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ABSTRACT

The adsorption of  Methylene  Blue (MB) dye on used tea leaves has been studied in a batch
adsorber. The equilibrium data fit well in the Langmuir isotherm. Three simplified kinetic models
based on pseudo first-order equation, pseudo second-order equation  and intra particle diffusion
equations were selected to study the adsorption process. Kinetic parameters, rate constants,
equilibrium adsorption capacities and related correlation coefficients for each kinetic model are
presented in this paper. Adsorption of MB dye on used tea leaves is found to be described best
by the pseudo second-order equation and the same has been used for the design of a two-
stage batch adsorber. The model has been optimized to minimize total contact time for MB dye
removal. The optimum contact time for the 99% removal of MB dye has been found as 28.1
minute.

Keywords: Two-stage batch adsorber, Contact time, Adsorption kinetics, Methylene Blue, Used
tea leaves

INTRODUCTION

Dyes used in various industries (such as
textile, tannery, food, pulp and paper) to color
their products are an important source of
environmental contamination. Color is a visible
pollutant and the presence of even very little
amount of coloring substance makes it
undesirable due to its appearance (Hamdaoui
et al., 2008). The presence of dyes in waste water
offers considerable resistance to their
biodegradation and thus upsetting aquatic life
(Wong and Yu, 1999). Some of the dyes are
carcinogenic and mutagenic (Sivaraj et al.,
2001).Many investigations have been conducted
on physico - chemical methods for removing color

from textile effluent such as, coagulation
(Bazodogan and Goknil, 1987; Lee et al., 2006),
oxidization (Brower and Reed, 1985), ultra
filtration (Lee et al., 2006; Nowak, 1989), electro-
chemical (Shendrik, 1989; Shen et al., 2001),
adsorption (Lee et al., 2006; Ahlman and Groff ,
1990) and combined electro-chemical and
adsorption (Wang et al., 2005; Fan et al., 2008)
techniques. Activated carbon is the most widely
used adsorbent in the industrial applications but
it is costly. To reduce the cost, alternative low
cost commercially available adsorbents
(including natural materials) have been tried for
the treatment of dyes in recent years (Ozacar
and Sengil, 2004). These alternative adsorbents
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include papaya seed (Hameed, 2009), fly ash
(Wang and Wu, 2006; Matheswaran and
Karunanithi, 2007; Pengthamkeerati et al., 2008),
oil palm empty fruit bunch (Tan et al., 2008), spent
tea leaves (Hameed, 2009), pristine and acid-
activated clays (Lin et al., 2004), bagasse and
rice husk (Kalderis et al., 2008; Han et al., 2008),
plane tree leaves (Hamdaoui et al., 2008),
hazelnut shells and wood sawdust (Ferrero,
2007), orange peel (Kumar and Porkodi, 2007),
bentonite clay (Bastaki and Banat, 2004; Bulut
et al., 2008), beech sawdust (Batzias and Sidiras,
2007). Most previous optimization models for
batch adsorbers (Ozacar and Sengil, 2004;
Demirbas et al., 2002; Ozer et al., 1997; Tseng
and Wu, 2009) are based on minimizing the mass
of adsorbent (such as activated carbons,
activated alumina, zeolites, silica and resins)
required to remove a certain amount of pollutant
from a fixed volume of waste water without any
consideration to operating time (Ozacar and
Sengil, 2006). Optimizing the rate of treatment
of a fixed volume of waste water is crucial as
industries face the problem of space
management as a major challenge in many
countries. Therefore, using economical
adsorbents with minimum operating time for
pollutant removal will enable the treatment of
more batches of polluted waste water per day,
thereby reducing the size of the process plant
which will result in decreasing the plant capital
costs. This paper describes the adsorption of MB
dye by used tea leaves (low cost adsorbent
available as a waste product) and development
of a two-stage batch adsorber design model. The
model predicts the optimum contact time (CT)
required to remove a fixed percentage of MB,
from a given volume of waste water effluent
containing specified dye concentration, using a
fixed mass of used tea leaves.

MATERIALS AND METHODS

Adsorbate

The basic MB dye used in this study was
product of HFCL Limited, New Delhi and was
chosen for this study due to its known strong
adsorption onto solids. The chemical formula and
molecular weight of selected dye are
C

16
H

18
ClN

3
S.2H

2
O and 319 respectively. The

maximum absorbance wave length for MB dye
was found as 675 nm using double beam UV

Spectrophotometer, (Model: SP-3000 Plus, Make
– OPTIMA). The structure of MB dye is shown in
Fig.1.

Figure 1: Chemical structure of MB dye

Adsorbent

Used tea leaves, collected from tea shops,
used in this study were repeatedly boiled with
water until the filtered water has been cleared
and dried at 60°C for 48 hours. Dried sample was
grounded in mixer grinder for 5 minutes and
sieved. The material passing through 500 micron
sieve and retained on 300 micron sieve was used
as adsorbent in the present study. The adsorbent
was stored in the plastic bottles (Hameed, 2009).

Equilibrium and kinetic study

Adsorption experiments were carried out by
adding a fixed amount of adsorbent (1.75g used
tea leaves) in 1 L glass flasks containing 500 ml
of dye solution of different initial concentrations
(50, 100, 150, 200, 250, 300 mg/L) without
changing the solution pH at room temperature
(~ 30ºC). The flasks were placed in a Jar Test
Apparatus and agitated at 150 rpm for 200
minutes to ensure that equilibrium was reached.

The amount of adsorption (q
t
) at time t in

mg/g was calculated using equation 1.

( )0 *
t

t

C C V
q

W

−
= (1)

Where,

C
0
: liquid-phase initial concentration of dye in mg/L.

C
t
: liquid-phase remaining concentration of dye in mg/L

at time t.

V: volume of the solution in L.

W: mass of dry adsorbent used in g.

The amount of adsorption at equilibrium (q
e
)

 

S

+

Cl

N

(CH3)2N
N(CH3)2
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in mg/g was calculated using equation 2.

( )0 *
e

e

C C V
q

W

−
= (2)

Where

C
e
: Remaining liquid-phase concentration of dye in mg/

L at equilibrium.

The dye removal percentage at equilibrium
was calculated using equation 3.

Removal percentage = 
( )0

0

*100
eC C

C

− 
 
 

    (3)

RESULTS AND DISCUSSION

Equilibrium model

The Langmuir isotherm is generally the
preferred choice for most models of adsorption,
and has many applications in surface kinetics and
thermodynamics.

Langmuir isotherm is expressed as shown
in equation 4.

eq  = 
(1 )

e

e

C

C

α β

α+           (4)

A linear form of this expression is given in
equation 5.

1 1 1 1
*

e e
q Cβ α β

  
= +   

   
          (5)

The constant â is the monolayer (maximum)
capacity of the adsorbent (mg/g) and á is the
adsorption equilibrium constant (L/mg). Fig. 2
shows the adsorption equilibrium linearization
plot of MB dye on used tea leaves at room

temperature.

For Langmuir isotherm plot, the dye
adsorbed at equilibrium for different initial
concentration was plotted with respect to
remaining concentration at equilibrium. The data
are best fitted for straight line with high degree
of correlation factor (0.996) gives adsorption
capacity 166.67 mg/g. The good fit to the
Langmuir model suggests that MB adsorption is
limited with monolayer coverage and the surface
is relatively homogeneous in terms of functional
groups and there is no significant interaction
among the MB molecules (Ozacar and Sengil,
2006).

Kinetic Models

Adsorption kinetic study was performed with
the objective to investigate (i) the possible
mechanisms for the adsorption process and (ii)
to determine the time required to attain
equilibrium. The amount of MB dye adsorption
increases with time (Fig. 3) and it remains almost
constant after an operating time of 60 min (i.e.
the equilibrium time). The equilibrium time does
not vary with the variation of initial dye
concentration.

Figure 3: Effect of contact time and initial

concentration on MB adsorption

For studying the kinetics of the MB
adsorption on used tea leaves, several kinetic
models were tried as given below:

Pseudo first-order equation

A simple kinetic of adsorption is the pseudo
first-order equation (equation 6) (Ozacar and

Figure: 2 Langmuir isotherm plots for MB adsorption
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Sengil, 2005, 2004, 2003; Ozacar, 2003; Wu et
al., 2001):

( )1
t

e t

dq
k q q

dt
= −          (6)

Integrating equation (6) and applying the
initial conditions q

t
 = 0 at t = 0, we get

( ) 1log log *
2.303

e t e

k
q q q t

 
− = −  

 
(7)

Where q
e
 and q

t
 are the amounts of MB

adsorbed at equilibrium and time t (mg/g),
respectively, and k

1
 is the rate constant of pseudo

first-order adsorption, (min-1). Figure 4 shows a
plot of Eq. (7) for the adsorption of dye MB on
used tea leaves.

Figure 4: Fitting of pseudo-first order model for MB

Pseudo second-order equation

The adsorption kinetic may also be
described by a pseudo second-order equation
(equation 8) (Ozacar and Sengil, 2005, 2004,
2003; Ozacar, 2003; Wu et al., 2001; Ho and
Mckay, 1999).

( )
2

2
t

e t

dq
k q q

dt
= −          (8)

After integration and applying the boundary
conditions, for q

t
 = 0 at t = 0 and q

t 
= q

t
 at     t = t,

the integrated form of equation (8) becomes:

( ) 2

1 1
*

e t e

k t
q q q

= +
−           (9)

Equation (9) can be rearranged to obtain a
linear form:

( )2

2

1 1
*

*t ee

t
t

q qk q

 
= +  

 
        (10)

Where k
2
 is the rate constant of pseudo

second-order adsorption (g/mg.min). Figure 5
shows a plot of Eq. (10) for the adsorption of dye
MB on used tea leaves.

Figure 5: Fitting of pseudo-second order model for

MB

Intra particle diffusion model

The fraction of adsorbate adsorbed ((C
o
 –

C
t
) / C

o
) changes according to a function of (D

t
 /

r2)1/2, where r is the particle radius and D the
diffusivity of solute within the particle. The rate
parameters for intra particle diffusion (k

p
) at

different initial concentrations are determined
using the following equation (Ozacar and Sengil,
2005, 2004; Ozacar 2003; Wu et al., 2001):

1

2*t pq k t=         (11)

Where k
p
 is the intra particle diffusion rate

constant, (mg / (g min1/2)).

If intra particle diffusion occurs, then q
t

versus t1/2 will be linear and if the plot passes
through the origin, then the rate limiting process
is only due to the intra particle diffusion. In this
study intra particle diffusion is not happening as
q

t
 versus t1/2 is not linear. The different stages of

rates of adsorption observed indicated that the
adsorption rate was initially faster and then
slowed down when the time increased (Fig. 6).
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Initial 

conc. 

(mg/L) 

qe exp 

(mg/g) 

Pseudo-first- order Kinetic model Pseudo-second-order kinetic model 

k1 qe  cal R2 k2*10-3 qe  cal R2 

50 13.80 0.101 3.92 0.795 70.014 14.08 1 

100 27.59 0.099 11.14 0.876 27.841 28.57 1 

150 41.09 0.094 19.59 0.903 12.902 43.48 1 

200 54.20 0.092 33.57 0.952 6.149 58.82 1 

250 67.19 0.101 46.88 0.994 3.920 71.43 0.999 

300 80.41 0.085 63.28 0.992 2.161 84.91 0.999 

Figure 6: Intra particle diffusion model for MB

adsorption on used tea leaves

Table 1 shows comparison of the pseudo-
first-order and pseudo-second-order adsorption
rate constants; and calculated and experimental
q

e
 values obtained at different initial MB

concentrations. The Fig. 4, Fig. 5 and Table 1
reveal that pseudo second order equation best
fit for adsorption of MB on the used tea leaves.
The results demonstrate a highly significant linear
relationship between adsorbed dye MB, t/q

t
, and

t in these studies with high correlation
coefficients.

Table 1: Comparison of the pseudo-first-
order, pseudo-second-order adsorption rate
constants and calculated and experimental q

e

values obtained at different initial MB
concentrations

Initial conc. (mg/L) q
e exp

 (mg/g)
Pseudo-first- order Kinetic model
Pseudo-second-order kinetic

Figure 7: Two stage crosscurrent batch adsorption

process

The solution to be treated contains L Liter solution
and the dye concentration is reduced for each
stage from C

0
 to C

n
 mg/L. Initially at t = 0, the

amount of adsorbent added is W g with a solid
phase dye concentration on it of q

0
, (usually q

0
 =

0 mg dye/g used tea leaves) and the dye
concentration on the used tea leaves increases
from q

0
 to q

t,n
 mg/g . The mass balance equation

can be written as equation 12.

( ) ( )n-1 , 0C
n t n

L C W q q− = −       (12)

When fresh adsorbents are used at each
stage and the pseudo second-order equation is
used to describe equilibrium in the two-stage
adsorption system,  then the mass balance
equation may be obtained by combining equation
(10) and equation (12).

( )2

,

1

,(1 )

e n

n n

e n

W k q t
C C

L k q t
−= −

+
      (13)

The total amount of dye removal can be
calculated analytically using equation 14.

( )2

,

1

1 1 ,(1 )

m m
e n

n n

n n e n

W k q t
C C

L k q t
−

= =

− =
+

∑ ∑        (14)
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Where n is the adsorption system number
(n = 1, 2, 3…………, m). The percentage dye
removal, R

n
, in each stage can be evaluated from

the equation 15.        (15)

The total removal of dye can be determined
analytically using equation 16.

( )

2

,

1 10 ,

100

1

m m
e n

n

n n e n

k q tW
R

LC k q t= =

    
=   

+    
∑ ∑   (16)

It is further considered that k and q
e
 can be

expressed as a function of C
0
 for MB as follows:

0

Yk

k
k X C=        (17)

0

Yq

e q
q X C=

       (18)

Substituting the values of k and qe from
equations (17) and (18) into equation (16) gives;

(
( )(

0 0

1 10 0 0

( )100

1

Yk Yq
m m

k

n Yk Yq
n n k

X C Xq C tW
R

LC X C Xq C t= =

    
=   

+    

∑ ∑         (19)

Equation (19) can be used for predicting the
removal of dye at any given initial dye
concentration and the reaction time for multi-
stage systems can be determined (Ozacar and
Sengil, 2006).

Figure 8:  q
e 
and initial concentrations of MB

Figure 9: k
2 
and initial concentrations of MB

The application of the CT model to the
design and time optimization of a batch adsorber
was undertaken. The corresponding plots of the
values of q

e
 and k against initial MB concentration

were regressed to obtain expressions for these
values in terms of the initial dye concentration.
High correlation coefficients were obtained as
shown in Table 2.

Table 2: Empirical parameters for predicted
q

e
 and k from C

0

Used Tea Leaves X
k

Y
k

R2 X
q

Y
q

R2

162.2 -1.88 0.983 0.282 1.002 0.999

A series of CTs from 10 min up to 60 min in
2 min increments has been considered in Stage
1 of a two stage batch adsorber system. Then
there are twenty six system number of 2 min
increments. Therefore, in Figs. 10 and 11, each
system number (1 to 26) is based on a 2 min CT
interval in Stage 1 of the two stage system. For
example, in the first adsorber, system number
10 implies; 10 min + (10-1) x 2 min = 28 min,
because system number 1 represents 10 min CT
in adsorber number 1. Therefore, the time
required to achieve a total 99% MB removal is T
min, and the CTs in the first and second
adsorbers are t

1
 and t

2
 min, respectively:

T = t
1
 + t

2
      (20)

t
1
 = 10 + (N-1) * 2min       (21)

and the total batch operating time, T, is

T = 10 + (N-1) * 2 min + t
2

     (22)

Figure 10: CT of each stage in two-stage MB (initial

MB concentration 300 mg/L)

Similar graphs were obtained for different
initial MB dye concentrations (such as 400mg/L,
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500mg/L). The total CT is calculated for each
system number, N = 1 to N = 21 (based on the
fixed t

1
 values), for 99% MB removal. The CT

values are plotted against the system number,
N, as shown in Fig 10. Fig 10 shows a
comparison of the time for 99% MB removal for

each stage and the total CT of the two stage batch
adsorption process. Table 3 shows the CT for
each individual stage and the minimum total CT
for various initial dye concentrations removal in
the two stage process, evaluated from equation
(19) for each system.

Table 3: Minimum contact time to achieve 99% MB removal

Adsorbent 
Two stage 

adsorber 

Initial MB 

concentration 

(mg/L) 

System  

no. 

CT (min) 

Stage 1 

t1 

Stage 2 t2 

Total 

t1+t2 

Spent tea 

leaves 

99% 

removal 

300 5 18 10.1 28.1 

400 7 22 13.9 35.9 

500 9 26 17.5 43.5 

 
From the design criteria, the percentage MB

removal by the adsorber system is defined as
99%. In the two stage system in Table 3, three
calculations have been shown, namely, 300, 400
and 500 mg/L initial MB concentrations. The total
CT, to achieve 99% MB removal can be
determined based on the fixed CT assigned to
stage 1, t

1
. The data can then be plotted for the

26 systems at 99% MB removal for Stage 1,
Stage 2 and Stage 1+ Stage 2 as shown by the
three curves in Fig. 10. The minimum CT for 99%
MB removal can be found, using Eq. (19) or by
plotting graphs analogous to Fig. 10. For 99%
MB removal, the minimum CT is 28.1 min  for
used tea leaves as shown by system 5 with CTs
of 18 min for Stage 1 and 10.1 min for Stage 2
for initial MB concentration 300 mg/L.

If we  plot the graph between 1st stage CT
(t

1
), 2nd stage CT (t

2
) and total CT (t

1
+t

2
) for 99%

MB removal against different initial concentration
of MB by spent tea leaves, this gives linear trends
lines with high correlations coefficient as shown
in Fig.11. The initial MB concentration, where 2nd

stage CT cut the abscissa or concentration
coordinate line, shows that below this initial
concentration of MB, there is no need of 2nd stage
process. From the Fig. 11, this initial MB
concentration comes out to be 22 mg/L.

Fig. 11: CTs for different initial concentration of MB

dye for overall removal of 99%

CONCLUSION

The results show that the used tea leaves,
an abundantly available waste, can be used for
the removal of MB from aqueous solution. The
equilibrium data were best fitted to linear models
of Langmuir, with maximum monolayer
adsorption capacity of 166.67 mg/g of used tea
leaves at room temperature. The design model
presented is based on a pseudo second-order
equation and this has been used for minimizing
the CT in a two stage crosscurrent system. The
minimum CT, to achieve 99% of MB removal from
wastewater by adsorption using a fixed mass of
used tea leaves has been predicted as 28.1 min
(stage 1 = 18 min and stage 2 = 10.1 min). To
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obtain same removal in single stage process
requires more time for MB with respect to removal
in two-stage process.
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