.5 [52]
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4. Conclusion

The efficiency of alkali treated Foumanat tea waste (ATFTW) in removing methylene blue dye from
aqueous solution has been investigated. Results indicate that adsorption is positively dependent on
temperature. The adsorption isotherm data were fitted to Langmuir, Sips, Redlich-Peterson and
Freundlich isotherms. The adsorption capacity was found to be 461 mgg�1 at 313 K. The kinetics of
adsorption followed pseudo-second order kinetics. The removal efficiency increases with the increase
in temperature and hence adsorption process is endothermic in nature. The developed ATFTW not
only has demonstrated higher adsorption efficiency and fast kinetics but also have shown additional
benefits like cost-effectiveness and environmental-friendliness. It can be concluded to be a promising
advanced adsorbent in environmental pollution cleanup.
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