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In this study, cotton stalk (CS), cotton waste (CW) and cotton dust (CD) was used as sorbents to remove
methylene blue (MB) from aqueous solution by batch sorption technique. Effects of initial dye concen-
tration, solution pH, solution temperature and sorbent dose on sorption were studied. It was seen that
the removal of methylene blue increased with increasing initial dye concentration (from 25 to 100 mg/l),
solution pH (from 5 to 10), solution temperature (from 20 to 50 ◦C) and sorbent dose (from 0.25 to
1.50 g/50 ml). The maximum dye removal was reached at 90 min. Sorption isotherms were analyzed by
Langmuir and Freundlich models at different temperatures of 20, 30, 40 and 50 ◦C, and the results were
ethylene blue
otton stalk
otton wastes
orption isotherm
orption thermodynamics

discussed in detail. Moreover, the thermodynamics of sorption were also studied. It was found that the
values of standard free energy (�G◦) were positive for cotton stalk and negative for cotton waste and
cotton dust. The values of standard enthalpy (�H◦) and entropy (�S◦) were found to be positive, and
the obtained results were interpreted in detail. The results of this study showed that cotton stalk, cotton
waste and cotton dust could be employed as effective and low-cost materials for the removal of dyes
from aqueous solution.
. Introduction

Wastewaters from textile, cosmetics, printing, dying, food col-
ring, paper-making industries are polluted by dyes. These colored
ffluents are known to be carcinogenic and highly toxic to living
eings [1]. For example, these can cause allergic dermatitis, skin

rritation, cancer, and mutations [1,2]. Therefore, the undesirable
ye pollutions are required to remove from wastewaters before
eing discharged to the environment. For this purpose, many meth-
ds such as activated carbon sorption, chemical coagulation, ion
xchange, electrolysis, biological treatments, etc have been devel-
ped [3,4]. Of these methods, activated sorption is highly effective
or the removal of dyes and pigments as well as other organic and
norganic pollution [2,5–9]. However, commercially available acti-
ated carbons are very expensive, and thus the use of activated

arbon is not suitable for developing countries because of its high
ost. Therefore, the use of low-cost and effective sorbents instead of
ctivated carbon should be preferred in removing the undesirable
ollution from environment. In recently, some researchers have
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focused on the use of low-cost sorbents. Some low-cost materials
used as sorbent for dye sorption from wastewaters were as fol-
lows: bagasse pith [10], wood [11,12], peanut shell [13] and peat
[14], bark [15], fly ash [1], perlite [2,16], fungi [17], sawdust [18],
orange peel [19,20], banana peel [20], rice husk [21].

On the other hand, cotton stalks (CS), cotton waste (CW) and cot-
ton dust (CD) may be thought as other inexpensive materials which
will be used as sorbents. Cotton stalks are an agricultural waste.
Cotton waste is named as the rest wastes after mechanic clean-
ing process (i.e. willow process) to product pure white cotton from
raw cotton, which is generally dirty by 40–45% and their colour is
brown. Cotton dust is flying-dust in the air, which are arisen during
the production of yarn in the textile factory. These three wastes do
not have any economical values. In this work, a more rational use
of these low-cost wastes was aimed for the removal of dyes. There-
fore, the use of cotton waste and cotton dust as sorbents for the
removal of methylene blue (MB) from aqueous solution have not
found in the literature, so far. The use of cotton stalks as a sorbent for
the removal of methylene blue is very restricted. Therefore, herein,

these wastes were utilized as alternative sorbents for the removal
of methylene blue from aqueous solution by sorption technique.
Moreover, effects of initial dye concentration, pH, temperature and
sorbent dosage on sorption were investigated. On the other had,
the sorption isotherm and thermodynamics were studied in detail.

dx.doi.org/10.1016/j.jhazmat.2010.07.041
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Chemical analysis of cotton stalk, cotton waste and cotton dust.

Percent values

Component Cotton stalk Cotton waste Cotton dust

Cellulose 47.80 62.20 100
Hollocellulose 77.50 81.70
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Lignin 21.20 14.60
Alcohol–benzene extraction 4.70 5.60
Ash 1.30 0.90

. Materials and methods

.1. Materials

.1.1. Sorbents
Cotton stalk (CS): Cotton stalks, Gossypium hirsitum L., were col-

ected from an agriculture area in Kahramanmaras, a province
ocated in the southern of Turkey. CS was ground using a Willey

ill and dried in an oven at 105 ◦C for 24 h. Chemical composition
f CS was determined using the methods in Ref. [22], and the results
re given in Table 1. The CS particles were passed through 20-, 100-
nd 200-mesh sieves for sorption experiments, respectively.

Cotton waste (CW): Cotton waste is named as the rest wastes
rom washing of the residue cotton wastes after mechanic cleaning
rocess (i.e. willow process) during the production of yarns with
otton. Cotton waste samples were obtained from a private tex-
ile factory (TEKSAN textile factory) in Kahramanmaras. Chemical
omposition of CW was determined using the methods in Ref. [22],
nd the results are given in Table 1.

Cotton dust (CD): Cotton dust is the dust of pure white cotton
hich is captured by air in environment during the production of

arns with cotton. The cotton dust consists of 100% cellulose. Cotton
ust samples were supplied from a private spinning mill (KARSAN
extile and dye factory) in Kahramanmaras. The particle sizes of
W and CD for experiments was used as 20 mesh (in 0.85 mm)
ue to their fiber properties. All sorbents were used without any
retreatment in the sorption experiments, respectively.

.1.2. Adsorbate
Methylene Blue, a cationic dye, (CI 52015) was purchased from

erck, and it was used as received without further purification.
he structure of the dye containing a secondary amine group is
resented in Fig. 1. Its stock solutions of 1000 mg/l for desired con-
entrations were prepared with pure distilled water. Initial solution
Hs of the dye were adjusted by dropping of 0.1 N HCl and NaOH
olutions.

.2. Methods

Batch sorption experiments were done by shaking 0.25 g of sor-

ents with 50 ml aqueous solution of methylene blue of known
oncentration in 250 ml-erlenmayer flasks placed in a temperature
ontrolled shaking water bath at different concentrations (between
5 and 100 mg/l), pHs (between 5 and 10), temperatures (between
0 and 50 ◦C) and sorbent doses (between 0.25 and 1.50 g) at a con-

Fig. 1. Chemical structure of methylene blue.
Fig. 2. Effect of initial dye concentration on the removal of MB by CS, CW and CD
(conditions: T = 20 ◦C; pH 6.33; W/V = 0.25 g/50 ml, t = 90 min).

stant shaking rate of 125 rpm. After the desired contact time, the
samples were withdrawn from mixture by using a micropipette and
centrifuged for 5 min at 5000 rpm. After centrifuged, supernatants
were analyzed for the determination of the final concentration of
methylene blue by using an UV–vis spectrophotometer (Janway
6100) set at a wave-length of 663 nm, maximum absorbance.

The amounts of dye removed by sorbents, qe(exp), can be calcu-
lated using the following equation:

qe = (C0 − Ce)V
W

(1)

where qe is the amount of dye adsorbed (mg/g). C0 and Ce are the
initial and equilibrium liquid-phase concentrations of dye (mg/g),
respectively. V is the volume of the solution (l), and W is the weight
of the sorbent used (g).

3. Results and discussion

3.1. Effect of contact time and initial dye concentration on dye
removal

Firstly, sorption experiments were performed for different con-
tact time with fixed concentration, temperature and pH using
sorbents CS, CW and CD. The maximum dye removals by CS, CW
and CD were determined to occur nearly at 90 min under all con-
ditions. After this time, the amount of dye removed did not any
change. Therefore, this time was assumed as an equilibrium time
which indicates a saturation time. The maximum amounts of dye
removed at equilibrium time are named as an equilibrium sorption
capacity.

Secondly, the effects of initial concentration on the removal of
MB by CS, CW and CD were studied at 20 ◦C and pH 6.33 (natural dye
pH) at equilibrium times, and the results were graphed in Fig. 2. The
figure shows maximum dye removal on all sorbents at equilibrium
time. If it notices to Fig. 2, it is seen that the equilibrium sorp-
tion capacities of the sorbents increase with an increase in initial
dye concentration. For example, when the initial MB concentration
increases from 25 to 100 mg/l, the equilibrium sorption capacities
of CS, CW and CD increase from 1.96 (39.20%) to 5.95 mg/g (29.75%),
from 2.50 (50.0%) to 14.04 mg/g (70.20%) and from 3.10 (62.0%) to

15.78 mg/g (78.90%), respectively. Similar trends have also been
observed for methylene blue sorption onto bamboo-based acti-
vated carbon [23], and fly ash [24]. When initial MB concentration
increases from 25 to 100 mg/l, the percent removals of MB by CW
and CD increase from 50.0% to 70.20% and from 62.0% to 78.90%,
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increased sorbent surface area and availability of more sorption
sites [18]. On the other hand, unit sorption indicating the amount of
solute sorbed per unit sorbent decreases with an increase in sorbent
dose. For example, when the sorbent dosages increases from 0.25
ig. 3. Effect of initial solution pH on the removal of MB by CS, CW and CD (condi-
ions: C0 = 50 mg/l, T = 20 ◦C; W/V = 0.25 g/50 ml, t = 90 min).

espectively. This increase in the proportion of removed dye may
e probably due to equilibrium shift during sorption process. A sim-

lar result has also been recorded for adsorption of Congo red from
queous solution onto calcium-rich fly ash [1]. Herein, it is found
hat CD is more effective than SC and CW to remove the MB from
queous solution.

.2. Effect of pH on dye removal

The sorption of dye onto sorbent varies essentially with pH
ecause pH causes to change the charge of sorbent surface. For
xample, the surface charge of a sorbent has become generally
ositively charged at lower pH and negatively charged at higher
H. Namely, the positive charge in acidic medium and the negative
harge basic medium develop on the surface of sorbent. Therefore,
hile the removal of a cationic dye by sorption increases at higher
H, it decreases at lower pH. Herein, the effect of initial pH on the
ye removal by CS, CW and CD was studied in the pH range between
and 10 for initial MB concentration of 50 mg/l at 20 ◦C, and the

btained results are shown in Fig. 3. It is obvious from the figure
hat the removal of the MB increases with increasing initial pH from
to 10. For example, while the maximum dye removals by CS, CW

nd CD are 2.66 mg/g (26.60%), 6.22 mg/g (62.10%) and 7.66 mg/g
76.60%) at pH 5, they are found as 4.52 mg/g (45.20%), 8.33 mg/g
83.30%) and 9.75 mg/g (97.50%) at pH 10, respectively. The fact
hat the maximum dye removal is more at higher pH indicates that
he surface of sorbent has became more negatively, and therefore
he interaction between negatively charged sorbent and positively
harged MB molecules is greater. This interaction may be probably
ia electrostatic interactions between negatively charged sorbents
nd positively charged MB molecules. Also, lower dye removal at
cidic pH is probably due to the presence of excess H+ ions com-
eting with positively charged MB molecules for the sorption sites
f sorbents. Similar results have also been reported for MB sorp-
ion onto jackfruit peel [25] and wheat shells [26]. Herein, it is also
ound that CD is more effective than SC and CW to remove the MB
rom aqueous solution.

.3. Effect of temperature on dye removal
The effect of temperature on dye removal by CS, CW and CD
as studied in the range of temperature between 20 and 50 ◦C for

nitial MB concentration of 50 mg/l at pH 6.33, and the obtained
esults are shown in Fig. 4. As can be seen from the figure, with
Fig. 4. Effect of temperature on the removal of MB by CS, CW and CD (conditions:
C0 = 50 mg/l, pH 6.33; W/V = 0.25 g/50 ml, t = 90 min).

an increase in temperature from 20 to 50 ◦C, the removals of MB
by CS, CW and CD are slightly endothermic. For example, with
increasing temperature from 20 to 50 ◦C, the maximum amounts
of MB removed by CS, CW and CD are found to be increased from
3.58 (35.80%) to 4.39 mg/g (43.90%), 6.68 (66.80%) to 7.60 mg/g
(76.0%), from 8.26 (82.60%) to 8.86 mg/g (88.60%), respectively. This
increase may indicates the increased tendency of MB due to an
increase in its kinetic energy with increasing temperature, and this
situation leads to more sorption on the surfaces of CS, CW and CD. A
Similar result has also been reported for the removal of methylene
blue by adsorption on biosolid [27].

3.4. Effect of sorbent dosage on dye removal

The removal of MB by CS, CW and CD were studied by changing
the quantities of sorbents (0.25, 0.50, 0.75, 1.0 and 1.50 g/50 ml) for
the initial dye concentration of 50 mg/l at 20 ◦C and pH 6.33. Fig. 5
shows that an increase in sorbent dose is in favor of dye removal.
When the sorbent dose increases from 0.25 to 1.50 g, the percent
dye removals by CS, CW and CD increase from 35.08% to 48.36%,
from 68.03% to 85.41% and from 83.93% to 91.47% at an equilibrium
time of 90 min, respectively. This can be simply attributed to the
Fig. 5. Effect of sorbent dosage on the removal of MB by CS, CW and CD (conditions:
C0 = 50 mg/l, T = 20 ◦C; pH 6.33, t = 90 min).
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Table 2
The comparison of experimental sorption capacities of cotton stalk, cotton waste and cotton dust to some sorbents for methylene blue sorption.

Capacity, mg/g (percentage) Experimental conditions Biosorbent/adsorbent References

4.52 (45.20%) C0 = 50 mg/l, T = 20 ◦C, Cotton stalk This study
pH 10, V = 50 ml, W = 0.25 g

5.95 (29.75%) C0 = 100 mg/l, T = 20 ◦C, Cotton stalk This study
pH 6.33, V = 50 ml, W = 0.25 g

8.33 (83.30%) C0 = 50 mg/l, T = 20 ◦C, Cotton waste This study
pH 10, V = 50 ml, W = 0.25 g

14.04 (70.20%) C0 = 100 mg/l, T = 20 ◦C, Cotton waste This study
pH 6.33, V = 50 ml, W = 0.25 g

9.75 (97.50%) C0 = 50 mg/l, T = 20 ◦C, Cotton dust This study
pH 10, V = 50 ml, W = 0.25 g

15.78 (78.90%) C0 = 100 mg/l, T = 20 ◦C, Cotton dust This study
pH 6.33, V = 50 ml, W = 0.25 g

0.73 (97.33%) C0 = 10.0 mg/l, T = 50 ◦C, Perlite [2]
pH 11, V = 75 ml, W = 1.0 g

15.90 (15.90%) C0 = 100 mg/l, T = 30 ◦C, Banana peel [20]
pH 6, V = 100 ml, W = 0.10 g

13.90 (13.90%) C0 = 100 mg/l, T = 30 ◦C, Orange peel [20]
pH 7.2, V = 100 ml, W = 0.10 g

10.60 (93.33%) C0 = 35.mg/l, T = 30 ◦C, Jackfruit peel [25]
pH 6.5, V = 200 ml, W = 0.60 g

114.69 (86.0%) C0 = 400.mg/l, T = 30 ◦C, Jackfruit peel [25]
pH 6.5, V = 200 ml, W = 0.60 g

24.40 (97.60%) C0 = 250 mg/l, T = 25 ◦C, Biosolid [27]
pH 7.0, V = 1000 ml, W = 10 g

80.63 (74.77%) C0 = 380.mg/l, T = 30 ◦C, Grass waste [28]
pH 6.5, V = 200 ml, W = 0.70 g

102.14(92.20%) C0 = 390 mg/l, T = 30 ◦C, Spent tea leaves [29]
pH 6.5 V = 200 ml, W = 0.70 g

15.33 (91.98%) C0 = 25 mg/l, T = 30 ◦C, Pumpkin sheel hull [34]
pH 11, V = 200 ml, W = 0.30 g

3.30 (82.54%) C0 = 8.0 mg/l, T = 40 ◦C, Aspegillus wentii [35]
pH 6.33, V = 50 ml, W = 0.10 g

3.40 (85.04%) C0 = 8.0 mg/l, T = 40 ◦C, Aspegillus wentii [35]
pH 10, V = 50 ml, W = 0.10 g

263.33(79%) C0 = 100 mg/l, T = 20 ◦C, Phellinus igniarius [36]
g
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pH 11, V = 50 ml, W = 0.015
249.92 (75%) C0 = 100 mg/l, T = 20 ◦C,

pH 11, V = 50 ml, W = 0.015

0 = initial dye concentration (mg/l), T = temperature, V = solution volume, W = sorbe

o 1.50 g, the values of unit sorption onto CS, CW and CD decrease
rom 3.51 to 0.81 mg/g, from 6.80 to 1.42 mg/g and from 8.39 to
.52 mg/g, respectively. This may be attributed that dye molecules
ith the same concentration is more shared per unit sorbent due to

n increase in total sorbent surface. Therefore, this situation causes
o less unit sorption.

If notice to the obtained results, it can be seen that the adsorp-
ion of the dye increases in the order of CD > CW > CS under all
onditions studied such as concentration, temperature, pH and sor-
ent dose. The fact that the adsorption of MB onto CD is more
han CW and CS indicates that the chemical structure of CD con-
ists of only cellulose, and therefore the cationic methylene blue
olecules may be probably adsorbed to negatively charged surface

f cellulose on CD.

.5. The comparison of experimental sorption capacities of cotton
talk, cotton waste and cotton dust to some sorbents

In this study, the removal of methylene blue by cotton stalk,
otton waste and cotton dust were studied at various initial dye
oncentrations (between 25 and 100 mg/l), solution pHs (between
and 10) and solution temperatures (between 20 and 50 ◦C) for
contact time of 90 min, respectively. Under all condition stud-

ed, the most sorption is occurred at 20 ◦C and pH 10 for each

orbent. For example, the maximum amounts of MB sorbed per
nit CD, CW and CD is 4.58 mg/g (45.20%), 8.33 mg/g (83.30%) and
.75 mg/g (97.50%) mg/g at 20 ◦C and pH 10 for initial dye concen-
ration of 50 mg/l, respectively. Also, for initial dye concentration
f 100 mg/l, the maximum amounts of MB sorbed per unit CS, CW
Fomes fomentarius [36]

sorbent amount.

and CD are found to be 5.95 mg/g (29.75%), 14.04 mg/g (70.20%) and
15.78 mg/g (78.90%) mg/g at 20 ◦C and pH 6.33, respectively. These
values obtained for the sorption of MB onto CS, CW and CD has
been compared to the sorption of MB by another sorbents under
different conditions, and they are presented in Table 2.

The maximum amounts of dye adsorbed by various adsorbents
in equilibrium time vary as a function of experimental conditions.
Especially the amount of adsorbent dose has a very important effect
on the estimation of the maximum amounts of dye adsorbed per
unit adsorbent. As shown in Table 2, for example, when the mass of
banana peel and orange peel used for the biosorption of methylene
blue is 0.10 g (ratio adsorbent dose/solution = 1.0 g/l), the maximum
amount of methylene blue sorbed on banana peel and orange peel
has been found as 15.90 and 13.90 mg/g, and their percentages are
15.90% and 13.90%, respectively [20]. On the other hand, when the
mass of biosolid used for the biosorption of methylene blue is 1.0 g
(ratio adsorbent dose/solution = 10 g/l), the maximum amount of
methylene blue sorbed on biosolid has been found as 24.40 mg/g,
and its percentage is 96.80% [27]. Also, in two different papers
of Hameed, when the mass of grass waste and spent tea leaves
used for the biosorption of methylene blue is 0.70 g (ratio adsor-
bent dose/solution = 3.5 g/l), the maximum amounts of methylene
blue sorbed on grass waste and spent tea leaves has been found
as 80.63 and 102.14 mg/g, and their percentages are 74.77% and

92.20%, respectively [28,29].

Herein, the mass of the sorbents used for the sorption of methy-
lene blue is 0.25 g (ratio sorbent dose/solution = 5 g/l), and the
maximum percentage of MB sorbed onto CS, CW and CD is found to
be 45.20 and 83.30 and 97.50 at 20 ◦C and pH 10, respectively. These
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Fig. 8. Freundlich isotherms of the MB sorption onto CD at different temperatures
(conditions: pH 6.33, W = 0.25 g, V = 50 ml).

Table 3
Isotherm parameters for MB sorption onto CS at different temperature at a fixed pH
of 6.33 and a sorbent dose of 0.25 g.

This study Freundlich constants Langmuir constants

Temperature (◦C) 1/n (l/g) k (mg/g) r2 Qo (mg/g) b (l/g) r2

20 0.735 0.274 0.990 13.71 0.0113 0.973
ig. 6. Freundlich isotherms of the MB sorption onto CS at different temperatures
conditions: pH 6.33, W = 0.25 g, V = 50 ml).

ndicate that CS, CW and CD will be used preferably as sorbents for
he sorption of MB.

.6. Isotherm study

The isotherm analysis of sorption process was performed using
he Freundlich and Langmuir equations at different temperatures.
he Freundlich isotherm can be expressed as

e = kC1/n
e (2)

The linear equation of the Freundlich isotherm is as follows:

n qe = ln k + 1
n

ln Ce (3)

here qe is the amount of dye sorbed at equilibrium time (mg/g), Ce

s the equilibrium concentration of the dye in solution (mg/l). k and
are isotherm constants which indicate the capacity and intensity
f the sorption, respectively.

Figs. 6–8 show the plots of ln qe against ln Ce for the sorption
f MB onto CS, CW and CD at 20, 30, 40 and 50 ◦C and pH 6.33,

espectively. As seen in the Figs. 6 and 7, the plots obtained for SC
nd CW are in harmony with the Freundlich model with correlation
oefficients between 0.990–0.999 and 0.85–0.917, respectively. The
orrelation coefficients of plot obtained for CD in Fig. 8 are low val-
es between 0.514 and 0.60. Therefore, the adsorption of MB onto

ig. 7. Freundlich isotherms of the MB sorption onto CW at different temperatures
conditions: pH 6.33, W = 0.25 g, V = 50 ml).
30 0.612 0.509 0.999 11.60 0.0192 0.973
40 0.580 0.619 0.999 11.50 0.0227 0.966
50 1.545 0.734 0.997 11.07 0.0265 0.963

CD does not fit well with Freundlich isotherm. The values of k and n
are calculated from the intercept and slope of the plot of ln qe ver-
sus ln Ce, respectively. These constants obtained from Freundlich
isotherm are given in Tables 3 and 4, respectively.

On the other hand, the Langmuir isotherm is as follows:

qe = Q0bCe

1 + bCe
(4)

the rearranged Langmuir isotherm is expressed as

Ce

qe
= 1

Qob
+ Ce

Qo
(5)

where Qo and b are Langmuir constants, which indicate the sorption
capacity (mg/g) and energy of sorption, respectively.

Fig. 9 demonstrates the plots of Ce/qe against Ce for the sorp-
tion of MB onto CS at 20, 30, 40 and 50 ◦C and pH 6.33. As seen in
the figure, the obtained plot for only SC obey Langmuir isotherm
with high correlation coefficients between 0.963 and 0.973 at all
temperatures. There is no any compliance to Langmuir isotherm
for CD and CW. Therefore, the plots of CW and CD are not shown.

The values of Qo and b are determined from the slope and intercept
of the plot of Ce/qe versus Ce, respectively. The Langmuir constants
obtained at different temperatures, Qo and b, for CS are given in
Table 3.

Table 4
Freundlich Isotherm parameters for MB sorption onto CW and CD at different tem-
peratures at a fixed pH of 6.33 and a sorbent dose of 0.25 g.

For CW For CD

Temperature (◦C) 1/n (l/g) k (mg/g) r2 1/n (l/g) k (mg/g) r2

20 1.77 0.033 0.917 1.154 0.866 0.581
30 1.63 0.070 0.872 1.008 0.994 0.600
40 1.52 0.114 0.850 1.865 0.858 0.514
50 1.48 0.142 0.861 1.860 0.163 0.537
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Table 5
The thermodynamic parameters for the sorption of MB onto CS, CW and CD at different temperatures at a fixed pH of 6.33 and a sorbent dose of 0.25 g.

Temperature (◦C) Kc �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1) R2 Sorbent

20 0.559 1.416 8.94 25.86 0.934 CS
30 0.676 0.986
40 0.754 0.735
50 0.785 0.650

20 2.010 −1.701 12.01 47.14 0.931 CW
30 2.601 −2.408
40 3.010 −2.867
50 3.172 −3.099

20 4.762 −3.802 13.33 58.75 0.952 CD
30 5.954 −4.494
40 7.403 −5.209
50 7.768 −5.505
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ig. 9. Langmuir isotherms of the MB sorption onto CS at different temperatures
conditions: pH 6.33, W = 0.25 g, V = 50 ml).

The fact that the sorption well obeys the Freundlich isotherm
uggests that the surface of the sorbent has some heterogeneity,
nd sorption is local. This situation is attributed to the fact that that
arious active sites on sorbents have different affinities to methy-
ene blue molecules. The fact that the sorption obeys the Langmuir
sotherm indicates that the surface of sorbent is monolayer covered

ith dye molecules.

.7. Thermodynamic study

The various thermodynamic parameters, i.e. standard free
nergy (�G◦), standard enthalpy (�H◦) and standard entropy
�S◦), associated the sorption of MB onto CS, CW and CD were
etermined by using the following equations [30–33]:

G◦ = −RT ln Kc (6)

n Kc = −�H◦

RT
+ �S◦

R
(7)

c = CAe

CSe
(8)

here R is the gas constant, Kc is the equilibrium constant, T is
bsolute temperature (in Kelvin). CAe and CSe are the equilibrium
onstants of dye on sorbent and in solution (mg/l), respectively.

Eq. (7) is known as van’t Hoff equation, and it express relation-

hip between equilibrium constant and temperature. Plots of ln Kc

ersus 1/T are linear, and their plots are shown in Fig. 10. The val-
es of �H◦ and �S◦ were calculated from the slope and intercept
f van’t Hoff plots, respectively. The thermodynamic parameters
re given in Table 5. It is clear from the table that the values of
Fig. 10. van’t Hoff plots for the MB sorption onto CS, CW and CD (conditions: pH
6.33, W = 0.25 g, V = 50 ml).

�G◦ are positive for CS and negative for CW and CD. The nega-
tive and positive values of �G◦ at various temperatures indicate
the spontaneous and non-spontaneous nature of the sorption pro-
cess, respectively. The fact that the values of the �G◦ decrease
with increasing temperature indicates the increase of spontaneous
effect. For all the sorbents, the values of �H◦ of sorption were
found to be positive, indicating endothermic process. Moreover, the
positive values of �S◦ point out the increased randomness at the
solid/liquid interface during the sorption of dye on CS, CW and CD.
Similar thermodynamic results have been recorded on adsorption
of Congo red onto activated coir pith carbon [31].

4. Conclusions

It was seen that cotton stalk (CS), cotton dust (CD) and cot-
ton waste (CW) could be used successfully as sorbents for the
removal of methylene blue (MB) from aqueous solution by sorption
technique. Sorption increased with an increase in initial dye con-
centration, temperature, sorbent dose and solution pH. Required
time for maximum dye removal was 90 min. The maximum dye
removals for CS, CW and CD were between 26.0% and 48.36%,
between 50.0% and 85.41%, between 62.0% and 97.50% under all
the experimental conditions studied, respectively. Moreover, it was
determined that CD was more effective than SC and CW to remove
the MB from aqueous solution for each experimental condition.

While sorption on cotton stalk was following the Freundlich and
the Langmuir isotherms at all the temperatures, sorption on cot-
ton waste and cotton dust followed only the Freundlich isotherm.
Furthermore, from the thermodynamic parameters, it was found
that the values of standard free energy (�G◦) were positive for cot-
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