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a b s t r a c t

Batch and dynamic flow adsorption studies were carried out using natural clay for the removal of Acid
Red 88 (AR88) dye from aqueous solutions. Adsorption conditions were examined with respect to initial
pH, adsorbent amount, contact time, initial dye concentration, column i.d. and flow rate. Adsorption
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process was better described by the pseudo-second-order kinetic and Langmuir isotherm models. SEM
and zeta potential analysis were used to characterize the adsorbent material. 98.10 ± 0.34% of dye could be
removed in 15 min at pH 2.0 in the batch mode. The adsorbent exhibits very high monolayer dye binding
capacity of 1133.10 mg g−1 which was comparable to or higher than those of many sorbent materials.
Our results indicate that the suggested natural and low-cost adsorbent material may be useful for the

amina
inetics
sotherm

effective removal of cont

. Introduction

Contamination of waters, due to discharge of untreated or
artially treated industrial wastewaters into the ecosystem, has
ecome a common problem for many countries [1,2]. In particu-

ar, synthetic dyes from industrial effluents such as textile, paper,
yeing, printing, food, etc. cause serious problems to human health
nd environment. The number of commercially available dyes is
ore than 100,000 and the annual production of these exceeds one
illion tons worldwide [3,4]. The dyes used in the textile indus-

ries include several structural varieties such as acidic, reactive,
asic, disperse, azo, diazo, anthraquinone based and metal complex
yes [1]. More than 50% of the world production of dyes consists of
zo dyes [5]. They are aromatic compounds including one or more
zo groups (−N N−) and may also contain sulfonate groups [3,4].
zo dyes cannot be easily removed by conventional treatment pro-
esses due to their stability under light, heat, oxidizing agents and
iological degradation. In the degradative conditions cleavage of
zo linkages in their structure can produce toxic aromatic amines.
hese derived compounds can exhibit more toxic effects to the

nvironment than the parent compound [6]. Therefore, the effec-
ive treatment of dye contaminated effluents is currently a primary
nvironmental concern.

Adsorption technology has attracted interest in this context as
n effective and alternative treatment process and has many advan-

∗ Corresponding author. Tel.: +90 222 2393750/2862; fax: +90 222 2393578.
E-mail address: stunali@ogu.edu.tr (S.T. Akar).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.06.001
ting acid dyes.
© 2010 Elsevier B.V. All rights reserved.

tages over the existing conventional process. This process is not
only economic and feasible but also produces high quality of water
[7,8]. The dye adsorption potentials of many low-cost and natu-
ral materials have previously been reported upon, including Thuja
orientalis [9], hazelnut shell [10], macro-fungus [11], baggase pith
[12], Pyracantha coccinea [13], kidney bean [14], calcined alunite
[15]. On the other hand some modification procedures were applied
to improve the adsorption performances and characteristics of the
adsorbent materials [16–18].

In the present study we reported the very high adsorption
potential of natural clay for C.I. Acid Red 88 (AR88) dye. Our
previous findings indicated that this cost-effective and readily
available natural material could be employed as an effective adsor-
bent in chemically modified form for the removal of chromium
(VI) ions [19]. In order to keep the cost of dye treatment low,
the adsorbent clay employed in the present study was used with-
out any pretreatment or other modification. AR88 was selected
as a representative adsorbate for this study due to its wide use
in dyeing textile fabrics, silk, nylon, wool and leather [3] and
carcinogenic effects of degradation byproducts (such as toxic
aromatic amines) [20]. Adsorptive removal of AR88 onto clay
was investigated in batch and dynamic flow modes of opera-
tion. Adsorption process variables such as initial pH, adsorbent
dosage, contact time, temperature, flow rate and column diame-
ter were investigated. Equilibrium adsorption data were modeled

with Langmuir, Freundlich, Dubinin–Radushkevich (D–R) isotherm
models and the pseudo-first-order, the pseudo-second-order,
intraparticle diffusion and Elovich kinetic models. SEM and zeta
potential measurement studies were carried out for the adsorbent
characterization.

dx.doi.org/10.1016/j.cej.2010.06.001
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:stunali@ogu.edu.tr
dx.doi.org/10.1016/j.cej.2010.06.001


592 S.T. Akar, R. Uysal / Chemical Engineer

2

2

p
M
t
s

S
r
w
A
i
d
i

2

k
d
t
a
w
r
v
I
v
u
w

Fig. 1. Chemical structure of AR88.

. Experimental

.1. Adsorbent material

The clay sample used as the adsorbent in the experiments was
rovided from the deposits located in the region of Eskişehir-
ihalıççık, Turkey. It was prepared by grinding in a laboratory

ype ball-mill and sieved to size of 100 mesh fractions using ASTM
tandard sieves.

AR88 dye (C.I 15620, �max = 505 nm) was obtained from
igma–Aldrich Corporation, St. Louis, MO, USA, and was used as
eceived. The chemical structure and UV–vis spectrum of the dye
ere presented in Figs. 1 and 2. A stock solution (1.0 g L−1) of
R88 was prepared by dissolving accurate weight amount of dye

n deionized water and the other concentrations were obtained by
ilution of this stock dye solution. All other chemicals used in this

nvestigation were of analytical grade.

.2. Adsorption studies

The batch mode adsorption studies were studied by mixing
nown amounts of adsorbent with 50 mL of AR88 solution at
esired concentration and stirring on a digitally controlled mul-
ipoint magnetic stirrer at 200 min−1. The effect of initial pH
nd adsorbent amount on the adsorption of acid dye onto clay
as investigated within the ranges of 2.0–10.0 and 0.04–4.0 g L−1,

espectively. The pH of the dye solutions was adjusted to required
alues using negligible amount of dilute HCl or NaOH solution.

n order to determine the equilibrium time, the contact time was
aried between 5 and 60 min. The dye adsorption kinetics was eval-
ated at different temperatures of 25, 35 and 45 ◦C. The adsorbent
as separated from the solution by centrifugation at 4500 min−1

Fig. 2. UV–vis absorption spectrum of AR88 dye.
ing Journal 162 (2010) 591–598

for 5 min. The effect of ionic strength was investigated in the solu-
tions including NaCl with the concentrations between 0.02 and
0.15 mol L−1. Adsorption trials in dynamic flow mode were per-
formed in small scale cylindrical packed bed columns at 25 ◦C. A
known quantity of natural adsorbent was placed between glass
wool filters in the column. Dye solution at an initial concentration
of 150 mg L−1 and pH of 2.0 was pumped upwards through the col-
umn using a peristaltic pump (Ismatec ecoline). Tygon tubing was
used for the connections. Continuous system variables studied are:
adsorbent amount (0.04–0.4 g), flow rate (0.5–8.0 mL min−1) and
column i.d. (internal diameter) (9–19 mm).

2.3. Instrumentation

The zeta potential values of the adsorbent material were mea-
sured by zeta potential analyzer (Malvern zeta sizer) in the
solutions with the pH range of 2.0–10.0. After dye adsorption in
batch and column systems, residual dye contents in the treated
solutions were quantified by UV visible spectrometry (Shimadzu
UV-2550) at maximum wavelength of dye.

The equilibrium adsorption capacity (qe) of natural clay was cal-
culated from the initial (Ci) and final (Ce) concentration of dye in
the solutions using the following general mass-balance equation.

qe = V(Ci − Ce)
m

(1)

where V is the solution volume (L) and m is the amount of adsorbent
(g).

2.4. Statistical analysis

In order to ensure the reproducibility of results, experiments
were replicated three times and data presented were the mean
values from these independent experiments. Experimental errors
were estimated and depicted with error bars and standard devia-
tions are indicated wherever necessary. All statistical analysis was
performed using SPSS 10.0 for Windows.

3. Results and discussion

3.1. Adsorbent characterization

On the basis of powder X-ray diffraction (XRD) profile the natu-
ral clay contained montmorillonite as a major constituent in the
mineral structure. The minor components detected by XRD are
analcime and feldspar (sodium aluminium silicate) [19].

SEM is one of the useful tools to characterize the surface
structure of the adsorbent materials. Typical SEM micrographs of
adsorbent material were taken before and after dye adsorption and
presented in Fig. 3. These micrographs indicated clearly the appear-
ance of the molecular cloud over the surface of dye-loaded clay,
which was absent on the rough and porous structure of the clay
before loading with dye.

In order to determine the surface charge of the adsorbent, the
zeta potential values were measured as a function of pH and the
results were presented in Fig. 4. As shown here, the surface charge
of clay is negative and no isoelectric point (IEP) was observed in
the examined pH range. Similar observations were also reported
in the literature [21–24]. The net negative charge density of the
adsorbent increased with increasing the pH up to 3.0 (p < 0.05) and
stayed almost constant above this pH value (p > 0.05). It is well

known that montmorillonite type clays carry two kinds of electri-
cal charges namely, pH-dependent (variable) charge and structural
(permanent) negative charge [25]. The permanent negative charge
arises from the substitution of Al3+ by Mg2+ or Fe2+ and Si4+ by
Al3+ in the structure of the mineral. It was reported the edges of



S.T. Akar, R. Uysal / Chemical Engineer

m
c

3

a

F
a

Fig. 3. SEM micrograph of untreated (a) and dye-loaded (b) clay.

ontmorillonite behave as the metal oxide surface and positively
harged at acidic pH values [26,27].
.2. Effect of pH

Solution pH is one of the important parameters controlling the
dsorption behavior of adsorbate onto adsorbent surface. The vari-

ig. 4. Effect of pH on the adsorption of AR88 onto clay and � potential values of
dsorbent as a function of pH.
ing Journal 162 (2010) 591–598 593

ation in AR88 adsorption capacity of natural clay as a function of
medium pH is shown in Fig. 4. The maximum adsorption capacity
was observed at pH 2.0, lessened notably with increasing the pH
up to 4.0 (p < 0.05), remained nearly constant (p > 0.05) and neg-
ligible above this pH value. High adsorption capacity observed in
the acidic pH values can be attributed to the electrostatic attraction
forces between dye anions and positively charged parts on the clay
surface. It was reported that although the overall particle charge
is negative in general, at acidic conditions there were both nega-
tively and positively charged parts on the surface of clay [28]. It
could be concluded that these positively charges at the edges of
clay are responsible for the adsorption of anionic dye onto clay at
acidic pH values. Crini [29] reported the adsorption of dyes on clay
minerals is mainly dominated by ion-exchange processes. Strongly
pH-dependent adsorption trend for AR88 dye onto clay may also
be explained by an ion-exchange process.

3.3. Effect of adsorbent concentration

The dye uptake yields of natural clay for AR88 dye at various clay
concentrations are examined in order to optimize the adsorbent
dosage. The dye adsorption yield of natural clay increased from
93.66 ± 1.22% to 98.10 ± 0.34% when the amount of clay increased
from 0.4 to 0.8 g L−1 (p < 0.05). A further increase in the adsorbent
amount over 0.8 g L−1 did not lead to a significant change in the
adsorption yield of clay due to saturation of the adsorbent surface
with dye molecules and it remained nearly constant (p > 0.05). The
optimum adsorbent amount was selected as 0.8 g L−1 for further
batch adsorption studies. Similar trend in dye (Reactive Red MF-3B)
removal with increasing adsorbent amount has also been shown
by Huang et al. using organoclay material [30]. Also Almeida et al.
[31] found that the dye adsorption yield of montmorillonite clay
increased from about 70% to 99% when the clay amount increased
from 1.6 to 3.0 g L−1 and this trend has been attributed to increased
surface area and possible dye binding sites of adsorbent material.

3.4. Effect of contact time and temperature

Contact time is one of the important parameters for the success-
ful application of adsorption procedures. The adsorption capacities
of clay at different temperatures (25, 35 and 45 ◦C) as a func-
tion of time were investigated at an initial AR88 concentration of
150 mg L−1. A larger amount of AR88 was removed by clay in the
first 5 min of contact time. Adsorption equilibrium was established
within 15 min at the end of rapid adsorption for all temperatures
studied. The rate of adsorption is of great significance for devel-
oping an adsorbent material for water-treatment technology [32]
and has also practical importance since it will facilitate the scale-
up of the treatment process to smaller reactor volumes ensuring
efficiency and economy [33]. In this study it was observed that the
temperature has no significant effect on the adsorption of AR88 dye
by natural adsorbent (p > 0.05) in the studied temperature range.
Similar observations were previously reported in the literature [34].

3.5. Adsorption kinetics

The data obtained from the contact time-dependent experi-
ments were further used to evaluate the kinetics of the adsorption
process. Four kinetic models were tested to obtain rate constants,
equilibrium adsorption capacity and mechanism at different tem-
peratures, namely, pseudo-first-order [35], pseudo-second-order

[36], Elovich [37] and intraparticle diffusion [38] models. The linear
equations of these models are given in Appendix A and the calcu-
lated kinetic parameters in this study are represented in Table 1.

From r2 values in Table 1, it can be clearly seen that the
adsorption of AR88 onto natural clay does not follow the pseudo-
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Fig. 5. Pseudo-second-order kinetic plots for the adsorption of AR88 onto clay at
different temperatures.

first-order kinetic. Also the experimental qe values did not agree
with the calculated ones.

Fig. 5 shows the pseudo-second-order kinetic plots for the
adsorption of AR88 onto clay at different temperatures. All correla-
tion coefficients at different temperatures were 0.999 (Table 1) and
greater than the other kinetic models studied and the calculated
equilibrium adsorption capacity values showed good agreement
with those obtained experimentally. The adsorption capacity val-
ues did not significantly change with increasing temperature
(p > 0.05). However, temperature affected the kinetics of adsorption
in such a way that the rate constant (overall and initial) increases
with temperature. The values of k2 were found to increase from
1.98 × 10−2 to 4.12 × 10−2 g mg−1 min−1 when the temperature
increased from 25 to 45 ◦C. The similar effect of the temperature
on the adsorption kinetics was observed by ElShafei et al. [39].

AR88 adsorption kinetics onto natural clay was also tested
with the Elovich kinetic model. r2 values in Table 1 are very low
(0.904–0.748). These indicate that AR88 dye adsorption onto the
natural clay cannot be described by the Elovich kinetic model.

Finally, experimental data were evaluated by the intraparticle
diffusion kinetic model in order to investigate whether intraparti-
cle diffusion is rate-limiting. According to Weber–Morris model,
the plot of uptake, qt, vs the square root of time, t1/2, (figure not
shown), should be linear if intraparticle diffusion is involved in
the adsorption system and if these lines pass through the origin,
then intraparticle diffusion is the rate controlling step [40]. When
the plots do not pass through the origin, this is indicative of some
degree of boundary layer control and this further indicates that the
intraparticle diffusion is not the only rate-limiting step, but also
other kinetic models may control the rate of adsorption, all of which
may be operating simultaneously. Therefore the slope of linear
portion of the figure is defined as rate parameter, kp, for the intra-
particle diffusion, and adsorption rate characteristic in this region
where intraparticle diffusion is the rate limiting factor [41]. The
correlation coefficients (r2

p) for the intraparticle diffusion model
are lower than that of the pseudo-second-order model (Table 1)
but this model indicates that the adsorption of AR88 onto clay may
be followed by an intraparticle diffusion model up to 40 min.

3.6. Adsorption isotherms
Adsorption isotherms indicate a distribution of adsorbate
between solution and adsorbent when adsorption process reaches
an equilibrium state. Giles et al. [42] proposed a general classi-
fication of adsorption isotherms. According to this classification,
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Table 2
Isotherm model constants for the adsorption of AR88 onto clay.

Langmuir Freundlich Dubinin–Radushkevich (D–R)

r2
F qm (mol g−1) ˇ (mol2 kJ−2) r2

D–R E (kJ mol−1)

0.919 1.42 × 10−2 3.849 × 10−3 0.946 11.41
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Fig. 7. Freundlich isotherm plot for the adsorption of AR88 onto clay.
qmax (mol g−1) KL (L mol−1) r2
L n KF (L g−1)

2.83 × 10−3 3.02x104 0.998 2.079 1.56 × 10−1

our main isotherm shapes, “H” isotherm (high affinity), “L”
sotherm (Langmuir), “C” isotherm (constant partition) and “S”
sotherm (sigmoidal-shaped) were commonly observed. In this
tudy dye solutions at different initial concentrations in the range of
00–900 mg L−1 were used to investigate the Giles isotherm shape
nd the adsorption isotherms at different temperatures were pre-
ented in Fig. 6. As can be seen from this figure AR88/clay system
n this study may be explained by L isotherm. Therefore, it may be
oncluded that the ratio between the solid and liquid concentration
f adsorbate decreases when the initial adsorbate concentration
ncreases [43,44].

Since the temperature has no significant effect on the adsorption
f AR88 onto clay, experimental data at 25 oC were fitted to mod-
ls of Freundlich [45], Langmuir [46] and Dubinin–Radushkevich
D–R) [47]. The adsorption constants together with the r2 values
re shown in Table 2. Isotherm equations were represented in
ppendix A.

The Freundlich isotherm model is an empirical equation usu-
lly adopted for heterogeneous adsorption and frequently used to
escribe the adsorption processes [48,49]. Fig. 7 shows the Fre-
ndlich isotherm plot for AR88 adsorption onto clay and the values
f KF and n were 1.56 × 10−1 and 2.079, respectively.

The Langmuir isotherm plot is shown in Fig. 8. Regarding the
sotherm fittings for data as may be seen in Table 2, quite high corre-
ation coefficients (r2 > 0.9) were found for all models. Nevertheless,
angmuir model seems to provide better fittings than the other
odels. It could be concluded from these results that the adsorp-

ion process of AR88 onto clay was monolayer and the maximum
onolayer adsorption capacity was found as 2.83 × 10−3 mol g−1

1133.10 mg g−1). The adsorption results of AR88 reported in the lit-
rature by different sorbent materials were summarized in Table 3.
he maximum adsorption capacity of clay obtained for AR88 dye in
ur study is comparable and was found to be moderately higher
han that of many corresponding sorbent materials. Clays have
arger surface area and high porosity. The higher adsorption capac-

ty of the adsorbent used in this study may be come from these
roperties of clay.

RL values indicate the type of isotherm as unfavorable (RL > 1),
inear (RL = 0), favorable (0 < RL < 1) or irreversible (RL < 0) [48]. The

ig. 6. Adsorption isotherms of the AR88/clay system at different temperatures.
Fig. 8. Langmuir isotherm plot for the adsorption of AR88 onto clay.

values of RL obtained in this study were between 1.17 × 10−1 and
1.46 × 10−2 at different initial concentrations of dye indicating that

the AR88 adsorption onto clay was favorable at the conditions being
studied. However Fig. 9 shows the RL values decreased as the initial
dye concentration increased. Therefore, the adsorption of AR88 was
more favorable at higher concentration.

Table 3
Sorption capacities for AR88 dye of different materials reported in the literature.

Sorbent material Sorption capacity (mg g−1) References

Azolla filiculoides 123.50 [1]
Azolla rongpong 78.74 [53]
Azolla microphylla 54.89 [54]
Charfines 33.30 [55]
Lignite coal 30.90 [55]
Bituminous coal 26.10 [55]
Activated carbon 109.00 [55]
Natural clay 1133.10 This study
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binding sites for the adsorption [51]. After this point the adsorption
yield stayed nearly constant (p > 0.05) due to the saturation of dye
ig. 9. RL values at different initial dye concentrations for the adsorption of AR88.

In order to determine the type of adsorption, the equilibrium
dsorption data were also tested with the D–R model (Fig. 10). The
ean free energy of adsorption (E) is found as 11.41 kJ mol−1 at

oom temperature, which implies that the adsorption of AR88 on
lay is chemical ion exchange.

.7. Effect of ionic strength

Adsorption experiments were performed with the solutions at
ifferent ionic strengths since effluents with salt needed to be
reated for a good approximation of the experimental data to the
eal situation. Ionic strength of the dye solutions was altered in a
ange between 0.02 and 0.15 mol L−1 by adding known amount of
aCl solution. The results were shown in Fig. 11. It was seen that the
resence of salt in the adsorption medium significantly inhibited
he anionic dye adsorption capacity of clay up to 0.06 mol L−1 of salt
oncentration (p < 0.05). The adsorption capacity of clay decreased
rom 148.77 ± 0.49 to 107.82 ± 2.12 mg g−1 with an increase in NaCl
oncentration from 0.00 to 0.06 mol L−1. But even at 0.15 mol L−1 of
alt, the adsorbent still removed AR88 dye by ∼80% yield. Al-Degs
t al. reported that if electrostatic forces between the adsorbent

nd solute ions were attractive, adsorption capacity will decrease
ith an increase in the ionic strength [49]. The decrease in the
ye removal efficiency of adsorbent may also be attributed to the
ompetition between chloride ions and dye anions for the pos-
tively charged sites on the adsorbent surface. It was reported

Fig. 10. D–R isotherm plot for the adsorption of AR88 onto clay.
Fig. 11. Effect of ionic strength on the adsorption of AR88 onto clay.

that generally, the adsorption mechanism of ion exchange is ionic
strength-dependent [50]. The adverse effect of ionic strength on
dye removal may be attributed to the ion-exchange mechanism for
AR88 adsorption.

3.8. Continuous mode studies

Based on the earlier batch experiments and the respective find-
ings, the column tests were conducted for the removal of AR88. In
the first set of the experiments, loading amount of adsorbent into
the column was varied from 0.4 to 4.0 g L−1. The findings were pre-
sented in Fig. 12. The results indicated that the bed depth strongly
influenced AR88 adsorption yield. This was an expected trend
since the adsorption performance of adsorbents usually depends
on available sorbent amount for adsorption. Column performance
for dye removal increased from 70.72 ± 1.28% to 94.24 ± 0.86% with
an increase in the adsorbent amount from 0.4 to 1.2 g L−1 (p < 0.05).
The higher adsorption yields for higher bed depth are due to the
increase in the surface area of adsorbent providing more available
binding sites on the adsorbent surface. Hence, 1.2 g L−1 (0.06 g) was
selected as the optimum dosage of adsorbent for further column
studies.

Fig. 12. Effect of adsorbent amount on the adsorption of AR88 onto clay in contin-
uous mode.
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The second set of the column experiments was designed to
nvestigate the effect of the flow rate on the dye adsorption poten-
ial of clay in continuous mode. The flow rate of sorbate was
aried from 0.6 to 8.0 mL min−1 while the initial dye concentra-
ion (150 mg L−1), adsorbent amount (0.06 g), pH (2.0) were kept
onstant. The flow rate strongly influenced AR88 uptake capac-
ty, and lower flow rates favor AR88 adsorption. The maximum
emoval yields were obtained at flow rates of 0.6 and 1.0 mL min−1

p > 0.05). The adsorption capacity of clay significantly decreased
ith increased flow rate (p < 0.05). This is due to a decrease in the

esidence time of dye within the bed at higher flow rates. This
auses a weak distribution of the liquid inside the column, which
eads to a lower diffusivity of the solute among the particles of the
lay [52]. Therefore, AR88 adsorption capacity of clay decreased
rom 115.34 ± 1.36 to 64.19 ± 0.85 mg g−1 with an increase in the
ow rate from 1.0 to 8.0 mL min−1. The optimal flow rate for AR88
dsorption was chosen as 1.0 mL min−1 in this study.

In order to evaluate the effect of column size on the adsorption
erformance, column i.d. was varied from 9.0 to 19.0 mm. The AR88
dsorption capacity of clay slightly increased from 115.94 ± 0.62 to
18.53 ± 0.03 mg g−1 when the column i.d. was increased from 9.0
o 19.0 mm. But this difference is not found to be statistically signif-
cant (p > 0.05). This can be an advantage in the selection of suitable
olumn for the application of dye adsorption experiments in con-
inuous flow mode. A small increase in the adsorption capacity of
lay with column size can be attributed to an increase in the surface
rea of the adsorbent filled into the column because the amount of
oading adsorbent into column was kept constant.

. Conclusions

The natural clay used as an adsorbent in this study has an excel-
ent adsorption capacity of 1133.10 mg g−1 for AR88 dye. The study
lso indicated that adsorption process depends upon initial pH,
ose of the adsorbent and contact time. pH 2.0 was found to be
ptimum for the maximum removal of acid dye onto clay. A small
mount of natural adsorbent (0.04 g) was enough to attain the
ecolorization yield of 98.10 ± 0.34 for AR88. Among the kinetic
odels tested, the adsorption kinetics was best described by the

seudo-second-order equation. The temperature did not signifi-
antly affect the adsorption capacity of adsorbent while the rate of
dsorption increased with increasing temperature. The Langmuir
dsorption isotherm properly described the equilibrium adsorp-
ion data and AR88 adsorption was found to be more favorable at
igher dye concentrations according to RL values. Overall, it can
e concluded that the clay used in this study showed good perfor-
ance to remove AR88 from aqueous solution with the advantages

f low-cost and large availability.

ppendix A. Kinetic and isotherm model equations

The pseudo-first-order equation:

n(qe − qt) = ln qe − k1t (2)

The pseudo-second-order rate equation:

t

qt
= 1

k2q2
e

+ 1
qe

t (3)

= k2q2
e (4)
The simplified Elovich equation:

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln t (5)

[

[

ing Journal 162 (2010) 591–598 597

The intraparticle diffusion equation;

qt = kpt1/2 + C (6)

which k1 is constant of pseudo-first-order adsorption (min−1), k2 is
the equilibrium rate constant of pseudo-second-order adsorption
(g mg−1 min−1), qe and qt are adsorption capacity at equilibrium
and at time t (mg g−1), respectively, h is the initial adsorption rate
(mg g−1 min−1), ˛ is the initial sorption rate (mg g−1 min−1), ˇ is
related to the extent of surface coverage and activation energy for
chemisorption (g mg−1), C is the intercept (mg g−1) and kp is the
intraparticle diffusion rate constant (mg g−1 min−1/2).

Freundlich isotherm equation:

ln qe = ln KF + 1
n

ln Ce (7)

Langmuir isotherm model:

1
qe

= 1
qmax

+
(

1
qmaxKL

)
1
Ce

(8)

RL = 1
1 + KLCo

(9)

D–R isotherm model:

ln qe = ln qm − ˇε2 (10)

E = 1

(2ˇ)1/2
(11)

where qe (mol g−1) and Ce (mol L−1) are the amount of adsorbed dye
per unit weight of adsorbent and unadsorbed dye concentration in
solution at equilibrium, respectively, KF (L g−1) and n (dimension-
less) are Freundlich constants, qmax is the maximum monolayer
adsorption capacity (mol g−1), KL is Langmuir constant related to
the energy of adsorption (L mol−1), RL is separation factor, Co is the
initial solute concentration (mol L−1), qm is the adsorption capac-
ity (mol g−1), ˇ is the activity coefficient related to the adsorption
energy (mol2 kJ−2), E (kJ mol−1) is the mean free energy.
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