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This study was to evaluate the adsorption capability of clay minerals of bentonite, kaolin and zeolite to
remove Congo Red from aqueous solution. The experiments were carried out in a batch system to optimise
operation variables: adsorbent dosage, Congo Red concentration, pH and temperature. Adsorption kinetic
and equilibrium isotherm of the clay materials were studied using pseudo-first order and second order
kinetic equations, and Freundlich and Langmuir models. The equilibrium data of kaolin was found to

5:332 ‘:)V:rfii):n best fit to the Langmuir model, while bentonite and zeolite were best explained by the Freundlich model.
So dim‘; bentonite The adsorption kinetic followed the pseudo-second order equation for the three adsorbents. Intra-particle
Kaolin diffusion studies revealed that the adsorption rates were not solely controlled by the diffusion step. Further
Zeolite thermodynamic investigations showed that the adsorption is an exothermic and spontaneous process.
Congo Red Sodium bentonite demonstrated the best adsorptive capacity followed by kaolin clay, and they can be

employed as low-cost alternatives for recalcitrant dye removal from industrial wastewater.

© 2008 Published by Elsevier B.V.

1. Introduction

The treatment of effluent containing dyestuff poses consider-
able problems in the wastewater industry. Synthetic dyes are one
of the most common pollutants which are frequently found in dye
manufacturing and textile finishing production. The removal of
these dyes from water bodies is extremely important from an envi-
ronmental point of view. Even very low concentration of the dyes
present in water can be highly toxic to aquatic systems [1]. The
high stability and toxicity are the major problem in the treatment
of wastewater containing dyes. In addition, dyes are resistant to
light and moderate oxidative agents; therefore, they cannot be com-
pletely removed by conventional biological treatment processes,
such as activated sludge and anaerobic digestion.

A number of technologies have been developed and used for
removal of the dye contaminants from wastewater; including
adsorption, coagulation/flocculation, advanced oxidation pro-
cesses, ozonation, membrane filtration and biological treatment
[2]. Adsorption has been recognised as the most popular treatment
process for the removal of the dyes in aqueous solution with the
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advantages of high efficiency, simple operation, and easy recov-
ery and reuse of adsorbent. Activated carbon adsorption shows
high effectiveness in removal of organic and inorganic pollutants,
including dyes and pigments. However, the use of this adsorbent in
wastewater treatment is still limited because of its high cost and dif-
ficulty in regeneration. Many alternative adsorbent materials have
been studied to remove dyes from water, including activated carbon
from cheap carbon source [3,4], fly ash [5], orange peel [6], waste
red mud [7] and clay minerals [8], etc.

The use of clay materials over commercially available adsorbents
is becoming popular due to their low-cost, abundant availability,
non-toxicity and potential for ion exchange. A number of clay mate-
rials: sepiolite [9], kaolinite [10], montmorillonite [11], smectite
[12], bentonite [13] and zeolite [14] have been investigated for
removal of dyes. These clay minerals are of interest according to
their variety of structural and surface properties, high chemical
stability, high specific surface area and high adsorption capacity
[15].

Congo Red (CR) [1-naphthalenesulfonic acid, 3,3’-(4,4'-biphe-
nylenebis (azo)) bis(4-amino-)disodium salt] is a benzidine-based
anionic diazo dye prepared by coupling tetrazotised benzidine with
two molecules of napthionic acid [3]. The molecular structure of
CR is illustrated in Fig. 1. In this present work, CR is chosen as an
anionic dye surrogate indicator due to its chemical composition and
environmental concern. Effluent containing CR is produced from
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Nomenclature
G initial dye concentration of dye solution (mgl-1)
Ce concentration of dye solution at adsorption equilib-

rium (mgl-1)

AG° Gibbs free energy (kJ mol—1)

h initial adsorption rate of pseudo-second order
model (mgg~!min—1!)

AH° enthalpy (k] mol-1)

Kiq intra-particle diffusion rate constant
(mgg~! min~T)

kq Pseudo-first order rate constant (min~1)

ko Pseudo-second order rate constant (gmg~! min—1)

Kc adsorption equilibrium constant

Kg Freundlich constants related to adsorption capacity
(mglfl/n 1/n g71 )

K Langmuir constant (Img=1).

m weight of the adsorbents (g)

n Freundlich isotherm constant related to adsorption
intensity

ge equilibrium adsorption capacity of adsorbent
(mgg1)

Gec equilibrium capacity obtained from dynamic model
(mgg1).

Qee equilibrium capacity of the adsorbent obtained from
experiment (mgg~1)

qm monolayer adsorption capacity of adsorbent
(mgg™)

qr amount of dye adsorbed per unit of adsorbent at
time t (mgg=1)

r2 linear correlation coefficient

R ideal gas constant (8.314J mol-1 K1)

Ry dimensionless separation factor

AS° entropy (Jmol-1K-1)

t contact time (min)

Chi-square error function

textiles, printing, dyeing, paper, and plastic industries [3,16]. This
anionic dye can be metabolised to benzidine, a known human car-
cinogen [17]. Yet, the treatment of CR contaminated wastewater can
be complicated due to its complex aromatic structure, providing the
dye physicochemical, thermal and optical stability, and resistance
to biodegradation and photodegradation.

The objective of this study is to evaluate the adsorption capac-
ity of locally available clay materials (i.e. sodium bentonite, kaolin
clay and zeolite) to remove CR from water. The research focused
on evaluating how the process operation parameters of initial dye
concentration, adsorbent dosage, pH and temperature affect the
adsorption capacity of the Australian clay minerals. The best-fit
equilibrium isotherms were determined by Freundlich and Lang-
muir models. Adsorption kinetic models were employed to analyse
the kinetics and mechanisms of CR adsorption on the adsorbents.
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Fig. 1. Molecular structure of Congo Red.

Table 1
Physical and chemical properties of Australian clay materials.

Chemical compound (%) Natural adsorbents

Sodium bentonite Kaolin Zeolite
Si0, 56.0 48.7 68.26
Al;03 16 34.6 12.99
Fe,03 4.6 0.9 1.37
Cao 0.9 0.1 2.09
K,0 0.4 1.2 411
TiO, 13 0.23
MnO 0.06
MgO 33 0.4 0.83
Na, 0 2.9 0.2 0.64
P,05 0.06
H,0 10.0
LOI 5.7 12.1 8.87
CEC 95meq/100g 120meq/100g
Particle size Dg575 um Dgg38 wm D1go70 pm
Density 1.0gcm—3 0.6g cm—3 11-1.6gcm3
Specific surface area 25.70m?g! 20.28 m?g! 831m2g!

Thermodynamics were also applied to examine adsorptive ten-
dency of these materials.

2. Materials and methods
2.1. Materials

Three Australian clay minerals, sodium bentonite, kaolin and
zeolite, were employed to study their dye adsorption capacity to
remove CR. Sodium bentonite with high montmorillonite and dry
milled white kaolin clay were obtained from Unimin Australia
Ltd, and Escott zeolite was provided by Zeolite Australia Ltd. This
zeolite contains clinoptilolite as the main crystalline component.
Physico-chemical properties of each material are given in Table 1.
All materials were used as received without other treatment apart
from drying at 100°C for 1 h to remove excess moisture, and then
kept in a desiccator until analysed. Congo Red (C3yH»3NgNa;OgSo,
Labchem Ajax Finechem Australia) was used as received. The dye
solution was prepared to the desired concentrations using Milli-Q
water.

2.2. Characterisation of surface properties of clay materials

The specific surface area of the mineral samples was mea-
sured using Brunauer-Emmet-Teller (BET) method. Results were
obtained by means of pure liquid N, adsorption at 77 + 0.5 K using
a Gemini V2.00 surface analyser (Micromeritics, USA). Prior to anal-
ysis, all samples were degassed under vacuum at 105 °C for 12 h.

X-ray diffraction (XRD) analysis was carried out to determine the
phases of the clay minerals. The measurements were performed on
a Philips PW diffractometer (Co X-rays A =1.7902 A) over the range
of 5-90° 20 for the solid powder samples. Samples were spiked with
10 wt% of zinc oxide before analysis to facilitate the calculation for
the weight percent of the amorphous phase.

The morphological features and surface characteristics of sam-
ples were obtained from scanning electron microscopy (SEM)
using Philips XL20 Scanning Electron Microscope at an accelerating
voltage of 10kV. The samples were coated with gold by electro-
deposition under vacuum prior to analysis.

2.3. Adsorption experiment

Adsorption on the clay materials was carried out in a batch
system. A desired amount of the adsorbent was added to 50 ml
of known concentration of CR solution. The pH was adjusted
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with 0.1 M HNOs3, and 0.1 M NaOH. The mixture was agitated at
150 rpm in a rotary shaker (Ratek OM 15 orbital mixer, Australia)
at 30°C. Due to the high CR concentration, experiments were
carried out over 24h to ensure that adsorptive equilibrium was
obtained. The samples were withdrawn from the experimental flask
at pre-determined time intervals until adsorption equilibrium was
achieved. Then, the dye solution was separated from the adsor-
bent by centrifugation (Eppendorf Centrifuge 5415R, Germany) at
13,200 rpm for 20 min. The supernatants were then filtered using
Millex VX filter (Millipore 0.45 um) to ensure the solutions were
free from adsorbent particles before measuring the residual dye
concentration. All experiments were carried out in triplicate, and
the average values were taken to minimise random error.

2.4. Analytical method

2.4.1. Dye concentration and removal capacity

Dye concentration was determined colorimetrically by mea-
suring at maximum absorbance of 496.5 nm using a UV-visible
spectrophotometer (model vy, He\ios, UK). Calibration curve was
plotted between absorbance and concentration of the dye solu-
tion to obtain the absorbance-concentration profile. The percentage
removal (%) of CR and amount of dye uptake per unit of adsorbent
(q) were calculated using the following equations:

% = (C, — Co) x 190

(1)

G
Vv
4=(G-C)x )
where C; is the initial dye concentration (mgl-1), Ce is the dye con-
centration at adsorption equilibrium (mgl-1), V is the volume of

dye solution (ml), and m is the weight of the adsorbents (g).

2.4.2. Error analysis

Due to the inherent bias resulting from linearisation of the
isotherm model, the non-linear regression Chi-square ( x2) test was
employed as a criterion for the fitting quality. This statistical anal-
ysis is based on the sum of the squares of the differences between
the experimental and model calculated data, of which each squared
difference was divided by the corresponding data obtained by cal-
culating from models [18]. The Chi-square can be represented by
Eq. (3).

2
XZ _ Z |:(QEeq—ECQec) :| (3)

where gee is the equilibrium capacity of the adsorbent obtained
from experiment (mgg~1), and gec is the calculated equilibrium
capacity according to the dynamic model (mgg~1). A low value of
x2 indicates that experimental data fit better to the value from the
model. In order to confirm the best-fitisotherms and kinetic models
for the adsorption system, there is a need to analyse the data set
using the Chi-square, combined with the values of the determined
coefficient (12).

2.5. Theory

2.5.1. Adsorption isotherm

To simulate the adsorption isotherm, two commonly used mod-
els, the Freundlich [19] and Langmuir [20] isotherms, were selected
to explicate dye—clay interaction.

2.5.1.1. Freundlich isotherm.
Ge = KeCe'" 4)

Eq. (4) can be rearranged to obtain a linear form by taking loga-
rithms:

1
log ge = log K¢ + Elog Ce (5)

where g is the amount of dye adsorbed per unit of adsorbent at
equilibrium (mgg-1), Ce is the concentration of dye solution at
equilibrium (mg1-1), K (mg!=1/"11/7 g=1) and n are the Freundlich
adsorption isotherm constants, being indicative of the extent of the
adsorption and the degree of nonlinearity between solution con-
centration and adsorption, respectively. Kr and 1/n values can be
calculated from intercept and slope of the linear plot between log Ce
and log ge.

2.5.1.2. Langmuir isotherm.

_ qmKiCe
9= 73K G (6)
The equation can be linearised to the following equation
1 1 1 1
(7)

=+ _
ge dm Kigm Ce

where qp, is the maximum amount of adsorption with complete
monolayer coverage on the adsorbent surface (mgg=1), and K is
the Langmuir constant related to the energy of adsorption (Img=1).
The Langmuir constants K; and gy can be determined from the
linear plot of 1/Ce versus 1/ge.

2.5.2. Adsorption kinetics

Adsorption kinetic models were applied to interpret the exper-
imental data to determine the controlling mechanism of dye
adsorptions from aqueous solution.

2.5.2.1. Pseudo-first order model. Pseudo-first order equation or
Lagergren’s kinetics equation [21] is widely used for the adsorption
of an adsorbate from an aqueous solution. This kinetic is based on
the assumption that the rate of change of solute uptake with time is
directly proportional to the difference in saturation concentration
and the amount of solid uptake with time.

dge

3¢ = kilge—ac) ®)

when g:=0att=0,Eq.(8)canbe integrated into following equation:

kqt
2.303 ©®
where q; is the amount of dye adsorbed per unit of adsorbent
(mgg~1)attimet, kq is the pseudo-first order rate constant (min—1),

and t is the contact time (min). The adsorption rate constant (kq)
were calculated from the plot of log (ge — q¢) against t.

log(ge — q¢) =logqe —

2.5.2.2. Pseudo-second order model. Ho and McKay [22] presented
the pseudo-second order kinetic as:

d
T = ka(de — a0’ (10)

Integrating Eq. (10) and noting that g; =0 at t=0, the obtained
equation can be rearranged into a linear form:

t 1 t

t_1 .t 11
. kaqz Qe (n

where k; is the pseudo-second order rate constant (gmg~! min~—1).
The initial adsorption rate, h (mgg~! min~!) at t — 0 is defined as:
h = kaq? (12)

The h, ge and k, can be obtained by linear plot of t/q; versus t.
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Fig. 2. The diagram of clay mineral molecular structures. (a) Bentonite (Montmorillonite), (b) Kaolinite and (c) Zeolite.

2.5.3. Adsorption mechanism

Intra-particle diffusion model is commonly used for identifying
the adsorption mechanism for design purposes. The effect of intra-
particle diffusion resistance on adsorption can be determined by
the following relationship [23]

qt:kidt]/z-‘rl (13)

where kijq is the intra-particle diffusion rate constant
(mgg~1min~12). To follow the intra-particle diffusion model,
a plot of q; against t!/2 should give a linear line where a slope
is kijg and intercept I. Values of I give information regarding the
thickness of boundary layer, i.e. the larger intercept the greater is
the boundary layer effect.

3. Results and discussion
3.1. Characteristics of clay materials

3.1.1. Molecular structure

3.1.1.1. Bentonite. Bentonite is a highly colloidal and plastic clay
composed mainly of a very soft montmorillonite. Special proper-
ties of bentonite are its ability to absorb large quantities of water,
and form thixotrophic gels, with an accompanying increase in vol-
ume up to several times of its dry bulk. The molecular structure of
bentonite is sketched in Fig. 2a. A crystalline structure of bentonite
is known as 2:1 type aluminosilicate, presenting an octahedral alu-
mina between two tetrahedral silica layers. These parallel layers
are held together by weak electrostatic forces, allowing water and
other polar molecules to enter between layers and induce an expan-
sion of mineral structure [24]. Substitutions of ions of lower valence
within the lattice structure, for instance, AI3* for Si** in the tetra-
hedral sheet and Mg2* for AI3* in the tetrahedral layer, result in an
excess of negative charge in the lattice. These imbalanced charges in
the interlayer space are equalised by the dominant cations, typically
Na*, K*,Mg2*, and Ca2*. These cations are exchangeable due to their
loose binding, together with broken bonds with clay, attributed to
a high cation exchange capacity of bentonite.

3.1.1.2. Kaolin. Kaolin or china clay is commonly referred to as clay
that consists mainly of kaolinite. It is recognized as 1:1 clay as its
structure presents a tetrahedral silica sheet alternating with an
octahedral alumina sheet (Fig. 2b). These sheets are arranged so
that the end of the silica tetrahedrons and the adjacent layers of
the octahedral sheets form a layer. The layer consists of octahedral
and tetrahedral groups, in which two-thirds of the oxygen atoms
are allocated by the silicon and aluminium, becoming O instead of
OH. The charges within the structure unit are balanced, and there
is very little substitution in the interlayer space [25]. The bond held
between two adjacent layers is a weak hydrogen bond, but the sum
of many hydrogen bonds between units creates a strong and sta-
ble force which is nearly impossible to separate. The structure is
fixed and no expansion occurs between layers when the clay is wet-
ted. Thereby, kaolinite is defined as a nonexpanding phyllosilicate
mineral.

3.1.1.3. Zeolite. Zeolite is a crystalline aluminosilicate with dif-
ferent cavity structures. Its molecular is structured by a three
dimensional framework formed by fully connected SiO4 and AlO4
tetrahedra linked by coordinating oxygen atoms (Fig. 2c). An
imbalance charge between AI3* and four negative charges of sur-
rounding oxygen atoms generates a negative excess charge within
the lattice. This negative charge can be compensated by cer-
tain exchangeable ions in solutions, providing zeolites high ion
exchange capacity. Differing from clays, zeolite is categorised as
a tectosilicate (framework silicates) with microporous channels,
of which their pore space is filled in a volumetric manner rather
than a layer-by-layer pattern in clays [26]. The natural zeolite
used in this study is a mineral of the heulandite group with
high silica content. Its characteristics of tabular morphology illus-
trate an open reticular structure of easy access formed by open
channels of 8-10 membered rings. One of the most important
features of zeolites is their silicon and aluminium (Si/Al) ratio.
Aluminosilicate zeolites exhibit a strongly hydrophilic capabil-
ity in nature, lowering Si/Al component ratio through, i.e. acid
treatment, can improve hydrophobicity on material surface and



358 V. Vimonses et al. / Chemical Engineering Journal 148 (2009) 354-364

AccV Spot Magn
100kV 40 3236x

D
SE 30.7 NaBENTONITE

AccV  Spot
100 kV 4.0 ATURAL KAOLIN
~nF .

AccV Spot Magn Det WD F————— 20um

100kV 40 3200x SE 14.9 ZEOLITE

Fig. 3. Scanning electron microscopic images of clay materials. (a) Sodium ben-
tonite, (b) Kaolin and (c) Zeolite.

increase its adsorptive favourability toward organic compounds
[27].

3.1.2. Surface property

The surface morphology of these three adsorbents was observed
under SEM analysis (Fig. 3). The SEM image of sodium bentonite
confirms with its theoretical structure in which the soft clump and
sponge like figure with consistent distribution of micropores were
observed. Kaolin, on the other hand, illustrates the scattering of
small solid hexagonal flakes piled up on top of one another. Zeolite
shows noticeable cage-like cavities and the presence of other impu-
rities on the surface that are generally found in untreated zeolites.
The average BET surface areas of sodium bentonite, kaolin and zeo-
lite are shown in Table 1. Bentonite has the largest specific surface
area followed by kaolin.

X-ray diffraction (XRD) is the basic technique to determine the
bulk structure and composition of materials with crystalline struc-
ture. From Fig. 4, XRD measurement shows that sodium bentonite

is mainly composed of amorphous phase and contains less than 10%
crystal phase present in the form of quartz. The majority of kaolin is
reported as the crystal phase with more than 76% of the total weight.
Similar crystalline content is also present in zeolite in the form of
quartz, aluminite, and diaspore. Such difference in material phases
can be implied to the distinctive adsorption characteristics among
clays. High amorphous content and low crystal phase of sodium
bentonite points out that the CR removal is rather a combination
mechanisms of dye adsorption on clay surface and cation exchange
between dye and foreign ions within the interlayer of the bentonite.
In contrast, kaolin has a considerably lower cation exchange capac-
ity, and performs the adsorption which is most likely to take place
on the crystal surfaces and edges of clay.

3.2. Effect of dye concentration

The effect of initial CR concentration on the adsorption capacity
of the clay materials was investigated under equilibrium conditions
with 20 g1~ of adsorbents. In Fig. 5a, a similar CR adsorption pro-
file was observed, where the adsorption capacity increased with
an increase in the dye concentration. The maximum adsorption
capacity attained 5.6 mgg~! for kaolin and 4.3 mg g~ for zeolite in
association with CR concentrations of 150 mgl~! and 200 mgl-1,
respectively. The adsorption capacity of sodium bentonite was
found to gradually reach 19.9 mgg~! at 1000 mg1-! of CR. The high
colour removal by bentonite is corresponded to its higher specific
surface area, when compared to kaolin and zeolite. It can be pro-
posed that an increase in the initial dye concentration leads to an
increase in mass gradient between the solution and adsorbent, and
thus acts as a driving force for the transfer of dye molecules from
bulk solution to the particle surface. The increase in the propor-
tional dye adsorption is attributed to the equilibrium shift during
the clay adsorption process [5].

3.3. Effect of adsorbent dosage

The effect of adsorbent dosage ranging from 5 to 100gI-! on
the CR (150 mg1~') removal is presented in Fig. 5b. The CR removal
increased as the clay dosage increased. As the adsorbent dosage
increased, kaolin and zeolite demonstrated a gradual increase in CR
removal from 18 to 100% and 12 to 95%, respectively. This adsorptive
enhancementis ascribed to anincrease in adsorption surface area of
micropores and the availability of adsorption sites [17]. This investi-
gation further confirmed that sodium bentonite demonstrated the
highest adsorptive capacity. Nearly 100% CR removal was achieved
using only 20 g1-! of bentonite, compared to 50 g1~ of kaolin and
more than 100 g1~ of zeolites.

3.4. Adsorption isotherm

Analysis of adsorption isotherm is of fundamental importance
to describe how adsorbate molecules interact with the adsor-
bent surface. Equilibrium studies determine the capacity of the
adsorbent and describe the adsorption isotherm by constants
which values express the surface properties and affinity of the
adsorbents. The relationship between equilibrium data and either
theoretical or practical equations is essential for interpretation
and prediction of the extent of adsorption [28]. The Freundlich
isotherm was employed to describe heterogeneous systems and
reversible adsorption, which does not restrict to the monolayer
formations.

The favourable adsorption of the adsorption model can be deter-
mined from Freundlich constants. K is indicative of the adsorption
capacity of the adsorbent, i.e. the greater Kr value, the greater
adsorption capacity. The other Freundlich constant n is a measure
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Fig. 4. X-ray diffraction patterns of Australian clay minerals. (a) Sodium bentonite, (b) Kaolin and (c) Zeolite.

of the deviation from linearity of the adsorption and used to ver-
ify types of adsorption. It is suggested that if n is equal to unity,
the adsorption is linear. Furthermore, n below unity indicates that
adsorption is a chemical process; whereas, n above unity is associ-
ated with a favourable adsorption and a physical process [15].
Unlike the Freundlich isotherm, the Langmuir isotherm is based
on the assumption that a structure of adsorbent is homogeneous,
where all sorption sites are identical and energetically equivalent.
That is, each CR/clay adsorption process should have equal sorption
activation energy and demonstrates the formation of monolayer
coverage of dye molecule on the outer surface of clay adsorbents.

For the Langmuir model, the effect of isotherm shape is used
to predict a favourability of an adsorption system under specific
conditions. According to Hall et al. [29], the favourable adsorption
of Langmuir isotherm can be expressed in terms of a dimensionless
constant separation factor or equilibrium parameter Ry.

1

&:1+mq

(14)

The values of the Ry are basically classified into four groups,
indicating the shape of the isotherm as follows:
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Ry Type of isotherm
R.>1 Unfavourable
R.=1 Linear

O<Ry <1 Favourable

R.=0 Irreversible

Table 2A shows the calculated values of Freundlich and Lang-
muir model’s parameters. The n and Ry values indicate that the
CR adsorption on all clay materials is favourable for both adsorp-
tion isotherms under the experimental condition (30°C). From
Fig. 6a and b, the CR adsorption by sodium bentonite and zeolite
exhibits a reasonable fit to the Langmuir model (r2 >0.95). How-
ever, a better fit to Freundlich equation was statistically confirmed
by giving greater r2 values closer to unity (0.98 and 0.99, respec-
tively) and smaller values of x2. This implies that the Freundlich
model may better describe an adsorption isotherm for these two
adsorbents. This adsorptive behaviour indicates that the adsorption
takes place on a heterogeneous surface, which may be attributed
to the various active sites on sodium bentonite and zeolite hav-
ing different affinities to CR molecules. The overall adsorptive
performance is dominated as a physical adsorption process. The
Kg values calculated from the Freundlich model (Table 2A) sup-
ported the experimental results shown in Sections 3.3 and 3.4, i.e.
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Fig. 5. Effect of (a) initial dye concentration and (b) adsorbent dosage on removal of
Congo Red on Australian clay materials (adsorbent dosage 5 g, initial pH 7.5 +0.3).
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Fig.6. Adsorptionisotherm for adsorption of Congo Red on Australian clay materials
(adsorbent dosage 5 g, initial dye concentration 150 mgl-!, initial pH 7.5 +0.3) (a)
Freundlich and (b) Langmuir.

bentonite has much higher adsorption capacity than kaolin and
zeolite.

In contrast, the experimental data of kaolin adsorption isotherm
fitted well with the Langmuir model (r2>0.99). R, value of the
isotherm was very close to a low acceptable range, indicating a
high degree of irreversibility of the adsorption process. Confirma-
tion of experimental data into Langmuir isotherm of kaolin-CR is
verified by the comparability of calculated maximum amount of
monolayer adsorption (gm ) and equilibrium adsorption from exper-
iments (ge), showing small x2 given in Table 2A. The applicability of
single layer coverage of dye molecules on the surface of the kaolin
may be explained at the molecular level as a fact that the structure
charge of kaolinite crystal is balanced and there is very little or no
substitution taking place between layers. The surface area of kaoli-
nite only equates to the external surface area and the edge surface
area, where the adsorption takes place. In contrast, the adsorption
with bentonite can occur between interlayer spaces.

Several studies have been investigated on removal of CR in aque-
ous solution using low-cost adsorbents. Table 3 summarises the
adsorption capacity of different types of adsorbents for CR. It can
be seen that adsorption isotherm is likely dependent on the surface
properties and affinity of the adsorbents. Mesoporous activated

Table 2A
Adsorption parameter of isotherm for the adsorption of 150 mg1-' Congo Red on Australian clay materials.
Materials ge (€Xp) Freundlich Langmuir

Kg n r? 2 Ky R Gm r? x?
NaBentonite 7.29 5.70 1.56 0.9761 0.6048 0.23 0.03 35.84 0.9734 0.8590
Kaolin 5.58 1.98 412 0.9018 0.6097 0.50 0.01 5.44 0.9953 0.1022
Zeolite 3.03 0.52 2.50 0.9883 0.0300 0.05 0.12 3.77 0.9581 0.1833
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Fig. 7. Adsorption kinetic for adsorption of Congo Red on Australian clay materials
(adsorbent dosage 5 g, initial dye concentration 150 mg1-', initial pH 7.5+ 0.3) (a)
Pseudo-first order and (b) Pseudo-second order.

carbon exhibits the highest adsorption capacity in CR adsorption.
This could attribute to well controlling surface properties during
the material preparation. Australian clay minerals show promising
potential in removal of dye when compared to untreated materials,
especially when process costs are taken into account.

3.5. Adsorption kinetic

Fig. 7 presents the plots of the pseudo-first order and second
order kinetics of CR adsorption on sodium bentonite, kaolin and
zeolite. The calculated kinetic parameters are given in Table 2B.
Fig. 7a shows that the first order kinetic curves of all adsorbents do
not give a straight line but show a clear identification into several
regions. This disagreement is corroborated by lower 12 and large 2.
As aresult, it is suggested that adsorption of CR on these adsorbents
did not follow pseudo-first order model in all cases.

On the contrary, the results present an ideal fit to the second
order kinetic for all adsorbents with the extremely high rZ>0.99
(Fig. 7b) and very low x2 (Table 2B). A good agreement with this
adsorption model is confirmed by the similar values of calculated
ge2 and the experimental ones for all adsorbents; and calculated
Langmuir monolayer adsorption, qn, in the case of kaolin. The best-
fit to the pseudo-second order kinetics indicates that the adsorption
mechanism depends on the adsorbate and adsorbent [16], and the

Table 2B

Table 3
Adsorption isotherms of Congo Red on various adsorbents.
Adsorbent Adsorption isotherm ¢y (mgg™') Reference
Coal-based mesoporous Langmuir 52-189 [28]
activated carbons
Chitosan hydrobeads Langmuir 92.59 [37]
Waste orange peel Langmuir 22.44 [6]
Bagasse fly ash Langmuir 11.88 [17]
Activated red mud Langmuir 7.08 [30]
Activated coir pitch Langmuir 6.72 [31]
carbon
Kaolin Langmuir 5.44 Present study
Red mud Langmuir 4.05 [7]
Calcium-rich fly ash Freundlich - [5]
Sodium Bentonite Freundlich - Present study
Zeolite Freundlich - Present study
8
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Fig. 8. Intra-particle diffusion kinetic for adsorption of Congo Red on Australian
clay materials (adsorbent dosage 5 g, initial dye concentration 150 mg1-?, initial pH
7.5+0.3).

rate-limiting step may be chemisorption involving valence forces
through sharing or exchange of electrons. Similar kinetic results
have also been reported for the CR adsorption onto calcium-rich fly
ash [5], xerogel [16] and coir pith carbon [31].

3.6. Adsorption mechanism

The dye sorption is usually governed by either the liquid phase
mass transport rate or the intra-particle mass transport rate. There-
fore, diffusive mass transfer is incorporated into the adsorption
process. In this study, the Intra-particle diffusion model was applied
to identify the diffusion mechanism of the CR adsorption onto the
natural adsorbents. Fig. 8 shows that the adsorption plots of these
natural adsorbents are not linear over the whole time range and can
be separated into a few linear regions. This may reveal that there are
two or three adsorption stages taking place. Lorenc-Grabowska and
Gryglewicz [28] explained such multi-linearity stages that the ini-
tial portion can be attributed to external surface adsorption that the
adsorbate diffuses through the solution to the external surface of
the adsorbent or the boundary layer diffusion of solute molecules,
where the adsorption rate is high. The second portion illustrates
the gradual adsorption stage, where intra-particle diffusion rate
is rate-controlling. The last portion refers to the final equilibrium

Adsorption parameters of kinetic for the adsorption of 150 mg1-' Congo Red on Australian clay materials.

Materials qe (exp) Pseudo-first order Pseudo-second order

Ge1 k1 2 X de2 h ky r x
NaBentonite 7.29 8.77 0.16 0.9562 0.2492 7.51 21.79 0.39 1 0.0070
Kaolin 5.58 2.14 0.02 0.8959 5.4225 6.27 1.37 0.03 0.9999 0.0864
Zeolite 3.03 2.01 0.001 0.8066 0.5151 3.16 0.14 0.01 0.9976 0.0054
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Fig.9. Effectof(a) pH and (b) temperature on adsorption of Congo Red on Australian
clay materials (adsorbent dosage 5 g, initial dye concentration 150 mg1-1).

stage in which the intra-particle diffusion starts to slow down and
level out as the extremely low dye concentration remains in the
solution or maximum adsorption was attained. Generally, when
adsorption steps are not dependent of one another; the plot of q;
against t1/2 should give two or more intercepting lines depending
on the actual mechanism [32]. The intra-particle diffusion plots
of all clays provide a linear relationship; however, none of the
lines passed through the origin, I # 0. This indicates that the intra-
particle diffusion is involved in the adsorption process but not the
only rate-controlling step. That is, some other mechanisms such as
complexation or ion-exchange may also control the rate of adsorp-
tion [15,33]. The large deviation from the origin of the bentonite
plot shows that the boundary layer diffusion affects the adsorption
to some extent, compared to kaolin and zeolite where intercept val-
ues are smaller. Similar results have been reported in adsorption of
CI reactive blue 221 on sepiolite [9] and basic dyes on Australian
zeolites [34].

3.7. Effect of pH

Fig. 9a presents the effect of pH 3-11 on CR adsorption on
different clay minerals. The results show that bentonite demon-
strated a pH stable adsorption, whereas the adsorption by kaolin
and zeolite is a pH dependent process. The adsorption capacity of
zeolite decreased significantly as pH increased, while the adsorp-
tion ability of kaolin decreased when pH was higher than 9. The
pH effective-adsorption can be explained by the fact that the pH of
dye solution can significantly affect the surface charge of the adsor-
bent and the degree of ionisation and speciation of the adsorbate
[15]. The reduction of dye adsorption over the pH range may relate

to two possible mechanisms: electrostatic interaction and chemi-
cal reaction between clay minerals and dyes. It was reported that
Si0O,, Al 03 and CaO, major components of the studied adsorbents,
have zero point charge values of 2.2, 8.3 and 11, respectively [17].
At an acidic pH, the negative charge of silica sites of adsorbent is
counterbalanced by H* ions hence reducing hindrance to diffusion
of dye ions [17]. Whereas, there is a significant increase in elec-
trostatic attractions between negative charges of anionic dyes and
positive charges of alumina and calcia sites, thereby increasing dye
adsorption [13]. As the pH of the system increases, the number of
negatively charged sites raises and the number of positively charged
sites declines. A low adsorption capacity can be attributed to ionic
repulsion between the clay surface and the anionic dye molecules.
Besides this, an abundance of OH™ ions in basic solution creates a
competitive environment with anionic ions of CR for the adsorption
sites causing a decrease of adsorption.

Besides, the impact of the pH on the adsorption capacity is
likely to be controlled by the properties of the absorbent and
adsorbate. The different pH sensitivities given by the three clay
materials may be due to the difference in molecular structure
among clays (Fig. 2). The ion-exchange capacity of bentonite mostly
counts on substitutions within the lattice structure. These negative
charges are known to be permanent and pH independent. Whereas,
the negative charges of kaolin with low isomorphous substitution
are mainly derived from the broken bonds around the edges and
exposed hydroxyl basal, and strongly depend upon pH [35]. On the
other hand, the most significant change was observed in adsorp-
tion onto zeolites where CR is almost completely removed at pH 3
and constantly decreased to less than 80% removal at pH 11. The pH
sensitivity of zeolite may also contribute to a larger content of CaO,
which counts as 2.9% of total composition (0.9% and 0.1% for ben-
tonite and zeolite, respectively). This lime can be rapidly converted
into Ca(OH), when it contacts with water. A suspension of the cal-
cium hydroxide is a medium strength base in nature, resulting in
an increasing alkalinity of the dye solution.

In addition, the noticeable increase in adsorption capacity of
zeolites at the acidic pH may relate to the increased complexity
of zeolite channels. Korkuna et al. [26] stated that acidic modifi-
cation of natural clinoptilolite (zeolite) can improve the adsorbent
characteristics due to decationation and dealumination reactions,
as well as by dissolving amorphous silica fragments blocking the
zeolite channels, resulting in an increase in microporous distribu-
tion. However, it was observed that at alkaline pH range, significant
dye adsorption on all materials still takes place. This reveals that
chemisorption might also take part in the adsorption [31]. Further-
more, it is very important to point out that more than 90% of the dye
can be removed by all materials at the natural pH. This is indica-
tive of the possibility to employ these Australian clay materials as
alternative low-cost adsorbents.

3.8. Effect of temperature

Thermodynamic reaction of adsorption process can be deter-
mined via thermodynamic parameters, such as the changes in the
standard free energy (AG°), the enthalpy (AH°) and entropy (AS°)
associated with the adsorption process, using the following rela-
tion:

AG® = AH® — AS°T (15)
AG®° = —RT InK¢ (16)

Taking advantages of Egs. (15) and (16), the van’t Hoff equation can

be written as

AS°  AH°
R RT

lIlKC = (17)
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Table 4

Thermodynamic parameters for the adsorption of Congo Red on Australian clay materials at different temperatures.

Material AG® (kfmol-1) AH® (k] mol-1) AS° (Jmol 1K)
25°C 30°C 40°C 50°C 60°C

NaBentonite —15.250 —15.240 —15.379 —15.340 —15.532 —13.021 7.411

Kaolin —11.054 —10.989 —10.879 —10.583 —-10.372 —16.968 —19.722

Zeolite —3.194 —2.485 —2.367 —1.872 —1.857 —13.549 —35.652

where K¢ is the equilibrium constant, which is the ratio of the
equilibrium concentration of the dye ions on adsorbent to the equi-
librium concentration of the dye ions in solution. R is the ideal gas
constant (8.314]Jmol~'K-1) and T is the adsorption temperature
in Kelvin. Values of AG° (kJ mol~1) at different temperatures were
evaluated from Eq. (16). Plot of In K¢ versus 1/T should give a linear
line, where values of AH° (kfmol~1) and AS° (Jmol~1K-1) can be
calculated from the slope and intercept of van’t Hoff plots.

The results in Fig. 9b and Table 4 show the influence of temper-
ature on adsorptive capability of the clay minerals. The adsorption
of all materials is found to decrease slightly with increasing tem-
perature from 25 to 60 °C, thereby suggesting that the adsorption
process is thermodynamically stable. However, the best CR adsorp-
tion onto the studied clay minerals occurs favourably at a low
temperature. This is confirmed by negative values of AH°, which
revealed that the adsorption is exothermic and likely to be dom-
inated by physical processes in nature involving weak forces of
attraction [36]. Similar results studying CR adsorption on chitosan
hydrobead where was reported by Chatterjee et al. [37], suggest-
ing that a poor adsorption capacity at a high temperature may be
attributed to the weakening of physical interaction between dye
and adsorbent due to weakening of hydrogen bonds and van der
Waals interaction.

In general, the change of standard free energy for physisorp-
tion is in a range of —20 to 0kJmol~!, and the chemisorption
varies between —80 and —400 k] mol~! [38]. The overall AG° of all
adsorbents is negative values from —15.5 to —1.86k] mol~! at the
temperature range studied. These results correspond to a sponta-
neous physical adsorption of CR, indicating that this system does
not gain energy from external resource. The shifts in magnitude of
AG® to higher negative values of kaolin and zeolite when the tem-
perature decreases are indicative of a rapid and more spontaneous
adsorption at a low temperature [38]. The positive value of AS° of
sodium bentonite indicates an increase in disorder of solid-liquid
interface of material during adsorption of dye [39]. Conversely,
the negative values AS° of kaolin and zeolite suggest a decrease
in randomness at their solid/solution interface and no significant
changes occur in the internal structure of the adsorbents through
the adsorption [9].

4. Conclusions

This may be one of few studies on evaluation of naturally clay
minerals, sodium bentonite, kaolin and zeolite, for removal of high
dosage anionic dye from aqueous solution. SEM images and X-
ray diffraction showed the different features of these adsorbents
which may result in different adsorption characteristics. The Fre-
undlich isotherm was found to be the best described adsorptive
interaction for sodium bentonite and zeolite; whereas the Lang-
muir model was well-fitted to kaolin. Kinetic studies showed that
adsorption profiles of all materials followed pseudo-second order
model with multi-step diffusion process. Acidic pH condition was
found to enhance the dye removal due to electrostatic attraction,
but more than 90% dye removal was still obtained at neutral pH.
Thermodynamic studies indicated that adsorption of all materi-
als was stable over an extensive range of temperature. Adsorption

is an exothermic reaction and can take place spontaneously in
nature.

Sodium bentonite performed the best adsorption capac-
ity (19.9mgg-1) for Congo Red removal, followed by kaolin
(5.6mgg!) and zeolite (4.3 mgg!). The high adsorption ability,
less pH sensitivity and thermodynamic stability of sodium ben-
tonite and kaolin revealed that these Australian clay minerals can
be used as alternative adsorbents for removal of recalcitrant dye in
industrial wastewater.
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