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Abstract

The adsorption of Acid Blue 193 (AB193) onto dodecylethyldimethylammonium (DEDMA)-sepiolite was investigated in agueous solution in a
batch system with respect to contacttime, pH and temperature. The surface modification of DEDMA-sepiolite was examined by the FT-IR technique
The pseudo-first-order, pseudo-second-order kinetic models and the intraparticle diffusion model were used to describe the kinetic data and the re
constants were evaluated. The experimental data fitted very well with the pseudo-second-order kinetic model and also followed the simple extern
diffusion model up to initial 10 min and then by intraparticle diffusion model up to 75 min, whereas diffusion is not only the rate-controlling step.
The adsorption capacities of natural sepiolite and DEDMA-sepiolite at pH 1.5 at@ @@re (1.19 and 2.53) 10-*mol g2, respectively. The
above results indicate that DEDMA-sepiolite has around two times higher adsorption capacity than natural sepiolite. The Langmuir and Freundlicl
adsorption models were applied to describe the equilibrium isotherms and the isotherm constants were also determined. The Freundlich mod
agrees with experimental data well. The activation energy, change of Gibbs free energy, enthalpy and entropy of adsorption were also evaluats
for the adsorption of AB193 onto DEDMA-sepiolite.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction successfully applied for color removal from wastewater due to
its low maintenance costs, high efficiency and ease of operation
The world-wide high level of production and use of dyes[2-5].
generates a large amount of colored wastewater, which gives Activated carbonisthe mostpopularadsorbentforthe adsorp-
cause for environmental concdfj. Since a very small amount tion process since it has a high surface area and thus it has a
of dye in water is highly visible and may be toxic to aquatic high adsorption capacity but due to difficulty and expensive
creatures. Some toxic dyes for instance, benzidine or arlyaminaf regeneration and the need of an alternative low-cost easily
based dyes are well known for their carcinogenity. Hence, thavailable adsorbent has encouraged the search for new adsor-
removal of color synthetic organic dyestuff from waste efflu-bent[6]. In this manner, natural clays for dye removal from
ents becomes environmentally important. It is rather difficultwastewater such as sepiolifé-10], kaolinite [11], montmo-
to treat this kind of pollutants due to their synthetic originsrillonite [12], smectite[13] and bentonitg14,15] are being
and their mainly aromatic structure, which are biologically non-considered as alternative low-cost adsorbents. Such natural clays
degradable. Among several chemical and physical methods suclhn be modified in a manner that significantly improves their
as coagulation, ultrafiltration, ozonation, oxidation, sedimentaeapability to remove hydrophobic contaminants from solution.
tion, reverse osmosis, flotation, precipitation, adsorption proHence, these adsorbents in this situation become organophilic
cess, adsorption is one of the effective techniques that have besimce the organic functional groups of the quaternary ammo-
nium cations are not strongly hydrated by water. These kinds
of adsorbents are termed organoclays since the exchangeable
* Corresponding author. Tel.: +90 222 3350580/5781; fax: +90 222 320491d107g@NIC cations (e.g. HNa', Ce*) are replaced by organic
E-mail addresses: aozcan@anadolu.edu.tr (Bzcan), cations such as quaternary ammonium compounds by ion-
emoncu@anadolu.edu.tr (E.Kdndl), asozcan@anadolu.edu.tr (A(zcan). exchange reactiofil6,17] Hence, organoclays are powerful
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adsorbents for a wide variety of environmental applications LOH HO
[18]. \

Most literature on dye removal is related to cationic dyes. / \
To our knowledge, only little information exists on the use NaO;S
of organoclays, as an adsorbent especially sepiolite for dye
removal and the data available about the removal of acid dyes
onto sepiolite also needs to reseafth] and the adsorption of
Acid Blue 193 (AB193) onto dodecylethyldimethyl ammonium
(DEDMA)-sepiolite has not been found in the literature.

Sepiolite is a fibrous hydrated magnesium silicate and a nat-
ural clay mineral with a unit cell formula (§)(Mgs)(O30) Fig. 1. Chemical structure of AB193.
(OH)4(OH)2-8H20 and a general structure formed by an alter-
nation of blocks and tunnels that grow up in the fibre direction.z > Materi o

. . .2. Material characterization

Each block consists of two tetrahedral silica sheets enclos-

ing a central magnesia sheet bu'F.the silica sheets-are .d|s- The chemical analysis of sepiolite was determined by using
continued and inversion of the silica sheets that give rise

L . an energy dispersive X-ray spectrometer (EDX-LINK ISIS 300)
to structural tunnels. These characteristics of sepiolite makgttaChe d to a scanning electron microscope (SEM-Cam Scan
it a powerful adsorbent for organic dye molecules. In addi-

tion, some isomorphic substitutions in the tetrahedral sheet%‘l)' The crystaliine phases present in the sepiolite were deter-
of the lattice of sepiolite, such as %l instead of Si* ined by using X-ray diffractometer (XRD-Rigaku Rint 2000)

form negatively adsorption sites. Such sites are occupied bWith Cu Ko radiation.
9 y P ) P Y FTIR spectra for sepiolite and DEDMA-sepiolite were

exchangeable cations that compensate for the electrical charge, ' | (KBr) on a Jasco FT-IR-300E Model Fourier transform
[8,19].

. . : infrared spectrometer to confirm the surface modification.
The characteristics of the adsorption behavior are gener- P

ally inferred in terms of both adsorption kinetics and equilib- . o
rium isotherms. The adsorption isotherms are also an importarts: Preparation of DEDMA-sepiolite
tool to understand the adsorption mechanism for the theoreti-

cal evaluation and interpretation of thermodynamic parameters 1he N& -exchanged form of clay was prepared by stirring
[20,21] samples for 24 h with 1 M NaCl. This was followed by several

In this study, the removal of Acid Blue 193 (AB193) from washings with deionized water and filtered to remove the excess
aqueous solutions using the low-cost material sepiolite as thjaCl and other exchangeable cations from the clay. The clay
adsorbent by batch adsorption techniques has been invest¥as then resuspended and filtered until a negative chloride test
gated. The common Langmuir and Freundlich equations wer@as obtained with 0.1 M AgN® _ .
used to fit the equilibrium isotherm. The dynamic behavior A 209 of the Na-saturated clay was dispensed in 0.5 dm
of the adsorption was examined on the effect of initial dyeOf distilled water. Dodecylethyldimethylammonium (DEDMA)
concentration, temperature and pH. The adsorption rates weRsomide was used as a surfactant. DEDMA-sepiolite was pre-
determined quantitatively and stimulated by the pseudo-firstPared by adding quantities of the respective bromide salts equal
order, pseudo-second-order and intraparticle diffusion kineti¢® twice the cation exchange capacity of the sepiolite and stir-
models and were also tested for validity. The thermodynamiéind for 24 h. The clay was then washed with deionized water
parameters also deduced from the adsorption measurementsUfitil free of salts and a negative bromide test had been obtained
the present study are very useful in elucidating the nature ofith 0.1 M AgNOz and it was grounded, sieved through 3.68

adsorption. sieve, and dried at 1I@ in an oven for 2h and was used for
the adsorption studid23].

2. Materials and methods 2.4. Adsorption experiments

2.1. Materials The pH experiments were carried out by 50ml of a

3.5x 10~4M dye solution with 0.05 g of natural sepiolite and

A commercial textile dye AB193 (Isolan Dark Blue 2-SGL; DEDMA-sepiolite and the pH was carefully adjusted between 1
Cl 15707) was obtained from Dystar, Turkey and used withoutind 9 with adding a small amount of dilute HCI or NaOH solu-
further purification. The chemical structure of AB193 is illus- tion using a pH meter (Fisher Accumet AB15). The dye solutions
trated inFig. 1 Sepiolite was provided from Eskisehir, Turkey. were stirred using a mechanical magnetic stirrer in a 100 ml
It was crushed, ground, sieved through a#3sieve, and dried erlenmeyer sealed flash with parafilm to avoid evaporation. The
at 110°C in an oven for 2 h prior to use. The cation exchangeoptimum pH was then determined as 1.5 and used throughout all
capacity (CEC) and surface area determined by the methyadsorption experiments, which were conducted at various time
lene blue methof22] were 299.4 mmol kgt and 234.3rAg~1,  intervals and temperatures (20, 30, 40 andGpto determine
respectively. when adsorption equilibrium was reached and the maximum
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removal of dye was attained. The solutions were filtered and 100
were then subjected to quantitative analyses. The equilibrium N
concentrations of each solution were measured by spectropho- 80
tometer (Shimadzu UV-2101PC) at thgax value of 609 nm for
AB193. The amount of the dye adsorbed onto DEDMA-sepiolite 60|
surface was determined by the difference between the initialand ¢,
remaining concentration of dye solution. 20
The calculated adsorbed dye in equilibrium from the pseudo-
first-order, pseudo-second-order kinetic models and intraparticle
diffusion model used to evaluate the adsorption isotherms for

(a) — Natural sepiolite

the adsorption of AB193 onto DEDMA-sepiolite at constant o L()- - DEDMA-sepiolite

temperatures of 20, 30, 40 and 5D 4000 3500 3000 2500 2000 1500 1000 400
Wavenumber (cm™)

3. Results and discussion Fig. 2. FT-IR spectra of (a) natural sepiolite and (b) DEDMA-sepiolite.

3.1 Chemical composition of sepiolite A pair of strong bands at 2856 and 2929 ¢hwas observed

. . . . . only DEDMA-sepiolite can be assigned to the symmetric and
The chemical composition of sepiolite obtained by usmgasymmetric stretching vibrations of the methylene growp)

EDX analysis, given ifTable 1 indicates the presence of silica and their bending vibrations are between 1380 and 1463.¢m

and magnesia as major constituents along with traces of alu- . . )
9 ) 9 supporting the intercalation of surfactant (DEDMA) molecules

mina, potassium, sodium, iron and titanium oxides in the fornlj h ;
of impurities. XRD results combined with EDX analysis show etween the silica layers, but these stretching bands are not
. observed in the natural sepiolite. The band at 1664%coor-

that most of the magnesium IS in the form of seplollte_and cal responds to the OH deformation of water, because the OH
cium and some of magnesium are in the form of dolomite. XRD .
- . o ; stretching band at 3411 cth suggests the presence of some
also indicated the presence of free quartz in sepiolite. It is, thus
ihterlamellar water.

eS)i(g_j ;tfg&haét?izﬁ;f;ﬁi sir();(l:lceosmW|(l)lst?teiorne?fos\;eoilor;ltaelC\I/);Sby The Si-O coordination bands at 1211, 1033 and 88T ém
9% 9 P P are observed as a result of the-Sivibrations. The deep band

0 - o o
deduced by XRD, was 85% sepiolite, 5-10% smectite + llite, £1022 e represents the stretching of% in the S-O-Si

a0 0 ; X .
iors:s{'sittojgﬁrvsvaasnf% uln/; 3) okljtérr;;eéegilgzgore, the major mlr]eragroups of the tetrahedral shd@#] and two peaks at 690 and

648 cnt ! represent the bending vibration of M@H both of
. samples. The bands at 530 and 471 ¢rare due to SiO—Al
3.2. FT-IR analysis (octahedral) and SIO-Si bending vibrations, respectively, for

natural sepiolite and DEDMA-sepiolite.
FT-IR spectra of natural sepiolite and DEDMA-sepiolite

were shown irFig. 2 The band at 3687 cnt that corresponds 3.3. Effect of pH
to stretching {on) vibrations of hydroxyl groups (belong to ' '
MgsOH) attached to octahedral Mg ions located in the interior Fig. 3 indicates the effect of pH on the removal of dye

blocks of natural sepiolite and DEDMA-sepiolite. The band at(ABlgs) onto natural sepiolite and DEDMA-sepiolite from
3622 cnt! indicates that assigned to4@—H stretching vibra-

tions of water molecules weakly hydrogen bonded to théOSi

surface in both of samples. The broad band at 3411¢cm
observed each samples, is due te®4-H vibrations of adsorbed . o ® DEDMA-sepiolite
water. 3eh] A natural sepiolite
2e-44
Table 1 = *
The chemical composition of sepiolite B e ® .
g 2e e o o
Constituents wt.% e a % e e .
([ ]
SiO, 51.17 le-4+ . o
MgO 25.50 A A 4 4 44 s,
A A A
cao 7.52 6.5 4 .
Al,03 1.04 a
K0 0.80 o A
N2;0 0.54 1 2 345 6 7 8 9
Fe03 0.40
) pH
TiOz 0.05
Loss on ignition 12.98 Fig. 3. Effect of pH for the adsorption of AB193 onto natural sepiolite and

DEDMA-sepiolite.
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aqueous solution. It was observed that the adsorption is highly 3e-d
dependent on pH of the solution, which affects the surface charge

of the adsorbent and the degree of ionization of adsorbate. At 3e4{ o a2 222 2 2 2 2 2
lower pH more protons will be available, thereby increasing ammEEE ®m ® . . .
electrostatic attractions between negatively charged dye anions _ 2e-41 o o o o

)

opo0©O00 O

and positively charged adsorption sites and causing an increase *
in dye adsorption. The high adsorption capacity is due to the
strong electrostatic interaction between the" (@pHs)(CHs):
of DEDMA-sepiolite and dye anions. As can be seen ffoga 3, le-4+
the maximum AB193 removal was observed at acidic pH 1.5.
When the pH of the solution is increased, the positive charge se-51
on the oxide or solution interface decreases and the adsorbent
surface appears negatively charged. On the contrary, a lower 0 5
adsorption at higher pH values may be due to the abundance of
OH™ ions and because of ionic repulsion between the negatively
charged surface and the anionic dye molecules. There are alt§- 5: Effect of temperature for the adsorption of AB193 onto DEDMA-
no exchangeable anions on the outer surface of the adsorbeifP°e &t the concentration of 35107 M.
at higher pH values and consequently the adsorption decreases
[25]. at the range of dye concentration 2.5-5.00~* M. As can be
Fig. 3 also indicates that DEDMA-sepiolite is a more €asily seenfrorkig. 4, whenthe equilibriumtime wasincreased,
effective adsorbent than natural sepiolite for adsorbinghe amount of adsorption was notincreased. The rate of removal
AB193. The adsorption capacity of DEDMA-sepiolite Of AB193 onto DEDMA-sepiolite by adsorption was rapidly
(2.57x 104 mol g_l) was found to be around two times higher reached to equilibrium beyond which there was not significant
than that of natural sepiolite (1.¥40*molg™1) at pH 1.5 increase in the rate of removal. Maximum adsorption of AB193
and 20°C. onto DEDMA-sepiolite was observed at 60 min, it can be said
that beyond which there is almost no further increase in the
adsorption and it is thus fixed as the equilibrium contact time.
The equilibrium adsorption capacity of AB193 onto
DEDMA-sepiolite was also affected by temperature and
decreased from (2.56 to 1.98)10~“molg~! at a concentra-

The influence of the initial concentration of AB193 in the f35% 10-*M with | . f 20
solutions on the rate of adsorption onto DEDMA-sepiolite waghon of 3.5x with increasing temperature from to

investigated at various concentrations at the pH value of 1.52%01%32':'9' 9 (T?ble 2 whlcczihf_ln(;ilcgtesbthat thef adsorptl?n of d
As shown inFig. 4, when the initial dye concentration was onto surfactant-modified adsorbent surface was favore

increased from (2.5 to 5.6) 1074 M, the adsorption capacity at lower temperatures and it is controlled by an exothermic pro-
of dye increased fr.om 1 '99 t03 3)4’)10_4 molg~L. This indi-  CESS: This is partly due to a weakening of the attractive forces
cates that the initial dye concentration plays an important rolé26'27] between AB193 and DEDMA-sepiolite. Based on the

in the adsorption capacities of AB193 onto DEDMA-sepiolite. above results: it implit_es th.at physical adsorption mechani;m
The effect of contact time on the amount of AB193, adsorbe ay play a vital role in this system. Before and after equi-

onto DEDMA-sepiolite at 20C (Fig. 4) was also investigated ibrium time, the adsorption capacity shows different trends at
various temperatures. Below the equilibrium time, an increase

in the temperature leads to an increase in dye adsorption rate,

g (mol g
&
IS

20 40 60 80 100 120 140 160 180 200
t (min)

3.4. Effect of initial dye concentration, contact time and
temperature

which shows a kinetically controlling process. After the equilib-
poooo o o o o o rium attained, the uptake decreases with increasing temperature
Je4] a A A A a4 A A A A 4 4 indicating that the adsorption of AB193 onto DEDMA-sepiolite
o00000 ©° © ° ° from aqueous solution is controlled by an exothermic process.
— g B EERE = = " ] n
':n A A A AAA A A A A A
T il qge0e0e o o . . . 3.5. Kinetics of adsorption
e ,{;ﬁ”{: Kinetics of adsorption is one of the mostimportant character-
le-4 B 3s0*M istics to be responsible for the efficiency of adsorption. Various
g o0 m kinetic models such as pseudo-first-order, pseudo-second-order
o s0x10*M and intraparticle diffusion have been applied for the experi-
0 . ‘ ‘ ‘ — : : : mental data to predict to the adsorption kinetics. Among them
0 20 40 60 80 ( 1_0‘; 120 140 160 180 200 pseudo-first-order rate equatior[28,29]:
t (min
. i . . . 1 1 k(1
Fig. 4. Effect of initial dye concentration and contact time for the adsorption of — = — 4+ — () (1)
AB193 onto DEDMA-sepiolite at 26C. @ 491 g1 \!
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Table 2

Kinetic parameters and the normalized standard deviations for the adsorption of AB193 onto DEDMA-sepiolite at various temperatures

Intraparticle diffusion model

Pseudo-second-order model

t(°C) Co(x107*M) Pseudo-first-order model

2
"p

ko (dmPmol=ts™l) gp (x104molg™) Agq (%) 3 kp (x10-"molg s ?) € (x10*molg™t) Aq (%)

ki (x1073s7) g1 (x10*molg™l) Aq (%) r?

0.892
0.551

1.35
271
1.18
1.24
3.04
2.63
0.95
0.90
1.05

1.89
2.17
2.42
2.63
2.93
3.17
2.35
2.13

0.999 1.56

0.97
1.91
0.74
1.33
1.37
231

2.00
2.27
2.56
281
3.10
3.35
2.50

0.896 144.69
0.512 139.47
0.929 132.04
0.927 126.72
0.681 107.15

0.915

1.87
3.20
1.63
1.94
2.37
231
2.33
2.25
3.45

1.99
2.26
2.56
2.82
3.09
3.34
2.50
2.24
1.93

6.98
5.22
7.57
9.65
6.35
6.67
7.20
6.06
6.70

25
3.0
35
4.0

20

0.999 1.37

0.880
0.685

0.999 2.17

0.999 2.66

0.821

0.987

0.992 255

4.5

0.999 2.37

86.88

5.0

81

0
0

0.999 2.33

1.33
1.23
1.40

0.801 166.13
0.824 192.48
0.828 213.26

35
35

30
40

91

0.999 1.65

2.24
1.93

o
dl5/ Journal of Hazardous Materials B129 (2006) 244-252
o

1.82

0.999 1.59

35

50

whereg; andg; are the amounts of the dye adsorbed at equilib-
riumand attime, in mol g1, andk; is the pseudo-first-order rate
constant (s1), was applied to the present study of dye adsorp-
tion. Values ofk; calculated from the slope of the plots of1/
versus 1f are shown inTable 2 It was found that the correla-
tion coefficients for the pseudo-first-order model are lower than
that of the pseudo-second-order model. This indicates that the
adsorption of AB193 onto DEDMA-sepiolite does not follow
the pseudo-first-order kinetics.

The pseudo-second-order kinetic mof&$l] is expressed as
LA I @)
qt kog5 g2
where g is the maximum adsorption capacity (mofy for
the pseudo-second-order adsorptignthe amount of the dye
adsorbed at time(mol g—1), k» the equilibrium rate constant of
pseudo-second-order adsorption fdnol~1s1). Values ofk,
andg» were calculated from the plot g, against (Fig. 6). The
calculated;, values agree with experimentglvalues, and also,
the correlation coefficients for the pseudo-second-order kinetic
plots at all the studied concentrations were above 0. 882 2.
These results imply that the adsorption system studied obeys
to the pseudo-second-order-kinetic model. khekz, g1, g2,
and correlation coefficients? andr3 of AB193 under different
conditions were calculated from relevant plots and are given
in Table 2 A similar phenomenon, we have been observed in
the adsorption of acid dyes by acid-activated bentdat¢and
sepiolite[10].

Adsorption kinetics are generally controlled by different
mechanism, of which the most limiting are the diffusion mecha-
nisms, including the initial curved portion, attributed to rapid
external diffusion or boundary layer diffusion and surface
adsorption, and the linear portion, a gradual adsorption stage
due to intraparticle diffusion, followed by a plateau to equilib-
rium where the intraparticle diffusion starts to decrease due to
the low concentration in solution phase as well as fewer available
adsorption sitef31].

In general, external mass transfer or external diffusion is
characterized by the initial solute uptdl2,33]and can be cal-

let6

2.5x104M
3.0x10-4M
8et+5 3.5%104M

4.0x10-<M
4.5x104M
5.0x10-M

6et+54

4e+5

t/g, (min g mol™")

2e+5

0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

t (min)

Fig. 6. Pseudo-second-order kinetic plots for the adsorption of AB193 onto
DEDMA-sepiolite at 20C.
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culated from the slope of plot @/Cq versus time. The slope of As discussed above, the validity of these kinetic models can

these plots can be calculated either by assuming polynomial relée quantitatively checked by using a normalized standard devi-

tion betweerC/Cp and time or it can be calculated based on theation Aq (%) is calculated as following equati¢d9]:

assumption that relationship was linear for the first initial rapid

phas€g34]. In the present study the second technique was used 0 > [(gexp— qca|)/qexp]2

by assuming that the external mass transfer occurs in the firQa(%) = n—1 x 100

10 min. Thus, the initial adsorption rates (mass transfer coeffi- ) . ]

cient) were guantified a€¢o min/Co)/10. The calculated average wheren is the number of data_ point§able 2lists the calculated

external mass transfer coefficient value for the adsorption ofesults. In the range of studied, the valuesigf for the best-

AB193 onto DEDMA-sepiolite was found to be 5.8710-4 s~1 fit model are less than 2._31%. It is concluded the adsorpthn of

at a concentration range of 2.5-5.0~4 M at 20°C. AB193 can be bestdescribed by the pseudo-second-order kinetic

The intraparticle diffusion equatiof35] can be written by ~mModel.

following: The pseudo-second-order rate constants for AB193 onto
DEDMA-sepiolite indicate a steady increase with tempera-

g = kp,1/2 +C (3) ture. The values of rate constants were found to increase
from 132.04 to 213.26 dfmol~1s~! at a concentration of

whereC is the intercept, ank}, is the intraparticle diffusion rate  3.5x 10-*mol dm23 for DEDMA-sepiolite with an increase

constant (mol gl s—1/2). in the solution temperatures from 20 to B0. It is confirmed

The pseudo-first-order and pseudo-second-order kinetithat adsorption of AB193 onto DEDMA-sepiolite indicates a

models cannot identify the diffusion mechanism and the kinetighysisorption process. In conventional physisorption systems,

results were then analyzed by using the intraparticle diffusiorincreasing temperature generally increases the rate of approach

model. According to this model, the plot of uptakg, versus to equilibrium, but decreases the equilibrium adsorption capac-

the square root of time(?) (Fig. 7) should be linear if intra- ity [40].

particle diffusion is involved in the adsorption process and if

these lines pass through the origin then intraparticle diffusior®.6. Adsorption isotherms

is the rate controlling stefj36—38] When the plots do not pass

through the origin, this is indicative of some degree of boundary The equilibrium adsorption isotherms are one of the most

layer control and this further shows that the intraparticle dif-important data to understand the mechanism of the adsorp-

fusion is not the only rate-limiting step, but also other kinetiction systems. Several isotherm equations are available and two

models may control the rate of adsorption, all of which mayimportant isotherms are selected in this study, which are namely

be operating simultaneously. The slope of linear portion fromhe Langmuir and Freundlich isotherms.

the figure can be used to derive values for the rate parameter, The Langmuir adsorption isotherm assumes that adsorption

kp, for the intraparticle diffusion, given iflable 2 The corre-  takes place at specific homogeneous sites within the adsorbent

lation coefficients;(é) for the intraparticle diffusion model are and has found successful application many adsorption processes

between 0.551 and 0.941. This indicates that the adsorption @f monolayer adsorption. The linear form of the Langmuir

AB193 onto DEDMA-sepiolite may be followed by an intra- isotherm equation is represented by the following equdtid

particle diffusion model up to 75 min. The values of intercept

give an idea about the boundary layer thickness such the Iarge.jt = 1 + 1 (l> (5)

the intercept, the greater is the boundary layer effect. ge  gmax  qmaxKL \Ce

where ge is the equilibrium dye concentration on the adsor-

bent (molgl), Ce the equilibrium dye concentration in the

solution (M), gmax the monolayer adsorption capacity of the

I adsorbent (molgl), andk| is the Langmuir adsorption constant
3.0e-41 (dm®mol~1) and related to the free energy of adsorption. A plot

I S-S of 1/ge versus 1€, for the adsorption of AB193 onto DEDMA-
25e-44 L, A A A sepiolite Fig. 8) gives a straight line of slope LiqaxKL) and

| e e o oo o intercept 1gmax.
2.06-4 . . . The Freundlich isotherm is an empirical equation employed

to describe heterogeneous systems. A linear form of the Fre-

(4)

3.5e-4

g, (mol g'])

L]

® 25x10° M - ¢ .
© 301107 M undlich equation i$42]:
1.5¢-4 A 35107 M
A 40x10° M 1
W 45x107 M _ -
O 50x10% M Inge = In Kr + n InCe (6)
1.0e-4 T T T T T T
2 3 4 5 6 7 8 9

s wherekr (dm?g~1) andn are Freundlich adsorption isotherm

% (min"?) constants, being indicative of the extent of the adsorption and
Fig. 7. Intraparticle diffusion plots for the adsorption of AB193 onto DEDMA- the degree of nonlinearity between solution concentration and
sepiolite at 20C. adsorption, respectively. The plot of da versus InCe for
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5500 or unfavorable. The essential feature of the Langmuir isotherm
can be expressed by means Bf ", a dimensionless constant
referred to as separation factor or equilibrium paramgteis
calculated using the following equation:

B 1
1+ K, Co

50004

45004
R (7)

4000+

Vg, (g mol“l)

wherek, is the Langmuir constant (dhmol~1) andCy is the

highest initial dye concentration (M). The valueRyf calculated

as above equation isincorporatedable 3 The parameter indi-

cates the type of isotherm to be irreversilig € 0), favorable

; ; ; ; ; ; ; ; (O<R_ <1), linear R =1) or unfavorableX, >1). This value
4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 |IES between 0 and[ﬂ3,44], fOI’AB 193 OntO DEDMA-SepIOhte,

1/C, (dm’ mol”) the on-going adsorption process is favorable.

Fig. 8. Langmuir plot for the adsorption of AB193 onto DEDMA-sepiolite at Om_a of the Freundlich constarks indicates Fhe adsorp_tlon

20°C. capacity of the adsorbent. The other Freundlich constaigs

a measure of the deviation from linearity of the adsorption. If a

value forn is equal to unity the adsorption is linear. If a value

35004

3000+

-79 for n is below to unity, this implies that adsorption process is
chemical, but a value foris above to unity, adsorption is favor-
-8.01 able a physical process. The valuenddt equilibrium is 2.277,

represent favorable adsorption, and therefore this would seem

e to suggest that physical, which is referred the adsorption bond

L 821 . becomes weald5] and conducted with van der Waals forces,
H rather than chemical adsorption is dominant when it is used for
831 adsorbing AB193.
84 (] .
3.7. Thermodynamic parameters
-85
b Arrhenius relationship was used to evaluate the activation
-8.6 , - - . . - energy of adsorption representing the minimum energy thatreac-
-10,0 -9.8 -9.6 94 -9.2 -9.0 -8.8 -8.6 .
nC tants must have for the reaction to proceed:
Fig. 9. Freundlich plot for the adsorption of AB193 onto DEDMA-sepiolite at Inkp = In A — ®T (8)
20°C.

where E; is the Arrhenius activation energy of adsorption,
A the Arrhenius factorR the gas constant, and is equal to
the adsorption of AB193 onto DEDMA-sepiolit€if. 9 was  8.314Imoft K1, and T is the solution temperature. When
employed to generate the intercept valu&pfand the slope of Inky is plotted against 77 (Fig. 10), a straight line with slope
1/n. —E3/R is obtained. The magnitude of activation energy gives
The Langmuir and Freundlich parameters for the adsorpa type of adsorption, which is mainly physical or chemical.
tion of AB193 are listed iriTable 3 It is evident from these The range of 5-40 kJ mot of activation energies corresponds a
data that the surface of DEDMA-sepiolite is made up of hetphysisorption mechanism or the range of 40-800 kJthslig-
erogeneous adsorption patches. In other words, Freundlighests a chemisorption mechani§f®]. The result obtained in
isotherm model fits very well when thé values are compared this study is +12.55 kJ mot indicating that the adsorption has
(Table 3. a low potential barrier and assigned to a physisorption.
The effect of isotherm shape has been discu§@pwith The thermodynamic parameters including change in the
a view to predicting whether an adsorption system is favorabl&ibbs free energyXG®), enthalpy AH°®), and entropy AS°),

Table 3

Langmuir and Freundlich isotherm constants for the adsorption of AB193 onto DEDMA-sepiolité@t 20

Langmuir Freundlich

gmax (x 10~*molg™1) K. (x 1074 dm® mol-1) RL r? n K (x 1072dm3g1) r2

4.40 1.58 0.113 0.974 2.277 151 0.990
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Fig. 10. Arrhenius plot for the adsorption of AB193 onto DEDMA-sepiolite.  £ig 11, plot of Inkc vs L/T for estimation of thermodynamic parameters for

the adsorption of AB193 onto DEDMA-sepiolite.
were determined by using following equations and represented

in Table 4 ing that the process is stable energeticdl9]. The negative
Ca entropy change/s°) value (-64.18 J mot* K1) corresponds
Kc = o (9)  to adecrease in the degree of freedom of the adsorbed species.
s
AG° = —RTInKc (10) 4. Conclusions
AS° AH° . S .
InKc = R RT (11) In this study, the equilibrium and the dynamics of the adsorp-

tion of Acid Blue 193 (AB193) onto DEDMA-sepiolite was

whereKc is the equilibrium constanCa the amount of dye jnvestigated. It may be concluded that DEDMA-sepiolite can
adsorbed on the adsorbent from the solution at equilibriunpe ysed for elimination of textile dye effluents from wastewater.
(mol dm~3), andCs is the equilibrium concentration of the dye Sepiolite is a low-cost natural abundant and locally available
in the solution (mol dm?). Theg; of the pseudo-second-order adsorbent for dye removal and it may be alternative to more
model inTable 2was used to obtai@a andCs. AH® andAS° costly adsorbents such as activated carbon.
were calculated from the slope and intercept of van't Hoff plots  The kinetics of adsorption of AB193 onto DEDMA-sepiolite
of In K¢ against 17° (Fig. 11). The results are given ifeble 4 \yas examined by using the pseudo-first-order, pseudo-second-

Generally, the change of free energy for physisorption isprder and intraparticle diffusion kinetic models under different
between—20 and 0kJmot', but chemisorption is a range of jnitial dye concentrations, temperatures and pHs. The pseudo-
—80 to —400kJImot ! [47]. The overall free energy change second-order and intraparticle diffusion models up to 75 min,
during the adsorption process was negative for the experimentgtedicts the behavior over the whole range strongly supporting
range of temperatures (s&able 4, corresponding to a sponta- the validity and agrees with physisorption being rate-controlling
neous physical process of AB193 adsorption and that the systefecause it is basically based on the adsorption capacity. The
does not gain energy from an external source. When the tengshtained maximum adsorption capacity of DEDMA-sepiolite
perature decreases from 50 to“Z0) the magnitude of free for AB193 at pH around 1.5 is due to the strong electrostatic
energy change shifts to high negative value (fre0.545 to  interactions its adsorption site and dye anion.
—2.448 kI mot*) suggested that the adsorption was more spon-  The experimental data produced perfect fit with the Fre-
taneous at low temperatuf4s]. undlich isotherm showing that the surface of the sepiolite particle

The negative value of the enthalpy chang@{.48kImat?!)  \yas heterogeneous, non-specific and non-uniform in nature.
indicates that the adsorption is physical in nature involvingweak The activation energy of adsorption of AB193 onto DEDMA-
forces of attraction and is also exothermic, thereby demonstragepiome is found to be as +12.55 kJ mdl The small positive

value of E; indicates a low potential barrier and confirms the

Table 4 nature of physical adsorption of AB193 onto DEDMA-sepiolite.
Thermodynami_c parameters calculated for the adsorption of AB193 onto The enthalpy changeAH®) for the adsorption process was
DEDMA-sepiolite —21.48kJImot?, which did not indicate very strong chemi-

t(°C) Ea AG° AH® AS° cal forces between the adsorbed dye molecules and DEDMA-
(kJmol!) — (kImof™) (kymol) @mo*K=Y)  sepiolite. TheAG® values were negative therefore the adsorption

20 12.55 _2.448 _21.48 —64.18 was spontaneous and the negative valueASf suggests a

30 —2.310 decreased randomness at the solid/solution interface and no sig-

gg _cl)'gig nificant changes occur in the internal structure of the adsorbent

through the adsorption of AB193 onto DEDMA-sepiolite.
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