
Journal of Hazardous Materials B128 (2006) 150–157

Adsorption kinetics of malachite green onto activated
carbon prepared from Tunc¸bilek lignite
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Abstract

Adsorbent (T3K618) has been prepared from Tunc¸bilek lignite by chemical activation with KOH. Pore properties of the activated carbon
such as BET surface area, pore volume, pore size distribution, and pore diameter were characterized byt-plot based on N2 adsorption
isotherm. The N2 adsorption isotherm of malachite green on T3K618 is type I. The BET surface area of the adsorbent which was primarily
contributed by micropores was determined 1000 m2/g. T K618 was used to adsorb malachite green (MG) from an aqueous solution in a batch
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eactor. The effects of initial dye concentration, agitation time, initial pH and adsorption temperature have been studied. It was
hat the adsorption isotherm followed both Freundlich and Dubinin–Radushkevich models. However, the Freundlich gave a bett
dsorption isotherms than the Dubinin–Radushkevich. The kinetics of adsorption of MG has been tested using pseudo-first-ord
econd-order and intraparticle diffusion models. Results show that the adsorption of MG from aqueous solution onto micropore3K618
roceeds according to the pseudo-second-order model. The intraparticle diffusion of MG molecules within the carbon particles wa

o be the rate-limiting step. The adsorption of the MG was endothermic (�H◦ = 6.55–62.37 kJ/mol) and was accompanied by an increa
ntropy (�S◦ = 74–223 J/mol K) and a decrease in mean value of Gibbs energy (�G◦ =−6.48 to−10.32 kJ/mol) in the temperature range
0–50◦C.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Dyes removal of wastewater is the main problem encoun-
ered in textile industry. Although they are not particularly
oxic, the dyes affect aquatic diversity by blocking the passage
f light through the water. Since the effluents have complex
ature, it is difficult to treat such stream by a single process
nd conventional physicochemical and biological treatment
ethods are not sufficient for adequate treatment. Liquid-
hase adsorption processes have been shown to be highly
fficient for removal of colors, odor, organic and inorganic
ollutants from the industrial wastewater. This has created
n interest concerning the use of activated carbon on this
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area. But its usage is limited due to its high cost and this
lead many researchers for cheaper sources to prepar
vated carbon. Ru-Ling et al.[1] prepared activated carb
from pine wood at different activation times. They measu
adsorption isotherm and rates of three dyes and three
nols at 30◦C. Rozada et al.[2] studied potential usage
activated carbon from sewage sludge for absorption of m
lene blue and saphranine. They analyzed the pure and b
adsorption assay in batch and fixed bed systems. Al-
et al. [3] studied the effect carbon surface on the rem
of reactive dyes from textile effluent. They obtained h
adsorption capacity and it was attributed to the net pos
surface charge which occurs during the adsorption pro
Similarly, Manuel Fernando et al.[4] treated the commerci
activated carbon chemically and thermally and it was sh
that the surface chemistry of the activated carbon plays
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role in dye adsorption performance. Jain et al.[5] utilized the
industrial waste products as adsorbents for the removal of
dyes. They prepared a number of low cost adsorbents from
steel and fertilizer industries and investigated the removal
of anionic dyes from the aqueous solutions. It was found
that the prepared adsorbents are 80% as efficient as activated
charcoal and they can be used as low cost alternative. Chen
et al. [6] used granular activated carbon prepared from dif-
ferent raw materials for the removal of 2-methylisoborneol
from drinking water. Various adsorbents have been prepared
from saw dust[7], rice husk[8], wheat straw, corncobs, bar-
ley husk[9,10], and plum kernels[11], a fresh water algae
(Phithophora sp.) [12] and there are still many efforts on
development of low cost materials with higher adsorption
capacity[13–21].

The aim of the present work is to study the adsorp-
tion capacity of activated carbon (T3K618) prepared from
Tunçbilek lignite for dye (malachite green, MG) removal
from aqueous solutions. The experimental data for adsorbed
MG on T3K618 were compared using two isotherm equa-
tions namely, Freundlich and Dubinin–Radushkevich (D–R).
Three adsorption kinetics models were tested in this study. To
investigate the mechanisms of MG sorption, characteristics
constants of adsorption were determined using a pseudo-first-
and second-order equation, intraparticle diffusion respec-
tively, and compared. In addition, the equilibrium thermo-
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cessively with hot distillated water until a neutral residue is
obtained. The washed sample was dried at 110◦C to prepare
activated carbon.

2.3. Instrumentation

The spectrophotometric determination of dye was done on
a Shimadzu UV–vis spectrophotometer (Model UV-2100S).
The pH of solutions was measured by using microprocessor
based pH meter (Hanna Instruments pH 211). The pore struc-
tures of active carbon were investigated by using the standard
Micromeritics DFT plus software. Nitrogen adsorption was
recorded at 77 K by means of a TriStar 3000 (three port) sur-
face analyzer (Micromeritics, USA). BET equation was used
to calculate the specific surface area. Before the measure-
ment, all samples were degassed at 300◦C for 3 h.

2.4. Adsorption experiments

Dye solutions were prepared in distilled water at desired
concentrations. Adsorption experiments were carried out
by agitating 0.1 g of T3K618 with 25 mL dye solutions of
desired concentration, pH and temperature in a thermostatic
bath operating at 400 rpm. The pH of the dye solutions was
adjusted with HCl or NaOH solution by using a pH meter.
T
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ynamic parameters are determined for the MG on activ
arbon.

. Experimental

.1. Materials

The dye, malachite green, CI = 42,000, chemical form
C50H52N4O8, FW = 927.03,λmax= 617 nm (reported) an
max= 617 nm (experimental obtained by us) was supp
y Merck (1398). An amount of 2000 mg/L stock solut
as prepared by dissolving the required amount of dy
ouble distilled water. Working solutions of the desired c
entrations were obtained by successive dilutions.

.2. Preparation of activated carbon

Brought in containers from Tunc¸bilek–Kütahya (Turkey
ignite was dried under laboratory conditions for 3 h and t
ieved to−60 + 100 mesh fraction and later stored in c
rful plastic tubes. All experiments carried out with dr

ignite at 105◦C. Adsorbent (T3K618) were prepared fro
ignite by chemical activation with KOH, activation tempe
ure and KOH/lignite ratio (impregnation ratio) was selec
00◦C and 4:1, respectively. The impregnated sample
aised to the activation temperature under N2 (100 mL/min)
tmosphere with 10◦C/min flow rate and hold at impregn

ion temperature for 1 h. After the activation, the sample
ooled down under N2 flow and washed several times s
he amount of dye adsorbed onto T3K618, qt (mg/g), was
alculated by mass-balance relationship equation(1):

t = (C0 − Ct)
V

W
(1)

hereC0 andCt are the initial and timet liquid-phase con
entration of the dye (mg/L), respectively,V the volume o
he solution (L) andW the weight of the dry T3K618 used (g)

. Results and discussion

.1. Characterization of the prepared adsorbent

Fig. 1shows N2 adsorption isotherm of the activated c
on (T3K618) obtained using KOH reagent. N2 adsorption

ig. 1. Adsorption isotherm of nitrogen at 77 K for activated car
T3K618).
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Table 1
Surface area and porosity of the activated carbon

SBET (m2/g) Sext Smic Vt (cm3/g) Vmic Dp (nm)

m2/g % of Sext m2/g % of Smic cm3/g % of Vmic

1000 153 15.3 848 84.8 0.59 0.44 74.6 2.27

isotherm is classified as type I, characteristics of microp-
orous solids, in IUPAC classification[22]. Table 1contains
the BET surface area (SBET), external surface area (includ-
ing mesopores and macropores areaSext), micropores surface
area (Smic), total pore volume (Vt) and average pore diame-
ter (Dp) results obtained by applying the BET equation to N2
adsorption at 77 K and DR equation to N2 adsorption at 77 K.
It was found that the activated carbon had a remarkable BET
surface area, which was primarily contributed by micropores.
The average pore diameter was 2.3776 nm, indicative of its
micropores character.

Fig. 2 shows the pore size distribution was calculated in
the standard manner by using BJH method[23]. It appears
that activated carbon was dominantly micropores. Percentage
of micropores area is 84.8%.

3.2. Effect of temperature and concentration of dye on
adsorption

Effect of temperature and dye concentration on removal
of dye by activated carbon (T3K618) is presented inFig. 3.
The percentage of dye removal increased from 61.78 to
85.17 as the adsorption temperature was increased from
20 to 50◦C for 2000 mg/L dye concentration. The fact
that the adsorption increases with an increase in tem-
p arge
d ngo-
i
c ere
s oval
d ation
i

Fig. 3. Effect of initial dye concentration on malachite green removal by
T3K618 (adsorbent dosage = 0.1 g/25 mL, contact time = 3 h, pH =natural,
at 400 rpm).

3.3. Effect of initial pH on adsorption

The magnitude of electrostatic charges imparted by ion-
ized dye molecules is primarily controlled by the pH of
medium. The amount of dye adsorbed or rate of adsorption
tends to vary with pH of aqueous medium.

The experimental result of the adsorption of MG on
T3K618 as a function of pH at an initial dye concentration
of 1500 mg/L, temperature 20◦C and 0.1 g adsorbent dosage
is shown inFig. 4. The percentage dye removal increases
from 42 to 100 with increase in pH from 2 to 10. Maximum
removal of dye was observed at around pH 5 and beyond that
pH it attains the same maximum value. Since no significant
change in the adsorbed amount of dye was observed after pH
5. It was suggested that the increase in adsorption depended

F =
0

eratures indicates the increase in the mobility of l
ye molecules with increasing temperatures and the o

ng adsorption process is endothermic[24,25]. Dye con-
entrations 250, 500, 750, 1000, 1500, 2000 mg/L w
elected in this study. The percentage of dye rem
ecreased for all dye concentration while dye concentr

ncreases.

Fig. 2. Pore size distribution of the T3K618.

ig. 4. Effect of pH on malachite green by T3K618 (adsorbent dosage
.1 g/25 mL, temperature = 20◦C, at 400 rpm, contact time = 3 h).
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on the properties of the adsorbent surface and the dye struc-
ture. Malachite green is a cationic triarylmethane dye. The
results indicates that the protonation of MG occur in acidic
medium.

And with the rise in pH the dye becomes more and more
de-protonated. The low adsorption of dye also exhibits pos-
sibility of development of positive charge at activated carbon
particles, which inhibits the adsorption of dye. However, the
formation of electric double layer changes its polarity in the
basic medium. Consequently, the dye removal increases. This
result consists with literature[26].

3.4. Effect of contact time on adsorption

Adsorption experiments were carried out for different con-
tact time at different temperature with a fixed adsorbent
dosage of 0.1 g at natural pH. The results are presented in
Fig. 5. Similar plots were determined. The adsorption per-
centage of dye increased with increase in contact time. The
equilibrium time was 120 min for all adsorption temperature.
The removal of dye is rapid in the initial stages of contact
time and gradually decreases with lapse of time until satura-
tion. The removal curves are single, smooth and continuous,
indicating monolayer coverage of dye on the outer interface
of the adsorbent initially[27].
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Fig. 6. Freundlich plots corresponding to the adsorption of malachite green
on T3K618 at different temperature.

solution (mg/L),kf (L/g) andn are isotherm constant which
indicate the capacity and intensity of the adsorption, respec-
tively.

Fig. 6shows the plot of logqe versus logCe at 20, 30, 40,
50◦C adsorption temperature. The plot is in harmony with
Freundlich isotherm. The values ofkf andn were calculated
from the slope and intercept of the plot of logqeversus logCe.

The D–R equation can be expressed[24] as

qe = X′
m exp(−K′ε2) (3)

whereε (Polanyi potential) is equal toRT ln(1 + 1/Ce), qe
is the amount of the dye adsorbed per unit activated carbon
(mol/g). X′

m the adsorption capacity (mol/g),Ce the equi-
librium concentration of the dye solution (mol/L),K′ the
constant of the adsorption energy (mol2 kJ2), R the gas con-
stant (kJ/mol K), andT the temperature (K). The linear form
of the D–R isotherm is

ln qe = ln X′
m − K′ε2 (4)

The plot of lnqe versusε2 at 20, 30, 40, 50◦C adsorption tem-
perature is presented inFig. 7. The plot is in harmony with
the D–R adsorption model. The values ofX′

m andK′ were
calculated from intercept and slope of this plots. The con-
stants obtained for Freundlich and D–R isotherms are shown
in Table 2.

i the

F t
t

.5. Adsorption isotherms

The adsorption equilibrium data were fitted for Langm
reundlich and Dubinin–Radushkevich (D–R) isother
he isotherm results indicate that the adsorption
G onto T3K618 is consistent with the Freundlich a
ubinin–Radushkevich isotherms.
The Freundlich adsorption isotherm can be expressed[28]

s

ogqe = logkf + 1

n
logCe (2)

hereqe is the amount of dye adsorbed at equilibrium t
mg/g), Ce is the equilibrium concentration of the dye

ig. 5. Effect of contact time on malachite green removal by T3K618
t different temperature (adsorbent dosage = 0.1 g/25 mL, pH = natu
00 rpm).
Table 2shows an increase in adsorption capacity (kf ) with
ncrease in temperature. A similar result is reported in

ig. 7. Dubinin–Radushkevich isotherm of MG onto T3K618 at differen
emperatures.



154 Y. Önal et al. / Journal of Hazardous Materials B128 (2006) 150–157

Table 2
Isotherm constant for the adsorption of MG onto T3K618 at different adsorption temperature

Temperature (◦C) Freundlich isotherm D–R isotherm

kf (L/g) n r2 X′
m (mol/g) K′ (mol2 kJ2) r2

20 58.08 4.068 0.993 5.48× 10−4 0.002 0.985
30 77.51 4.159 0.993 6.46× 10−4 0.0017 0.989
40 77.85 4.191 0.991 6.50× 10−4 0.0016 0.997
50 129.66 4.863 0.997 9.92× 10−4 0.0016 0.926

literature[26]. Values,n > 1 represent favourable adsorption
condition[29]. The results suggest that the MG is favourably
adsorbed by activated carbons prepared from lignite. In addi-
tion, the positive values for isotherm constant in case of
T3K618 signifies the monolayer adsorption and fits reason-
ably well with the Freundlich model indicating heteroge-
neous surface binding also[26,30].

X′
m, the adsorption capacity (mol/g), increases andK′,

the constant of the adsorption energy (mol2 kJ2), decreases
with increasing temperature. The percentage of dye removal
reaches maximum value at 50◦C.

It is important to mention that in the present studies, Fre-
undlich model fits slightly better than the D–R model. This
result has been recorded for other similar results in the liter-
ature[25].

3.6. Adsorption kinetics

Several kinetics models are used to examine the con-
trolling mechanism of adsorption process such as chemical
reaction, diffusion control and mass transfer. Applying those
models given in literature[24,31–34].

The pseudo-first-order equation is expressed[23,30–34]
as:

dqt

A

l

w ) at
e
c

Kay
[

T

w sorp-
t -
t

The rate parameter for intraparticle diffusion is determined
using the following equation[38]

qt = kintt
1/2 + C (9)

whereC is the intercept andkint is the intraparticle diffusion
rate constant (mg/g min1/2). The plot may present multilin-
earity, indicating that three steps take place. The first, sharper
portion is attributed to the diffusion of adsorbate through the
solution to the external surface of adsorbent or the bound-
ary layer diffusion of solute molecules. The second portion
describes the gradual adsorption stage, where intraparticle
diffusion is rate limiting. The third portion is attributed to the
final equilibrium stage[39].

First, the values of log(qe− qt) were calculated from the
kinetic data ofFig. 5. The plots of log(qe− qt) versust for
the pseudo-first-order model given in Eq.(6) were given at
different solution temperature inFig. 8. Thek1 values were
calculated from slope of this plot.

Second, the plots of (t/qt) versust for the pseudo-second-
order model given in Eq.(8) were drawn at different solution
temperature inFig. 9. Theqe andk2 values were calculated
from slope and intercept of this plots, respectively.

Third, the intra particle diffusion rate, obtained from the
plotsqt versust1/2. The plots are shown inFig. 10. The exter-
nal surface sorption (stage 1) is absent because of completion
b y a
p t is
a d
f es
o ick-
n ndary
l sev-

F
t ures.
dt
= k1(qe − qt) (5)

fter integration, the integrated form of Eq.(5) becomes:

og(qe − qt) = logqe − k1

2.303
t (6)

hereqe andqt are the amounts of dye adsorbed (mg/g
quilibrium and timet (min), respectively, andk1 is the rate
onstant of pseudo-firs-order adsorption (min−1).

The pseudo-second-order kinetic model of Ho and Mc
36,37] is

dqe

dt
= k2(qe − qt)

2 (7)

he integrated form of Eq.(7) becomes:

t

qt

= 1

k2q2
e

+ 1

qe
t (8)

herek2 is the rate constant of pseudo-second-order ad
ion (g/mg min) andh = k2q

2
e, whereh is the initial adsorp

ion rate (mg/g min).
efore 5 min. Initial linear portion (stage 2) followed b
lateau (stage 3). The initial linear portion of this plo
ttributed to intraparticle diffusion.kint values are determine

rom the slope of initial linear portion of this plot. The valu
f intercept,C give an idea about the boundary layer th
ess, i.e. the larger the intercept, the greater is the bou

ayer effect. The boundary layer diffusion depends on

ig. 8. Plots adsorption kinetic equation for adsorption of MG onto T3K618,
he pseudo-first-order adsorption kinetics of MG at different temperat



Y. Önal et al. / Journal of Hazardous Materials B128 (2006) 150–157 155

Fig. 9. Plots adsorption kinetic equation for adsorption of MG onto T3K618,
the pseudo-second-order adsorption kinetics of MG at different tempera-
tures.

eral parameters, including the external surface area of the
adsorbent, which is mainly controlled by the particle size,
the shape and density of the particles, the concentration of
the solution and the agitation velocity. The greater the par-
ticle size, the intraparticle diffusion resistance is the great
in the control of the sorption kinetics of low-porous mate-
rials [40]. Our sample has high porosity (microporous).kint
values increases with increase of temperature that is why
mobility of dye molecules increases. However,C (boundary
layer thickness) values decrease with increasekint values and
temperature.

Kinetic parameters for three kinetic model and correlation
coefficient were summarized inTable 3.

Table 3shows that the correlation coefficients of second-
order kinetic model are greater than those of other rate

laws. Also, the calculatedqe values agree very well with the
experimental data (qe exp). These indicate that the adsorption
perfectly complies with pseudo-second-order reaction[35].
Similar kinetic results have also been reported in literature
[23,35].

3.7. Adsorption thermodynamics

Effect of concentration and temperature on the MG
adsorption is shown inFig. 3. While temperature increases,
the percentage of dye removal increases slightly. The change
in standard free energy (�G◦), enthalpy (�H◦) and entropy
(�S◦) of adsorption were calculated from the following equa-
tion:

�G◦ = −RT ln Kc (10)

whereR is the gas constant,Kc the equilibrium constant and
T the temperature in K. TheKc value is calculated from Eq.
(11)

Kc = CAe

CSe
(11)

whereCAe andCSe is the equilibrium concentration of dye
ions on adsorbent (mg/L) and in the solution (mg/L) respec-
tively.

◦ ◦
c

l

T l to
− ff

nto T3K618
Fig. 10. Plots adsorption kinetic equation for adsorption of MG o
Standard enthalpy (�H ) and entropy (�S ), of adsorption
an be estimated from van’t Hoff equation given in

n Kc = −�H◦
ads

RT
+ �S◦

R
(12)

he slope and intercept of the van’t Hoff plot is equa
�H◦

ads/R and �S◦/R, respectively (23). The van’t Ho

, the intraparticle diffusion kinetics of MG at different temperatures.
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Table 3
Kinetic parameters for the effects of solution temperature

Temperature (◦C) qe exp

(mg/g)
First-order kinetic equation Second-order kinetic equation Intraparticle diffusion equation

qe (mg/g) k1 (×102 min−1) r2 qe (mg/g) k2 (×104 g/mg min) r2 kint (mg/g min1/2) C r2

20 227.3 63.8 1.93 0.952 232.5 6.534 0.998 5.47 163 0.97
30 229.8 132.9 3.02 0.983 243.9 3.846 0.999 9.50 130 0.99
40 230.5 71.9 2.03 0.977 238.1 6.485 0.999 10.80 132 0.99
50 238.5 53.5 1.73 0.955 243.9 7.747 0.999 16.13 124 0.99

qe exp: obtained as experimental.

plot for the adsorption of MG onto T3K618 is given in
Fig. 11. Thermodynamic parameters obtained are summa-
rized inTable 4.

It is seen in Table 4 that the �H◦ values were in
6.55–62.37 kJ/mol with a mean value of 32.20 kJ/mol. The
positive values of enthalpy change conform to the endother-
mic nature of the adsorption process. The positive values
of �S◦ reflects the affinity of adsorbent material towards
MG. The entropy (�S◦) values vary from 74 to 223 J/mol
K. Mean value of entrophy is 133 J/mol K. Similar results for
endothermic adsorption of MG were also observed earlier on
activated carbon prepared from de-oiled soya[24]. Despite
being endothermic nature, the spontaneity of the adsorption
process was decreased in the Gibbs energy of the system. The
�G◦ values varied in range with the mean values showing a
gradual increase from−6.48 to−10.32 kJ/mol in the temper-

Fig. 11. van’t Hoff plots of MG adsorption onto T3K618 for initial dye
concentration at natural pH.

Table 4
Thermodynamic parameters for the adsorption of MG onto T3K618

Concentration (mg/L) Temperature (◦C) Kc −�G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (J/mol K)

250 20 189.02 12.77 17.42 106
30 583.93 16.04
40 536.17 16.35
50 394.56 16.05

14.04 6.55 74
15.16
16.14
17.11

5.69 43.06 167
8.13
8.78

11.02

1 3.25 62.37 223
5.44
5.99

10.57

1 2.04 34.27 125
4.15
3.99
6.24

2 1.17 29.55 105
2.03
500 20 319.08
30 1447.01
40 493.12
50 585.23

750 20 10.35
30 25.20
40 29.20
50 60.57

000 20 3.79
30 8.68
40 10.02
50 51.17

500 20 2.32
30 5.21
40 4.65
50 10.21

000 20 1.62
30 2.24

40 2.08
50 5.74
1.91
4.69
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ature range of 20–50◦C in accordance with the endothermic
nature of the adsorption process.

4. Conclusion

The results of this work can be summarized as follows:

(1) The N2 adsorption isotherm of malachite green on
T3K618 is of type I. The values ofSBET, Vt and
Smic andVmic are 1000 m2/g, 0.59 cm3/g and 848 m2/g,
0.44 cm3/g, respectively. Results show that activated car-
bon is dominantly micropores. Percentage of micropores
area is 84.8%.

(2) T3K618 is a promising adsorbent for removal of MG
from water. A small amount (4 g/L) of the adsor-
bent could almost decolorize an aqueous solution MG
(500 mg/L) agitated for 3 h.

(3) Maximum removal of dye was observed at pH∼5.
Adsorption experiments were carried out for different
contact time at different temperature with a fixed adsor-
bent dosage of 0.1 g/25 mL at natural pH. The equilib-
rium time was 120 min for all adsorption temperature.

(4) The adsorption isotherm followed Freundlich and
Dubinin–Radushkevich models. The Freundlich gave a
better fit to all adsorption isotherms (at 20, 30, 40, 50◦C)

city
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