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bstract

The use of sepiolite for the removal of maxilon blue 5G from aqueous solutions at different contact times, stirring speeds, initial dye concentrations,
Hs, ionic strengths and temperatures was investigated. The adsorption process attained equilibrium within 60 min, which was an economically
avorable requisite, in addition to the local abundance of the raw material. The extent of dye removal increased with increasing initial dye
oncentration, contact time, pH and temperature, and decreased with increasing ionic strength. On the other hand, stirring speed had no important
ffect on adsorption process. The adsorption process was found to be endothermic and physical in nature. Four kinetic models, the pseudo-first- and
econd-order equations, Elovich equation and the intraparticle diffusion models were selected to follow the adsorption process. Kinetic parameters,
ate constants, equilibrium adsorption capacities and related correlation coefficients for each kinetic model were calculated and discussed. It was
hown that the adsorption of maxilon blue 5G onto sepiolite could be described by the pseudo-second-order equation. The diffusion coefficients
ere calculated and found to be in the range of 3.625 × 10−8 to 12.100 × 10−9 cm2/s. Various thermodynamic activation parameters such as enthalpy
f sorption �H*, Gibbs energy change �G* and entropy �S* were estimated. The positive value of �H* and �G* shows the sorption process
s endothermic and not spontaneous. The negative value of entropy �S* shows the decreased randomness at the solid–liquid interface during the

orption of dye ions onto sepiolite particles. In addition, an activation energy of sorption has also been determined based on the pseudo-second-order
ate constants. The activation energy of system (Ea) was calculated as 19.25 kJ/mol. Sepiolite, an inexpensive and easily available material, could
e an alternative for more costly adsorbents used for dye removal in wastewater treatment processes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Dyes and pigments represent one of the problematic groups;
hey are emitted into wastewaters from various industrial
ranches, mainly from the dye manufacturing and textile finish-
ng and also from food coloring, cosmetics, paper and carpet
ndustries. Synthetic dyes have complex aromatic structures
hich provide them physico-chemical, thermal and optical prop-

rties [1,2]. The presence of dye in water is highly visible and

ffects water transparency, resulting in reduction of light pene-
ration, and gas solubility in water [3]. Many dyes and pigments
re toxic in nature with suspected carcinogenic and mutagenic
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ffects [4] that affect aquatic biota and humans [5]. Removal of
uch compounds are difficult while many physical and chem-
cal methods including adsorption, coagulation, precipitation,
ltration, ozonation, and oxidation have been used for the treat-
ent of dye-containing effluent [6]. There are advantages and

isadvantages of various methods of dye removal from wastewa-
ers [7]. Biological oxidation and chemical precipitation process
re effective and economic only in the case where the solute
oncentration are relatively high [8]. But only the adsorption is
onsidered to be superior to other techniques. This is attributed
o its low cost, easy availability, simplicity of design, high effi-
iency, ease of operation, biodegradability, and ability to treat
yes in more concentrated forms [9–11]. The adsorption process

rovides an attractive alternative for the treatment of contami-
ated waters, especially, if the sorbent is inexpensive and does
ot require an additional pre-treatment step before its appli-
ation [12]. Adsorption has a specific advantage of removing
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Table 1
Some physical properties of sepiolite [24]

Parameters Data

Color White
Melting temperature (◦C) 1400–1450
Drying temperature (◦C) 40
Reflective index 1.5

Table 2
The chemical composition of sepiolite [24]

Compounds Weight (%)

SiO2 53.47
MgO 23.55
CaO 0.71
Al2O3 0.19
Fe2O3 0.16
NiO 0.43
Weight lossing 21.49

Table 3
Physicochemical properties of sepiolite [24]

Parameters Value

Surface area (m2/g) 342
Density (g/cm) 2.5
Cation exchange capacity (meg/100 g) 25
p
P

2
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solid sample was dried at 105 ◦C for 24 h, ground then sieved by
100 �m sieve. The particles under 100 �m was used in further
experiments.
14 M. Alkan et al. / Chemical Engi

he complete dye molecule, unlike certain removal techniques,
hich destroy only the dye chromophore leaving the harmful

esidual moieties (like metals) in the effluent. The environment-
riendly, economic feasibility and efficiency criteria limit the
ractical application of various conventional methods. Amongst
he numerous techniques of dye removal, adsorption is a proce-
ure of choice for the removal of dissolved organic compounds
rom wastewater [13,14].

Activated carbon adsorption has been recognized by United
tates Environmental Protection Agency (USEPA) as one of

he best available control technologies [14,15]. However, the
rice of activated carbons is relatively high, which limits their
sage. At present, there is a growing interest in using other low-
ost adsorbents for adsorption. If an adsorbent is inexpensive
nd ready for use, the adsorption process will be a promising
echnology. The removal of dyes from industrial wastewaters
s currently of great interest. Different adsorbents have been
sed for removal of dyes [16,17]. This has led many researchers
o search for cheaper substitutes such as coal, fly ash, silica
el, wool wastes, agricultural wastes, wood wastes, and clay
aterials.
Sepiolite forms an important group of clay minerals, which

ave many industrial, catalytic and environmental applications
18]. Sepiolite is a clay mineral with a unit cell formula
i12O30Mg8(OH,F)4(H2O)48H2O [19,20], and a general struc-

ure formed by an alternation of blocks and tunnels that grow
p in the fibre direction. Each block is constructed by two tetra-
edral silica sheets enclosing a central magnesia sheet. In some
spects sepiolite is similar to other 2:1 trioctahedral silicates,
uch as talc, but it has discontinuities and inversions of the silica
heets that give rise to structural tunnels. In the inner blocks,
ll corners of silica tetrahedra are connected to adjacent blocks,
ut in outer blocks some of the corners are Si atoms bound to
ydroxyls (Si–OH) [21]. Because of their structural morphol-
gy, sepiolites have received considerable attention with regard
o the adsorption of organics on the clay surfaces and to their
se as support for catalysts [18]. These silanol groups at the
external surface” of the silicate [22] are usually accessible
o organic species, acting as neutral adsorption sites. In addi-
ion to that, some isomorphic substitutions in the tetrahedral
heet of the lattice of the mineral, such as Al3+ instead of Si4+,
orm negatively charged adsorption sites. Such sites are occu-
ied by exchangeable cations that compensate for the electrical
harge. These characteristics of sepiolite make it a powerful
orbent [23] for neutral organic molecules and organic cations
21].

In the present study, sepiolite have been used as an adsor-
ent for the removal of maxilon blue 5G from its aqueous
olutions. The effects of initial dye concentration, contact time,
nitial dye solution pH, ionic strength and temperatures on the
mount of color removal have been investigated. Also the sorp-
ion of maxilon blue 5G at solid–liquid interfaces has been
tudied extensively at equilibrium. Thermodynamic parameters,

he kinetics and the factors controlling the adsorption process
ere also calculated and discussed. Further the kinetics and the
echanistic steps involved in the sorption process were also

valuated.
H of solution 7.8–8.3
orosity (%) 50.8

. Materials and methods

.1. Materials

Sepiolite sample was obtained from Aktaş Lületaşı Co.
Eskişehir, Turkey). Some physical properties and the chemi-
al composition of the sepiolite found in Eskişehir, Turkey are
iven in Tables 1 and 2; and some physicochemical proper-
ies of it in Table 3 [24]. Maxilon blue 5G [C16H26N3O, MW:
66 g/mol, λmax = 654 nm] was obtained from Setaş Textile Co.
Bursa, Turkey). The structural form of dye is given in Fig. 1.
epiolite sample was treated before using in the experiments as
ollows [25]: the aqueous suspension containing 10 g/L sepiolite
as mechanically stirred for 24 h, after waiting for about 2 min

he supernatant suspension was filtered through filter paper. The
Fig. 1. The structure of maxilon blue 5G.
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.2. Experimental procedure

Sorption kinetic experiments were carried out using
echanic stirrer. All of the dye solution was prepared with

ltrapure water. Kinetic experiments were carried out by agitat-
ng 2 L of dye solution of initial concentration 2 × 10−3 mol/L
ith 5G of sepiolite at a constant agitation speed of 600 rpm,
× 10−3 mol/L ionic strength (NaCl), 25 ◦C and pH 9. Agita-

ion was made for 60 min, which is more than sufficient time
o reach equilibrium at a constant agitation speed of 600 rpm.
reliminary experiments had shown that the effect of the sep-
ration time on the adsorbed amount of dye was negligible.
he initial tested concentrations of maxilon blue 5G solution
ere 1.5 × 10−3, 2.0 × 10−3 and 2.5 × 10−3 mol/L. The effect
f pH on the amount of color removal was analyzed in the pH
ange from 7 to 11. The pH was adjusted using 0.1N NaOH and
.1N HCl solutions by using a Orion 920A pH-meter with a
ombined pH electrode. pH-meter was standardized with NBS
uffers before every measurement. The effect of ionic strength
as investigated at 0.001–0.100 mol/L NaCl salt concentrations.
he experiments were carried out at 15, 25, 35 and 45 ◦C in
constant temperature bath. Two millilitres of samples were

rawn at suitable time intervals. The samples were then cen-
rifuged for 15 min at 5000 rpm and the left out concentration
n the supernatant solution were analyzed using UV–vis spec-
rophotometer (Cary 1E UV–vis spectrophotometer, Varian) by

onitoring the absorbance changes at a wavelength of maxi-
um absorbance (654 nm). Each experimental run continued

ntil no significant change in the dye concentration was mea-
ured. Calibration curves were plotted between absorbance and
oncentration of the dye solution.

The adsorbed amount of dye at any time t, qt, was calculated
rom the mass balance equation:

t = (C0 − Ct)
V

m
(1)

here C0 and Ct are the initial and liquid-phase concentrations
t any time t of dye solution (mol/L), respectively; qt is the dye
oncentration on adsorbent at any time t (mol/g), V the volume
f dye solution (L), and m is the mass of sepiolite sample used
g) [26,27].

. Results and discussion

.1. Adsorption rate

The adsorption kinetic experiments were carried out at dif-
erent experimental conditions and the results obtained are
iscussed below.

.1.1. Effect of contact and equilibrium times
A series of experiments was performed to optimize

he adsorption time at an initial dye concentration of

× 10−3 mol/L. The effect of contact time on adsorption rate
f dye is presented in Fig. 2. Effect of contact time for the
emoval of maxilon blue 5G by sepiolite showed rapid adsorp-
ion of dye in the first 5 min and, thereafter, the adsorption rate

t
b
p
t

ig. 2. The effect of contact time to the adsorption rate of maxilon blue 5G on
epiolite.

ecreased gradually and the adsorption reached equilibrium in
bout 60 min. At this point, the adsorbed amount of dye onto
epiolite is in a state of dynamic equilibrium with the amount
f the dye desorbing from the adsorbent. The time required to
ttain this state of equilibrium is termed the equilibrium time,
nd the adsorbed amount of dye at the equilibrium time reflects
he maximum adsorption capacity of the adsorbent under those
perating conditions [28,29]. The initial rapid phase may be due
o increased number of vacant sites available at the initial stage,
s a result there exist increased concentration gradient between
dsorbate in solution and adsorbate on the adsorbent surface.
his increase in concentration gradient tends to increase in dye
orption rate at initial stages. As time proceeds this concentration
radient gets reduced due to the accumulation of dye particles
n the vacant sites, leading to decrease in sorption rate at later
tages from 5 to 60 min [8]. The adsorption curves were sin-
le, smooth and continuous leading to saturation and indicate
he possible mono-layer coverage on the surface of adsorbent
y the dye molecules [1]. This was caused by strong attractive
orces between the dye molecules and the adsorbent; fast diffu-
ion onto the external surface was followed by fast pore diffusion
nto the intraparticle matrix to attain rapid equilibrium [16].

.1.2. Effect of stirring speed
The effect of stirring speed on removal rate of maxilon blue

G with sepiolite was investigated at different stirring speeds
uch as 200, 400 and 600 rpm. The difference of adsorption
ate was insignificant as the stirring speed increases (figure
ot shown). Similar phenomenas were observed in the kinetic
xperiments of methyl violet, methylene blue and victoria blue
n perlite [25–27], basic brilliant green on modified peat–resin
article [30] and maxilon blue GRL on sepiolite [29].

.1.3. Effect of initial dye concentration
The initial concentration provides an important driving force
o overcome all mass transfer resistances of all molecules
etween the aqueous and solid phases [29]. Fig. 3 shows the
lot of amount of dye adsorbed versus time at different ini-
ial dye concentrations. From the figure it was observed that
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ig. 3. The effect of initial dye concentration to the adsorption rate of maxilon
lue 5G on sepiolite.

he amount of dye adsorbed gets increased from 5.63 × 10−4 to
.00 × 10−4 mol/g for an increase in initial dye concentration
rom 1.5 × 10−3 to 2.5 × 10−3 mol/L. Dye removal is highly
oncentration dependent. The rate of adsorption also increases
ith the increase in initial dye concentration due to increase in

he driving force. In fact, the more concentrated the solution, the
etter the adsorption. Again, it was observed that at all the initial
axilon blue 5G concentrations, the % removal was very rapid

or the first 5 min and thereafter the sorption rate decreased after
0 min and finally reached saturation after 60 min. Furthermore,
arger fractions of total amount of adsorbed dye was removed
ithin the first rapid uptake phase, i.e., the first 5 min. This is
ue to the decrease in flux (concentration gradient) with time due
o transfer of solute onto solid phase. The rapid uptake of dye
articles at the beginning is due to the occurrence of solute trans-
er only due to sorbate and sorbent interactions with negligible
nterference due to solute–solute interactions [31].

.1.4. Effect of solution pH
The pH of a solution is of significance for its effect on the

dsorbent, as well as on the adsorbate. Both adsorbent and
dsorbate may have functional groups that can be protonated
r deprotonated to produce different surface charges in solu-
ions at different pH. This results in the electrostatic attraction
r repulsion between charged adsorbates and adsorbents [32].
he variation in the removal rate of maxilon blue 5G with respect

o pH can be elucidated by considering the surface charge of the
dsorbent materials. From Fig. 4, it was observed that the solu-
ion pH affects the amount of dye adsorbed. The dye uptake
as found to increase with increasing pH and it increases from
.45 × 10−4 to 7.76 × 10−4 mol/g for an increase in pH from
to 11. Figure demonstrates that the adsorption increases with

ncreasing pH because of the electrostatic attraction between the
hromophore groups of dye and the negatively charged sepiolite

urface. The higher adsorption of maxilon blue 5G on sepiolite
t high pH may result due to the neutralization of the negative
ites at the surface of sepiolite. This facilitates diffusion and
rovides more of the active surface of the adsorbents resulting

s
b
a
S

ig. 4. The effect of pH to the adsorption rate of maxilon blue 5G on sepiolite.

hereby enhanced adsorption at their surface [29]. Generally, the
dsorption capacity increases with increasing pH for cationic
yes, while it decreases with increasing pH for anionic dyes.
e had previously shown that sepiolite had a isoelectrical point

t pH 6.6 and exhibited positive zeta potential values at the lower
H values from pH 6.6, and negative zeta potential values at the
igher pH values from pH 6.6 [33]. As the pH increases from
to 11, the number of ionizable sites on sepiolite increases. In

his case:

OH + OH = SO− + H2O (2)

ith the gradual increase in the pH of the solution, a decrease in
he positive charge on the oxide or at solution interface has been
bserved and the adsorbent surface appears negatively charged
ue to deprotonation of the adsorbent surface. The removal of
ye at higher pH values may be due to the abundance of OH– ions
nd because of electrostatic attraction between the negatively
harged surface of adsorbent and the cationic dye molecules
34]. At higher pH, the surface of sepiolite particles may become
egatively charged, which enhances the positively charged max-
lon blue 5G cations through electrostatic forces of attraction. In
his case, it can be written as follows:

O− + Dye+ = SO−· · ·Dye+ (3)

he negatively charged sites favor the adsorption of dye cations
ue to electrostatic attraction [29]. A similar effect was previ-
usly reported by Mall and Upadhyay [35] for methylene blue
dsorption on fly ash particles, Doğan and Alkan [26] for methyl
iolet adsorption on perlite and Doğan et al. for maxilon blue
RL on sepiolite [29].

.1.5. Effect of ionic strength
The effect of ionic strength on the adsorption rate is demon-

trated in Fig. 5. As seen in Fig. 5, the presence of inorganic

alt has significantly influenced the adsorption rate of maxilon
lue 5G. For the adsorption of maxilon blue 5G by sepiolite, the
dsorption was found to decrease with increasing ionic strength.
ince the salt screens the electrostatic interaction of opposite
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ig. 5. The effect of ionic strength to the adsorption rate of maxilon blue 5G on
epiolite.

hanges of the oxide surface and the dye molecules, the adsorbed
mount will decrease with increase of NaCl concentration [36].

.1.6. Effect of temperature
The temperature has two major effects on the adsorption pro-

ess. Increasing the temperature is known to increase the rate of
iffusion of the adsorbate molecules across the external bound-
ry layer and in the internal pores of the adsorbent particle,
wing to the decrease in the viscosity of the solution. In addition,
hanging the temperature will change the equilibrium capacity
f the adsorbent for a particular adsorbate [29]. Fig. 6 shows the
dsorption kinetics of maxilon blue 5G at 15, 25, 35 and 45 ◦C
y plotting the maxilon blue 5G uptake capacity, qt, versus time
t the initial maxilon blue 5G concentration of 2 × 10−3 mol/L.

larger amount of maxilon blue 5G was removed by sepiolite
n the first 5 min of contact time. When the temperature is raised

◦
rom 15 to 45 C, the removal of maxilon blue 5G by adsorption
nto sepiolite increased from 6.55 × 10−4 to 6.95 × 10−4 mol/g
y increasing the temperature of the solution from 288 to 318 K,
ndicating that the process is endothermic [11]. As seen in Fig. 6,

ig. 6. The effect of temperature to the adsorption rate of maxilon blue 5G on
epiolite.
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he adsorbed amount of maxilon blue 5G at equilibrium has
ncreased with increase in temperature. This may be a result of
ncrease in the mobility of the large dye ion with temperature.
n increasing number of molecules may also acquire sufficient

nergy to underground an interaction with active sites at the sur-
ace. This kind of temperature dependence of the amount of the
ye adsorbed may reflect the increase in the case with which
he dye penetrates into sepiolite because of its larger diffusion
oefficient. Therefore, it can be said that the adsorption process
s endothermic [29].

.2. Adsorption kinetic models

Process performance and ultimate cost of a sorption system
as been shown to depend upon the effectiveness of process
esign and efficiency of process operation, which often requires
n understanding of the kinetics of uptake or the time depen-
ence of the concentration distribution of the solute in both bulk
olution and solid adsorbent [13]. Adsorption is a physiochemi-
al process that involves the mass transfer of a solute (adsorbate)
rom the fluid phase to the adsorbent surface [37]. A study of
inetics of adsorption is desirable as it provides information
bout the mechanism of adsorption, which is important for effi-
iency of the process [38]. The study of adsorption dynamics
escribes the solute uptake rate. This rate controls the residence
ime of adsorbate uptake at the solid–solution interface [39]. In
rder to examine the controlling mechanisms of the adsorption
rocess (such as chemical reaction, diffusion control and mass
ransfer), several kinetic models were used to test the experimen-
al data. From a system design viewpoint, analysis of adsorption
ates using different kinetic equations is very important for prac-
ical operations. The kinetics of maxilon blue 5G on sepiolite
ere analysed using pseudo-first-order, pseudo-second-order,
lovich and intraparticle diffusion kinetic models. The best-fit
odel was selected based on the linear regression correlation

oefficient, R2, values.

.2.1. The pseudo-first-order model
The pseudo-first-order kinetic model has been widely used to

redict dye adsorption kinetics. The pseudo-first-order kinetic
ate equation is expressed as [40]:

dqt

dt
= k1(qe − qt) (4)

ntegrating Eq. (4) and applying the initial conditions qt = 0 at
= 0 one has

n(qe − qt) = ln qe − k1t (5)

here qe is the amount of dye sorbed at equilibrium, mol/g; qt

s the amount of dye sorbed at time t, mol/g and k1 is the rate
onstant of pseudo-first-order sorption, min−1. Since qt reaches

plateau (qe) at equilibrium, qt values smaller than the 0.9qe
ere used for analysis. The plot of ln(qe − qt) versus t was used

o test the first-order model, and the fitting results are given in
able 4.
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.2.2. The pseudo-second-order model
The pseudo-second-order kinetic rate equation is expressed

s [31]:

dqt

dt
= k2(qe − qt)

2 (6)

here k2 is the pseudo-second-order rate constant (g/(mol min)).
earranging the variables in Eq. (6) gives

dqt

(qe − qt)2 = k2 dt (7)

aking into account, the boundary conditions t = 0 to t = t and
t = 0 to qt = qt, the integrated form of Eq. (7) can be rearranged
o obtain the following equation:

1

(qe − qt)
= 1

qe
+ k2t (8)

q. (8) can be rearranged to obtain a linear form:

t

qt

= 1

k2q2
e

+ t

qe
(9)

he initial adsorption rate, h (mol/(g min)) is expressed as

= k2q
2
e (10)

he plot of (t/qt) versus t of Eq. (9) should give a linear rela-
ionship from which qe and k2 can be determined from the slope
nd intercept of the plot, respectively. The calculated qe, k2, h
nd the corresponding linear regression correlation coefficient
2 values are summarized in Table 4.

Half-adsorption time, t1/2, is defined as the time required for
he adsorption to take up half as much sepiolite as its equilibrium
alue. This time is often used as a measure of the adsorption rate:

1/2 = 1

k2qe
(11)

he values of t1/2 determined for the tested parameters are given
n Table 4.

.2.3. Elovich equation
In reactions involving chemisorption of adsorbates on a solid

urface without desorption of the products, the rate decreases
ith time due to an increased surface coverage. One of the most
seful models for describing such activated adsorption is the
lovich equation [41,42]:

dqt

dt
= α exp(−βqt) (12)

here α is the initial adsorption rate (mol/(g min)) and β is
elated to the extent of surface coverage and activation energy
or chemisorption (g/mol). To simplify the Elvoich equation, it is
ssumed that αβt � 1 and by applying the boundary conditions
t = 0 at t = 0, this equation becomes
t = β ln(αβ) + β ln t (13)

he testing of experimental data for correspondence with the
lovich equation is carried out by plotting qt versus ln t. The
arameter β is obtained from the slope of the line, and the initial
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Fig. 7. The plots of t/qt vs. t for Fig. 3.

ate α is then calculated from intercept of the line. They are also
isted in Table 4. The validity of the Elovich equation suggests
hat chemisorption (chemical reaction) mechanism is likely rate
ontrolling in the present processes [43,44].

The best-fit values of h, qe, α, β, rate constants along
ith correlation coefficients for the pseudo-first-order, pseudo-

econd-order and Elovich models are shown in Table 4. Since
orrelation coefficients are closer to unity for the pseudo-second-
rder kinetic model than those for the other kinetic models,
he sorption kinetics can be represented better by the pseudo-
econd-order kinetics for sepiolite. The calculated adsorption
mount at equilibrium (qe,cal) shows a difference for first-order
odel. The qe,cal obtained from the intercepts is inconsistent
ith the experimental data qe,exp. In the second-order model,

he qe,cal agrees reasonably well with the experimental data.
hus, the second-order model is more suitable to describe the
dsorption kinetics data. This suggests that the adsorption sys-
em studied belongs to the second-order kinetic model, based
n the assumption that the rate-limiting step may be chemical

dsorption or chemisorption. The relationship between t/qt and
for the second-order adsorption is demonstrated in Figs. 7–10.
imilar results were observed in biosorption of dye Remazol

Fig. 8. The plots of t/qt vs. t for Fig. 4.

w
b
g

Fig. 9. The plots of t/qt vs. t for Fig. 5.

lack B, RB2, and PY2 on biomass [45,46], anionic dye adsorp-
ion on crosslinked chitosan beads [47,48], polyethylene glycol
PEG) adsorption on zeolite [49], the removal of methylene blue
n perlite [27] and the removal of the maxilon blue GRL on
epiolite [29].

.3. Adsorption mechanism

From a mechanistic viewpoint, to interpret the experimen-
al data, it is necessary to identify the steps involved during
dsorption, described by external mass transfer (boundary layer
iffusion) and intra-particle diffusion [50].

Mass transfer coefficient, βL (m/s) of maxilon blue 5G at
he sepiolite–solution interface, were determined by using the
ollowing equation [51]:

n

(
Ct

C0
− 1

1 + mK

)
= ln

(
mK

1 + mK

)
−

(
1 + mK

mK

)
βLSst

(14)
here K is the Langmuir constant (L/g), m the mass of adsor-
ent (g), and Ss is the surface area of adsorbent (m2/g). A linear
raphical relation between ln[(Ct/C0) − 1/(1 + mK)] versus t was

Fig. 10. The plots of t/qt vs. t for Fig. 6.
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ot obtained. This result indicates that the model mentioned
bove for the system is not valid. The values of regression coef-
cient calculated from equation mentioned above are given in
able 5.

Generally, any sorption process involves three main succes-
ive transport steps which are (i) film diffusion, (ii) intraparticle
r pore diffusion and (iii) sorption onto interior sites. Among the
hree steps, the last step is considered negligible as it is assumed
o be rapid and hence the rate of sorption should be controlled by
ither film diffusion or pore diffusion depending on which step
s slower [31]. Weber and Morris [52] stated that if intra-particle
iffusion is the rate-controlling factor, uptake of the adsorbate
aries with the square root of time. Thus, rates of adsorption are
sually measured by determining the adsorption capacity of the
dsorbent as a function of the square root of time [53]. The math-
matical dependence of qt versus t0.5 is obtained if the sorption
rocess is considered to be influenced by diffusion in the spher-
cal particles and convective diffusion in the solution [54,55].
he root time dependence, known also as a Weber–Morris plot

52], may be expressed by the following equation:

t = ki

√
t + C (15)

here ki is the intraparticle diffusion constant. Eq. (15) was
pplied to the adsorption data, corresponding to the linear por-
ion of the curves. The intraparticle diffusion coefficient for
he sorption of maxilon blue 5G was calculated from the slope
f the plot of square root of time (min0.5) versus amount of
ye adsorbed (mol/g). Previous studies by various researchers
howed that the plot between qt and t0.5 represents multi lin-
arity, which characterizes the two or more steps involved in
orption process [29,30,56]. Fig. 11 shows the plot between
t and t0.5 for maxilon blue 5G onto sepiolite particles. From
ig. 11 (other figures not shown), the sorption process tends to be
ollowed by two phases. It was found that an initial linear portion
nded with a smooth curve followed by second linear portion.

he two phases in the intraparticle diffusion plot suggests that

he sorption process proceeds by firstly surface sorption and
hen the intraparticle diffusion. The initial curved portion of the
lot indicates boundary layer effect while the second linear por-

Fig. 11. Intra-particle diffusion plots for different temperatures. Ta
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Table 6
Adsorption order, mechanism and diffusion coefficients of some dyes on various adsorbents

Adsorbents Reaction order Adsorbats Adsorption mechanism Diffusion coefficients,
D (×1010 cm2/s)

Refs.

Fly ash Pseudo-second-order Methylene blue Particle diffusion 20.6 [8]
Biosorbent Pseudo-first-order Methylene blue – – [58]
Bottom ash Pseudo-first-order Quinoline yellow – – [59]
Calcined alunite Pseudo-second-order Reactive dyes Mass transfer – [60]
Bagasse fly ash Pseudo-second-order Orange-G, methyl violet – – [61]
Activated carbon First-order Methylene blue Intra-particle diffusion – [57]
Pith Pseudo-second-order Basic red 22 Intra-particle diffusion – [31]
Wood – Astrazone blue Intra-particle diffusion 0.006–0.0018 [54]
Wood – Telon blue Intra-particle diffusion 0.003–0.008 [54]
Perlite Pseudo-second-order Methylene blue Intra-particle diffusion 24.2–68.7 [27]
Perlite Pseudo-second-order Methyl violet Intra-particle diffusion 17.4–27.7 [26]
Perlite Pseudo-second-order Victoria blue – – [25]
Modified peat–resin particle – Basic dyes Intra-particle diffusion – [30]
Sepiolite Pseudo-second-order Maxilon blue GRL Intra-particle diffusion 5.16–30.00 [29]
Shale oil ash – Reactive dyes – 7000–12,700 [62]
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ion is due to intraparticle or pore diffusion. Since ki,1 values
or first part of plot are high, this step is not rate limiting step.
he slope of second linear portion of the plot has been defined
s the intraparticle diffusion parameter ki,2 (mol/(g min0.5)). On
he other hand, the intercept of the plot reflects the boundary
ayer effect. Values of intercept give an idea about the thickness
f boundary layer. Larger the intercept, greater is the contribu-
ion of the surface sorption in the rate-limiting step [57]. The
alculated intraparticle diffusion coefficient ki,1 and ki,2 values
t different conditions were shown in Table 5. The ki,1 and ki,2
xpress diffusion rates of the different stages in the adsorption.
t the beginning, the dye was adsorbed by the exterior surface of

epiolite particle, so the adsorption rate was very fast. When the
dsorption of the exterior surface reached saturation, the molec-
lar dye entered into the sepiolite particle by the pore within the
article and was adsorbed by the interior surface of the parti-
le. With decrease of the dye concentration in the solution, the
iffusion rate became lower and lower, the diffusion processes
eached the final equilibrium stage. Therefore, the changes of ki,1
nd ki,2 could be attributed to the adsorption stages of the exterior
urface, interior surface and equilibrium, respectively. There-
ore, the rate-limiting step in adsorption process is intraparticle
iffision due to low ki,2 values.

Table 6 shows the adsorption orders and mechanisms of some
yes on various adsorbents from aqueous solutions. As seen in
able 6, similar results were found for basic red 22 on pith, for
ethylene blue on perlite, for maxilon blue GRL on sepiolite

nd for methylene blue on fly ash.
The diffusion coefficient largely depends on the surface prop-

rties of adsorbents. The diffusion coefficients for the adsorption
f maxilon blue 5G on sepiolite particles have been calculated
nder various conditions by employing the following equation:
1/2 = 0.030r2
0

D
(16)

t
(

E

– 901 [63]
– 80 [64]

here D is the diffusion coefficient with the unit cm2/s; t1/2 is the
ime (s) for half adsorption and r0 is the radius of the adsorbent
article in cm. The value of r0 was calculated as 2.5 × 10−3 cm
or sepiolite sample. In these calculations, it has been assumed
hat the solid phase consists of spherical particles with an average
adius between the radii corresponding to upper- and lower-size
ractions. Table 5 has shown the diffusion coefficients calculated
or adsorption of maxilon blue 5G on sepiolite from aqueous
olutions. We found that the diffusion coefficients in this study
hanged in the range of 3.625 × 10−8 to 12.1 × 10−9 cm2/s
nder various conditions using Eq. (16). For example, as seen
rom Table 5, the values of diffusion coefficients increased from
.965 × 10−8 to 12.100 × 10−9 cm2/s with change in tempera-
ure from 15 to 45 ◦C, respectively. Comparing to the results in
iterature (Table 6), our results agree with those of benzene on
arbon [63], methyl violet and methylene blue on perlite [26,27],
ethylene blue on fly ash [8] and maxilon blue GRL on sepiolite

29]. On the other hand, our results are higher than those of astra-
one blue and telon blue on wood [53] when they are smaller than
hose of reactive dyes on shale oil ash [62] and phenol on carbon
63].

.4. Activation parameters

The second-order rate constants listed in Table 4 are used to
stimate the activation energy of the maxilon blue 5G adsorption
n sepiolite using Arrhenius equation:

n k2 = ln k0 − Ea

RgT
(17)

here Ea is the activation energy (J/mol), k2 the rate constant
f sorption (g/(mol s)), k0 is Arrhenius factor, which is the

emperature independent factor (g/(mol s)), Rg the gas constant
J/(K mol)), and T is the solution temperature (K).

The slope of plot of ln k2 versus 1/T is used to evaluate
a, which was found to be 19.25 kJ/mol. The magnitude of
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ig. 12. Arrhenius plot for the adsorption of maxilon blue 5G on sepiolite.

ctivation energy gives an idea about the type of adsorption
hich is mainly physical or chemical. Low activation ener-
ies (5–40 kJ/mol) are characteristics for physisorption, while
igher activation energies (40–800 kJ/mol) suggest chemisorp-
ion [64]. The result obtained for the adsorption of maxilon blue
G onto sepiolite indicates that the adsorption has a poten-
ial barrier and corresponding to a physisorption (Fig. 12).
herefore, the affinity of maxilon blue 5G for sepiolite may
e ascribed to Van der Waals forces, electrostatic attractions
r hydrogen bonds between the dye and the surface of the
articles. These values are consistent with the values in the lit-
rature where the activation energy was found to be 43.0 kJ/mol
or the adsorption of Reactive Red 189 on crosslinked
hitosan beads [65], 5.6–49.1 kJ/mol for the adsorption of
olychlorinated biphenyls on fly ash [66] and 33.96 kJ/mol
or the adsorption of maxilon blue GRL on sepiolite
29].

Another aim of this paper is to consider the effect of solution
emperature on the transport/kinetic process of dye adsorption.
herefore, the thermodynamic activation parameters of the pro-
ess such as enthalpy �H*, entropy �S* and free energy �G*
ere determined using the Eyring equation [67]:

n

(
k2

T

)
= ln

(
kb

h

)
+ �S∗

Rg
− �H∗

RgT
(18)

here kB is the Boltzmann constant (1.3807 × 10−23 J/K) and
P is the Planck constant (6.6261 × 10−34 J s). Fig. 13 shows the
lot of ln(k2/T) against 1/T. The result obtained for the change
f Gibbs energy are +57.9 kJ/mol at 25 ◦C. This indicated that
he adsorption reaction was not a spontaneous one and that the
ystem gained energy from an external source. The value of
he standard enthalpy change (16.35 kJ/mol) indicates that the
dsorption is physical in nature involving weak forces of attrac-
ion and is also endothermic. At the same time, the low value of
H* implies that there was loose bonding between the adsorbate
olecules and the adsorbent surface [68]. The negative standard

ntropy change (�S*) value (−162.5 J/(K mol)) corresponds to
decrease in the degree of freedom of the adsorbed species. In

T
e
t
T

ig. 13. Plot of ln(k2/T) vs. 1/T for adsorption of maxilon blue 5G on sepiolite.

his case, the attractions between dye and adsorbent can be given
s follows:

(19)

.5. Conclusions

The present study shows that the sepiolite can be used as an
dsorbent for the removal of maxilon blue 5G from its aque-
us solutions. The amount of dye sorbed was found to vary
ith initial dye concentration, contact time, solution pH, ionic

trength and temperature. The amount of dye uptake (mol/g) was
ound to increase with increase in contact time, initial dye con-
entration, pH and solution temperature, and found to decrease
ith increase in ionic strength. The results demonstrate a highly

ignificant linear relationship between adsorbed maxilon blue
G, t/qt, and t in this study with high correlation coefficients.
his suggests that the adsorption system studied belongs to the
econd-order kinetic model, based on the assumption that the
ate-limiting step may be chemical adsorption. The dye uptake
rocess was found to be controlled by external mass transfer
t earlier stages and by intraparticle diffusion at later stages.

hermodynamic activation parameter shows that the process is
ndothermic. The positive value of the Gibbs energy change of
he adsorption indicates that the adsorption is not spontaneous.
he positive value of the enthalpy change of the adsorption
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hows that the adsorption is an endothermic process. Thus, rais-
ng the temperature leads to higher maxilon blue 5G adsorption
t equilibrium. Electrostatic attraction and hydrogen bonds are
ound to be the dominant interactions between maxilon blue 5G
nd sepiolite surface. The results of this research were com-
ared to the published data in the same field, and found to be
n agreement with most of them. The kinetic data may be use-
ul for environmental technologist in designing treatment plants
or color removal from wastewaters enriched with maxilon blue
G. Sepiolite has a high potential to adsorb reactive dyes from
queous solutions. Therefore, it can be effectively used as an
dsorbent for the removal of maxilon blue 5G from wastewaters.
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