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bstract

Removal of acid dyes Acid Blue 45, Acid Blue 92, Acid Blue 120 and Acid Blue 129 from aqueous solutions by adsorption onto high area
ctivated carbon cloth (ACC) was investigated. Kinetics of adsorption was followed by in situ UV-spectroscopy and the data were treated according

o pseudo-first-order, pseudo-second-order and intraparticle diffusion models. It was found that the adsorption process of these dyes onto ACC
ollows the pseudo-second-order model. Adsorption isotherms were derived at 25 ◦C on the basis of batch analysis. Isotherm data were treated
ccording to Langmuir and Freundlich models. The fits of experimental data to these equations were examined.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dyes are used for coloring purposes in textile, food, paper,
arpet, rubber, cosmetic and plastic industries. Synthetic dyes
re produced annually over 7 × 105 t worldwide and during the
oloring processes approximately 10–15% of them are lost to
aste streams as pollutants [1]. Some of these dyes are toxic

nd suspected to have carcinogenic and mutagenic effects [2],
ome present an aesthetic problem and affect the nature of water
educing photosynthetic activity by inhibiting sunlight penetra-
ion [3]. Removal of synthetic dyes from wastewater before
ischarging to environment and from raw water before offer-
ng it to public use is essential for the protection of health
nd environment. Some of the techniques used in treatment
f wastewaters containing dyes are flocculation, coagulation,
recipitation, adsorption, membrane filtration, electrochemical
echniques, ozonation and fungal decolorization [4]. Among
hese techniques adsorption has been shown to be an effective

echnique with its efficiency, capacity and applicability on a large
cale to remove dyes as well as having the potential for regen-
ration, recovery and recycling of adsorbents [3–6]. Activated
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arbon, which is the most common adsorbent in liquid-phase
ye adsorption process [3,7–10], can be used in granular, pow-
er and fiber or cloth forms. In the last decade, activated carbon
loth (ACC) has appeared to be an attractive adsorbent because
f its high surface area, high adsorption capacity and mechan-
cal strength. The potential efficiency of activated carbon cloth
r fiber for the removal of many pollutants from waste water by
dsorption has been investigated by many workers [11–17].

The aim of the present work is to investigate the removal of
ome acid dyes; Acid Blue 45, Acid Blue 92, Acid Blue 120 and
cid Blue 129, from aqueous solutions by adsorption onto ACC

nd to determine the adsorption characteristics of ACC toward
hese dyes by conducting equilibrium and kinetic studies.

. Materials and methods

.1. Materials

ACC used in the present work was provided by Spectra Corp.
MA, USA) coded as Spectracarb 2225. The dyes; acid blue 45
AB45), acid blue 92 (AB92), acid blue 120 (AB120) and acid

lue 129 (AB129) having dye contents of 50%, 40%, 40% and
5%, respectively, were obtained from Sigma. The chemical
tructures of these dyes are given in Fig. 1. Deionized water was
sed in adsorption experiments.

mailto:eayranci@akdeniz.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.02.009
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Fig. 1. Molecular stru

.2. Treatment of ACC

It was found by Ayranci and Conway [12] that ACC mate-
ial provides spontaneously a small but significant quantity of
ons into the conductivity water, probably due to its complex
tructure originating from its somewhat unknown proprietary
reparation procedure. A deionization cleaning procedure was
herefore applied, as described previously [12,14] to avoid des-
rption of ions during the adsorption measurements. In this
rocedure, ACC sample was placed in a flow-through wash-
ng cup and eluted with 5 L of warm (60 ◦C) conductivity water
n a kind of successive batch operations for 2 days with N2
ubbling in order to avoid possible adsorption of CO2 that
ight have been dissolved in water. The out-flow water from

ach batch was tested conductometrically for completeness of
he washing procedure. The washed ACC modules were then
ried under vacuum at 120 ◦C, cut to desired dimensions (about
.0 cm × 1.5 cm), weighed accurately and kept in a desiccator
or further use.

.3. Characterization of ACC

Prior to nitrogen adsorption experiment to determine surface
roperties, ACC sample was degassed at 130 ◦C under vacuum
up to 10−6 Torr) for 12 h. The N2 adsorption data were obtained
t the Central Laboratory of Middle East Technical Univer-
ity (METU) with a Quantachrome Autosorb-1-C/MS apparatus

ver a relative pressure ranging from 10−6 to 1. The BET spe-
ific surface area (SBET), total pore volume (Vtot), micropore
olume (Vmicro), mesopore volume (Vmeso), and pore size dis-
ribution, PSD, of ACC were yielded by using the software of

m
a
A
W

of acid dyes studied.

he apparatus. PSD was determined using both BJH and DFT
ethods as will be mentioned later in Section 3.1.
The pHpzc value of washed ACC which is the pH of the solu-

ion when the net charge on ACC piece dipped into it is zero, was
etermined in our previous work [18] using batch equilibrium
ethod described by Babič et al. [19].

.4. Adsorption cell

A specially designed cell was used to carry out the adsorp-
ion studies and simultaneously to perform in situ concentration

easurements by means of UV absorption spectrophotometry.
his cell, described in detail including a diagram in our previ-
us works [12,14], was V-shaped with one arm containing ACC
ttached to a short Pt wire sealed to a glass rod and the other arm
ontaining a thin glass tube through which N2 gas was passed for
he purposes of mixing and eliminating any dissolved CO2. The
wo arms were connected to a glass joint leading to a vacuum
ump at the upper part of the V-shaped cell in order to provide
he opportunity for initial outgassing of the carbon adsorbent.

quartz spectrophotometer cuvette was sealed to the bottom of
he adsorption cell.

.5. Optical absorbance measurements

A Varian cary 100 model UV/vis spectrophotometer was used
or optical absorbance measurements. The absorbance measure-

ents were conducted in situ for the study of the kinetics of

dsorption process. In all experiments, the size and mass of
CC was kept as constant as possible (about 28.0 ± 0.1 mg).
eighed ACC pieces were pre-wetted by leaving in water for
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Fig. 2. Nitrogen adsorption isotherm at 77.4 K for ACC studied.
46 N. Hoda et al. / Journal of Hazar

4 h before use. The idea of using pre-wetted ACC originates
rom previous findings that pre-wetting enhances the adsorption
rocess [12,13].

A pre-wetted ACC piece was dipped into the adsorption
ell initially containing only water and vacuum was applied
o remove all air in the pores of ACC. Then wetted and
egassed ACC piece was removed from the cell for a short
ime and water in the cell was replaced with a known vol-
me of sample solution (20 ml). The sliding door of the sample
ompartment of the spectrophotometer was left half-open and
he quartz cuvette fixed at the bottom of the adsorption cell
which now contained the sample solution) was inserted into
he front sample compartment. A teflon tube connected to the
ip of a thin N2-bubbling glass tube was lowered from one
rm of the adsorption cell down the UV cell to a level just
bove the light path to provide effective mixing. Finally, the
CC piece which was removed temporarily after wetting and
egassing was inserted from the other arm of the adsorption
ell into the solution. Then, quickly, an opaque curtain was
pread above the sample compartment of the spectrophotome-
er, over the cell, to prevent interference from external light.
he temperature of the adsorbate solution was kept constant
t 25 ± 1 ◦C during the adsorption process using a termostated
ell holder in the sample compartment of the spectrophoto-
eter.
The program for monitoring the absorbance at a specific

avelength of maximum absorbance pre-determined by taking
he whole spectrum of each dye was then run on the software of
he spectrophotometer. Absorbance data were recorded in pro-
rammed time intervals of 1 min until the equilibrium is reached.

Absorbance data were converted into concentration data
sing calibration relations pre-determined at the wavelength of
nterest for each dye.

.6. Determination of adsorption isotherms

The adsorption isotherms of acid dyes onto ACC were deter-
ined on the basis of batch analysis. ACC pieces of vary-

ng weights were allowed to equilibrate with dye solutions
f constant initial concentration at 25 ◦C for 48 h. The ini-
ial concentration was 3.0 × 10−5 M for AB45, AB92, AB120
nd 4.0 × 10−5 M for AB129. Preliminary tests showed that
he concentration of dye solutions remained unchanged after
–21 h contact with ACC depending on the type of dye. So,
he allowed contact time of 48 h ensures the equilibration for
ll four dyes. The equilibrium concentrations of dye solutions
ere measured spectrophotometrically. The amount of dyes

dsorbed per unit mass of ACC at equilibrium, qe, was calculated
y Eq. (1):

e = V (c0 − ce)
(1)
m

here V is the volume of dye solution in liters, c0 and ce are the
nitial and equilibrium concentrations, respectively, of the dye
olutions in mol L−1 and m is the mass of ACC in grams. Eq.
1) gives qe as mol dye adsorbed per grams of ACC.
Materials B137 (2006) 344–351

. Results and discussion

.1. Characteristics of ACC

The specific surface area of ACC (SBET) was calculated
ccording to Brunauer, Emmet, Teller method [20] using
he linear part of the nitrogen adsorption isotherm shown in
ig. 2. SBET was determined as 1870 m2 g−1. The total vol-
me of pores, Vtot, was calculated as 0.827 cm3 g−1 using
he volume value at the relative pressure of 0.995 from
ig. 2. The pore size distribution (PSD) for mesopores and
icropores were calculated using BJH (Barrett, Joyner, Hal-

nda) and DFT (density functional theory) methods [21,22]
espectively, and the resulting distribution curves are given
n Figs. 3 and 4. Total mesopore volume (Vmeso) was deter-
ined as 0.082 cm3 g−1 and total micropore volume (Vmicro)
as determined as 0.709 cm3 g−1 from the corresponding meth-
ds. The ACC consists of pores mainly in micro character
<20 Å) as seen both from Figs. 3 and 4. The pHpzc value of
CC used in this study had been previously found to be 7.4

18].
Fig. 3. Pore size distribution of ACC according to BJH theory.
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Fig. 4. Pore size distribution of ACC according to DFT theory.

.2. Absorption characteristics of dyes

Absorption properties and calibration data for the four dyes
tudied are given in Table 1. In order to obtain the calibration
urve of each dye, absorbances were measured at the corre-
ponding λmax as a function of concentration and the data were
tted to Lambert–Beer Law by the method of least square anal-
sis. The resulting regression coefficients (r) given in the last
olumn of Table 1 show that the fit to Lambert–Beer law is excel-
ent. These calibration curves were used to convert absorbance
ata into concentrations in kinetic and equilibrium studies of
dsorption of dyes.

.3. Adsorption kinetics of dyes

Adsorption of dyes onto ACC was monitored spectrophoto-
etrically by the procedure described above. Absorbance data,

btained in 1-min intervals until equilibrium, were converted
nto concentration data using the corresponding calibration rela-
ions and then plotted as a function of time in Fig. 5 for each
ye. Adsorption equilibrium times, determined as the time after
hich the concentration of the dye solution remained unchanged
uring the course of adsorption process, were 445, 1225, 1020
nd 498 min for AB45, AB92, AB120 and AB129, respec-
ively. In order to compare adsorption behaviors of dyes, the
nitial concentrations (1.0 × 10−5 M) and volumes (20 mL) of
ye solutions and the mass of ACC (28.0 ± 0.1 mg) were taken
o be the same for the adsorption study of each dye. As seen in
ig. 5, concentration versus time curves of AB45 and AB129

lmost overlap. At the early stages of adsorption AB120 seems to
e adsorbed faster than AB92 but in the later stages the opposite
s observed as indicated by the crossover of their corresponding

able 1
pectrophotometric and calibration parameters for the dyes

yes λmax (nm) ε (a.u. cm−1 M−1) r

B45 241 80900 0.9999
B92 218 105000 0.9998
B120 274 32500 0.9991
B129 628 17900 1.0000

m

w
l
c
a
fi
q
r
a

ig. 5. Adsorption behaviors of acid dyes; a: AB45, b: AB92, c: AB120 and d:
B129 from aqueous solutions onto ACC.

urves in Fig. 5. Concentrations of dyes AB45, AB92, AB120
nd AB129 in solution decreased to 4.6 × 10−8, 4.0 × 10−7,
.7 × 10−7 and 1.1 × 10−7 M, respectively, all from the same
nitial concentration of 1.0 × 10−5 M, by adsorption onto ACC
ntil their equilibrium times. In other words, concentrations of
yes in aqueous solution were reduced by a factor of approxi-
ately 217 for AB45, 25 for AB92, 10 for AB120 and 91 for
B129 over the course of adsorption.
Three kinetic models were applied to adsorption kinetic data

n order to investigate the behavior of adsorption process of dyes
nto ACC. These models are the pseudo-first-order [23], the
seudo-second-order [24] and the intraparticle diffusion models
15]. Linear form of pseudo-first-order model can be formulated
s

n(qe − qt) = ln(qe) − k1t (2)

here qe (mol g−1) and qt (mol g−1) are the amount of dye
dsorbed at equilibrium and at time t, respectively, and k1
min−1) is the rate constant. k1 values were evaluated from the
inear regression of ln(qe − qt) versus t data for each dye and
re tabulated in Table 2. In this Table the experimental qe values
alculated using initial and equilibrium concentrations (Fig. 5)
f each dye according to Eq. (1) and qe values from the intercept
f linear regression analysis according to the model (Eq. (2)) are
lso given.

The linear form of pseudo-second-order equation can be for-
ulated as

1

qt
= 1

k2qe
2 + 1

qe
t (3)

here k2 (g mol−1 min−1) is the second-order rate constant. The
inear plot of t/qt as a function of t provided not only the rate
onstant k2, but also an independent evaluation of qe. The results
re given in Table 2. The fit of experimental data to the pseudo-

rst-order and the pseudo-second-order equations seemed to be
uite good when correlation coefficients (r) obtained from linear
egression analysis were examined (r values are not given but
ll are greater than 0.9). However, it is very difficult to decide
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Table 2
Calculated and experimental qe values and the first-order and the second-order rate constants

First-order Second-order

Dyes qe (mol g−1)
(experimental)

k1 (min−1) P qe (mol g−1)
(calculated)

k2 (g mol−1 min−1) P qe (mol g−1)
(calculated)

AB45 7.11 × 10−6 3.13 × 10−3 17.17 4.40 × 10−6 6147.44 4.10 7.55 × 10−6

A −6 −3 3.5 −6 −6

A 2.5
A 2.4
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B92 6.86 × 10 5.53 × 10 25.23
B120 6.45 × 10−6 5.30 × 10−3 11.12
B129 7.07 × 10−6 1.32 × 10−2 84.11

hich model represents the experimental data best just on the
asis of regression coefficients. A better criterion to find the best
odel for the experimental data is a parameter known as normal-

zed percent deviation [25] or in some literature percent relative
eviation modulus, P, [26] defined by the following equation

=
(

100

N

) ∑ ( |qt(expt) − qt(pred)|
qt(expt)

)
(4)

here qt(expt) is the experimental qt at any t, qt(pred) is the cor-
esponding predicted qt according to the equation under study
ith best fitted parameters, N is the number of data points. It

s clear that the lower the P value, the better is the fit. When
he P values given in Table 2 are examined, it can be seen that
hey are much smaller for the second-order model than for the
rst-order model leading to a conclusion that the kinetic data
f adsorption of dyes onto ACC fit to the second-order model
etter than the first-order model. Furthermore, the experimental
nd calculated qe values are in good agreement with each other
ccording to the second-order model (Table 2). The second-order
ate constants of dyes are found to decrease in the following
rder; AB129 > AB45 > AB120 > AB92. The kinetics of adsorp-
ion of many dye species onto various adsorbent was also found
o be of second-order in literature; adsorption of Direct Blue
B and Direct Green B on sawdust based activated carbon [27],
dsorption of Congo Red on bagasse fly ash, on commercial
nd laboratory grade activated carbon [28], and on coir pith
29], adsorption of Direct Red 23 and Direct Red 80 on orange
eel [30], adsorption of Basic Blue 9 on pyrophyllite [31], on
e(II)/Cr(III) hydroxide [32] and on cyclodextrin based material
33], and adsorption of Reactive Blue 2, Reactive Red 2, Reac-
ive Yellow 2, Reactive Yellow 86, Acid Orange 12, Acid Red
4, Acid Orange 7 and Acid Red 81 on cross-linked chitosan
34].

Kinetic data of adsorption of dyes were also tested according
o intraparticle diffusion model which can be formulated as

t = kit
1/2 + I (5)

here ki (mol g−1 min−1/2) is the intraparticle diffusion rate con-
tant and I (mol g−1) is a constant. The fit of experimental data
o qt versus t1/2 line predicted by Eq. (5) was poor with P values
uch higher than those given in Table 2 for the first-order and
he second-order models. Thus the possibility of this model to
e applicable to the adsorption kinetics of the dyes studied was
liminated.

w
a
k
a

1 × 10 1863.05 4.82 7.39 × 10
2 × 10−6 4104.33 1.68 6.71 × 10−6

4 × 10−6 6959.53 5.41 7.43 × 10−6

.4. Adsorption isotherms

Adsorption isotherms of dyes were determined on the basis
f batch analysis at 25 ◦C using a series of dye solutions at
xed concentration and volume in contact with ACC pieces of
arying masses. Adsorption isotherm data of dyes were fitted
o well-known and widely applied isotherm models of Lang-

uir and Freundlich. The Langmuir isotherm is based on the
ssumption that adsorption takes place at specific homogeneous
ites within the adsorbent and there is no significant interaction
mong adsorbed species and that the adsorbent is saturated after
ne layer of adsorbate molecules formed on the adsorbent sur-
ace. The linearized Langmuir isotherm equation can be written
s follows

ce

qe
= 1

bqm
+ ce

qm
(6)

here qe (mol g−1) is the amount of solute adsorbed per unit
ass of adsorbent, ce (mol L−1) is the equilibrium concentration

f solute, qm (mol g−1) is the maximum amount of adsorbate to
orm a complete monolayer on the surface, b (L mol−1) is a
onstant related to the heat of adsorption. When ce/qe is plotted
gainst ce and the data are regressed linearly, qm and b constants
an be calculated from the slope and the intercept.

The Freundlich isotherm model takes the multilayer and het-
rogeneous adsorption into account. Its linearized form can be
iven as follows:

n qe = ln K + 1

n
ln ce (7)

where qe and ce have the same definitions as in Langmuir
quation above. Freundlich constant, K (mol1−(1/n) L1/n g−1) is
elated to the adsorption capacity of ACC and 1/n is another
onstant related to the surface heterogeneity. When ln qe is plot-
ed against ln ce and the data are treated by linear regression
nalysis, 1/n and K constants are determined from the slope and
ntercept. The value of 1/n is known as the heterogeneity factor
nd ranges between 0 and 1; the more heterogeneous the surface,
he closer 1/n value is to 0 [35].

The Langmuir and Freundlich isotherm parameters for the
dsorption of dyes studied onto ACC are given in Table 3. Exper-
mental isotherm data for the four dyes are given in Figs. 6–9

here the fitted Langmuir and Freundlich isotherm curves are

lso shown. As in the case of examining the goodness of fit of
inetic models to experimental data, the regression coefficients
lone were insufficient in determining the best isotherm model to
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Table 3
The parameters of Langmuir and Freundlich isotherm equations for the adsorption of dyes

Langmuir Freundlich

Dyes qm (mol g−1) b (L mol−1) P K (mol1−(1/n) L1/n g−1) 1/n P

AB45 1.38 × 10−4 646 13.91 4.85 × 10−3 0.322 2.99
AB92 7.12 × 10−5 584 2.10 6.75 × 10−4 0.212 4.00
AB120 4.03 × 10−5 556 3.51 3.66 × 10−4 0.193 3.59
AB129 1.34 × 10−4 431 10.76 1.92 × 10−3 0.256 2.65
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ig. 6. The fit of experimental adsorption data (�) to Langmuir (—) and Fre-
ndlich (- - -) models for AB45.

epresent the experimental data because they were mostly greater
han 0.9 for both models. So, again a P parameter defined by an
quation similar to Eq. (4) with qt terms replaced by qe terms
as used as a criterion in finding the best isotherm model to fit

he experimental data. These P values are included in Table 3. In
eneral, it is accepted that when the P value is less than 5, the fit
f data to the model is considered to be excellent. The P values
or Freundlich model are much less than 5 for all four dyes. So, it
an be concluded that Freundlich model is good for representing
he adsorption isotherm data of the dyes studied. However it is

lso seen that Langmuir model is almost equally good for AB92
nd AB120. Adsorption capacities for the dyes determined by
m parameter of Langmuir model or K parameter of Freundlich
odel follow the same order; AB45 > AB129 > AB92 > AB120.

ig. 7. The fit of experimental adsorption data (�) to Langmuir (—) and Fre-
ndlich (- - -) models for AB92.

fi
C
i
t

F
u

ig. 8. The fit of experimental adsorption data (�) to Langmuir (—) and Fre-
ndlich (- - -) models for AB120.

his order can be correlated with the sizes of dye molecules as
ell as the pore size distribution of ACC used. Visually, it is
bvious from the molecular structures given in Fig. 1 that the
izes of AB92 and AB120 are significantly larger than those
f AB45 and AB129. Unfortunately, the exact sizes of all dye
olecules are not available. Only the size of AB45 is given

s 3.8 Å in radius and 13 Å in length by Han et al. [36]. The
ore size distribution of ACC used in the present work given
n Fig. 4 shows that this dye molecule, considering its length,

ts only to slightly less than half of the micropores available.
onsidering the increasing number of additional aromatic rings

n the order AB45 < AB129 < AB92 < AB120, one can estimate
he sizes of these dye molecules to increase in the same order.

ig. 9. The fit of experimental adsorption data (�) to Langmuir (—) and Fre-
ndlich (- - -) models for AB129.
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Since the smallest one just fits to half of the micropores, others
are expected to fit to smaller portions of micropores. It should
also be recognized that molecules may also penetrate to the pores
from their smaller sides, 7.6 Å in the case of AB45. However, it
is clear, in general, that there is a close correlation between the
sizes of dye molecules and the pore sizes of ACC.

3.5. pH–pHpzc relation and types of interactions involved in
adsorption

The pH values of dye solutions with an initial common con-
centration of 1.0 × 10−5 M were measured as 6.63, 5.68, 5.34
and 5.83 at the beginning of adsorption and as 6.60, 6.46, 6.60
and 6.37 at equilibrium for AB45, AB92, AB120 and AB129,
respectively. It can be seen that pH values of all dye solutions
are close to each other and the change in pH during the whole
course of adsorption is not too much, the largest change being
1.26 pH unit for AB120. These results indicate that pH of dye
solutions is not a determining factor for the trend observed in
kinetic and equilibrium data for the adsorption of dyes. On the
other hand, the measured pH values are slightly smaller than the
pHpzc value (7.4) of ACC. This suggests that the surface of ACC
in these dye solutions has a small net positive charge as they all
have pH values smaller than 7.4. Since all dye species carry some
negative charge due at least to sulfonate groups (Fig. 1), electro-
static attractions are expected to have a considerable contribution
to the overall interactions. Furthermore, dispersive interactions
and some hydrogen bonding interactions should still be opera-
tive between dye species and ACC surface.

4. Conclusion

It was found that the dyes AB45, AB92, AB120 and AB129
can be removed to a great extent from aqueous solutions by
adsorption onto ACC. Adsorption of these dyes was found to
follow second-order kinetic model with the following order of
rate constants AB129 > AB45 > AB120 > AB92. The order of
adsorption capacities for the dyes according to both Langmuir
and Freundlich isotherm models was found to be as follows
AB45 > AB129 > AB92 > AB120 and this order was found to
be correlated with the sizes of dyes and pore size distribution of
ACC.
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