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ABSTRACT

Naturally occurring kaolinite and montmorillonite were treated with 0.25 and 0.50M H,50,
and the modified clays along with the parent clays were used as adsorbents for the dye, Congo
red in water. Adsorption was carried out in batch process with pH, dye concentration, amount
of clay mineral, interaction time and temperature as the experimental variables. Adsorption
was fast attaining equilibrium within 120min and conforming to second-order kinetics. The
Langmuir monolayer capacity for kaolinite and 0.25M and 0.50 M acid-treated kaolinite varied
from 0.024 to 0.033 mmol g~ ', 0.029 to 0.035 mmol g, 0.030 to 0.036 mmol g ', respectively, in
the temperature range of 293-323 K. The corresponding values for the montmorillonites were
0.223-0.243mmol g~ ', 0.227-0.249mmolg™ ' and 0.231-0.256mmolg '. Thermodynamic
studies indicated that the dye molecules were held to the clay mineral surface by weak bonds
and the whole process was endothermic near ambient temperature. The acid-treated clay

minerals showed better adsorption capacity for the dye.
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1. Introduction

Coloured effluents enter water from the
production process of dyes and pigments and from
industries using dyes or producing them as by-prod-
ucts, such as textile mills, pulp and paper industry,
cosmetics manufacture, lather tanning, plastics, etc.
Colour in natural water is not only aesthetically unac-
ceptable, but it also interferes with the process of
natural purification and disinfection of water by
preventing sunlight penetration. It is also reported
that colour in water might upset and interfere with
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the biological activities of the micro-organisms.
Further, when the water is disinfected with chlorine-
based chemicals such as bleaching powder, presence
of dyes may lead to the formation of the toxic
trihalomethanes [1,2].

Congo red [l-naphthalene sulphonic acid, 3,30-
(4,40-biphenylenebis (azo))bis (4-amino-) disodium
salt] is a benzidine-based anionic diazo dye, and is
widely used in textile, paper, rubber and plastic
industries [3]. Both, short time or prolonged contact
of this dye with the eyes and skin causes severe
irritation. On ingestion, it produces gastrointestinal
irritation with nausea, vomiting and diarrhoea. It is
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known to be a carcinogenic, and prolonged use
results in tumor formation amongst humans [4].
These human health concerns have led to
discontinuation of the use of Congo red in many
countries [5].

Removal of dyes and pigments from wastewater
has been known to be a major challenge to the
pollution control authorities. Most dyes are recalcitrant
organic molecules, resistant to aerobic digestion and
are stable to light, heat and oxidizing agents [6].
Adsorption onto a suitable solid has emerged as one of
the most effective techniques for separation and
removal of the dyes from water. Adsorption is both
economical and feasible with the additional advantage
of not producing toxic by-products with adverse
impacts [7]. This has led to exploration of many novel
and cheap materials as adsorbents for colour removal
from water. A few of the recently tested materials
include deoiled soya [7], hen feathers [8-11], bottom
ash [12], wheat bran and rice bran [13], calcite [14], etc.

The clay minerals in soil play the role of a natural
scavenger by filtering out pollutants from water
through both ion exchange and adsorption
mechanisms, and are considered as effective low-cost
adsorbents for the removal of toxic dyes from water.
Over the years, many clay minerals have been used
for this purpose, e.g. kaolinite [15,16], natural and
acid-activated bentonite [17], organo-vermiculite [18],
thermal activated and acid-activated sepiolite [19],
manganese oxide-coated sepiolite [20], etc. The high
specific surface area, chemical and mechanical
stability, layered structure, high cation exchange
capacity (CEC), Bronsted and Lewis acidity, etc. have
given excellent adsorption characteristics to the clay
minerals [21]. Recent applications have tried to utilize
either organo clays or pillared clays obtained by
introducing large organic or inorganic groups into the
interlayer space, but the use of these materials as
adsorbents is often limited by the difficult
modification process as well as the additional cost
involved [17]. Instead, a simple and cost-effective
modification by acid treatment has been found to
produce better adsorbents by releasing octahedral Al
atoms preferentially from the clay structure and
leading to formation of additional AI-OH and Si-OH
adsorption sites, without affecting the original
mineral structure [22]. Acid treatment has also been
shown to create higher porosity together with disag-
gregation and delamination of the clay platelets.
While these changes serve to increase adsorption
capacity, the use of stronger acid has the negative
effect of decreasing adsorption capacity due to struc-
tural damage arising from partial dissolution of the
clay mineral [23,24].

The present work was aimed at studying the
adsorption capacity of kaolinite, montmorillonite and
their acid-treated forms for adsorption of Congo red
from aqueous solution under different experimental
conditions.

2. Experimental set-up
2.1. Clays

Kaolinite, KGa-1b (K) and montmorillonite-K10
(M) were obtained from the University of Missouri,
Columbia, Source Clay Minerals Repository, USA and
Himedia Laboratory Private Limited, India, respec-
tively. Acid-treated kaolinite (K1, 0.25M H,SO,; K2,
0.50M H,SO,) and montmorillonite (M1, 0.25M
H,S04 M2, 0.50M H,50,4) were prepared by the pro-
cedure of Espantaleon et al. [25]. About 20g of clay
was refluxed with 200ml of either 0.25M or 0.5M
H,SO;, for 3h. The resulting material was centrifuged
and washed with water several times till it was free of
SO:~, and then dried at 383K in an air oven until con-
stant weight. It is to be noted that only mild acid was
used in the process to avoid structural damage to the
clay minerals.

2.2. Characterization of clays

The adsorbents were characterized with XRD
(Phillips Analytical PW 1710 Cu Ko radiations), SEM
(Leo 1430VP), surface area and zeta potential
(Malvern Zetasizer, Nanoseries Z590) measurements.
Surface area measurements were done with Sears’
method [26] and the CEC was estimated by the
procedure given by Bergaya and Vayer [27].

2.3. Preparation of Congo red solution

Congo red, C3H»npN¢NayOgS,, (Loba Chemie, CI
Classification Number: 22120; CAS No: 573-58-0; MW:
696.65) was used without further purification. The
structure of the dye, Congo red is shown in Fig. 1.

A stock solution of the dye containing
1.435mmol L™! was first prepared by dissolving the
required amount of dye in double distilled water. The
aqueous solution of the dye had a pH of 6.94. Solu-
tions for adsorption experiments were made from the
stock solution in different concentrations.

2.4. Adsorption experiments

Before each experiment, blank runs were carried
out by taking dye solutions in the same concentration
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Fig. 1. Congo red structure.

range (as used in the adsorption experiments) in
Erlenmeyer flasks without the clay adsorbents and
shaking the same as in the actual experiments. The
initial and final dye concentrations were almost
constant showing that the walls of the flask did not
show any measurable adsorption of the dye. The
adsorption experiments were carried out in the same
flasks by mixing a fixed amount of clay with 50ml of
aqueous dye solution. The mixture was agitated in a
thermostatic water bath (NSW, Mumbai, India) for a
pre-determined time interval. The mixture was
centrifuged for 15min (Remi R 24, ~10,000rpm) and
the remaining unadsorbed Congo red in the superna-
tant liquid was determined spectrophotometrically
(Elico SL 177, India) at A=499 nm. All the experiments
were done in triplicate to avoid experimental error.
The standard deviation (SD) of the three sets of data
was found to be very low (SD <0.0048).

3. Results and discussion
3.1. Characterization of the clays and acid-activated clays
3.1.1. XRD measurement

Acid treatment and calcination are likely to influ-
ence the clay mineral structure, as H* ions replace
some of the exchangeable cations on the surface.
However, it was observed that there was only a little
change in the intensity of the characteristic XRD peaks
after acid treatment accompanied by slight broadening
of the bands. The low-angle diffraction intensities
showed some increase and there was a reduction in
the corresponding tip widths. This is in agreement
with other earlier XRD observations of the acid-trea-
ted clay minerals [28,29]. The following general com-
ments could be made on the diffractograms (Fig. 2) of
the acid-treated clay minerals:

(i) The basal spacing expanded from 7.14 to 7.16
A (20=12.34") after treating kaolinite with

o\\S //o +

T~0Na
N=—/=N

HoN

0.25M H,S0, (K1) and to 7.17 A (20=12.34")
after treating with 0.50 M H,50, (K2), accompa-
nied by the decrease in intensity from 73.14 to
56.52% (K1) and 22.93% (K2).
(ii) The intensity of most of the low-angled XRD
peaks of kaolinite showed some amount of
positive change after acid treatment indicating
enhancement of crystallinity of the clay
minerals. The amorphous layer at the top might
have been partially eroded by the acid such
that both octahedral and tetrahedral sites could
be reached directly by the X-ray beam.
The tip width of the 20=12.34" peak in kaolin-
ite reduced from 0.24 to 0.15 (K1) and 0.20
(K2). This is also an indication of the kaolinite
surface becoming more visible to the X-ray
beam after acid treatment such that the peaks
became sharper.

(iii)

Montmorillonite K-10 has a partially distorted
structure which on treatment with a mineral acid at
high temperature undergoes ion exchange, dealumina-
tion and extraction of iron and manganese [30]. In this
work, however, acid treatment was carried out only
under mild conditions using only dilute acid, and no
drastic change in montmorillonite structure could be
seen from the diffractograms. The montmorillonite K-
10 showed peaks at 9.64A (20=9.17°) and 18.06 A
(20=4.91) that suggested the presence of a clay min-
eral of mica group. Similar results were also obtained
by Villegas et al. [31].

XRD of montmorillonite K-10 showed a layered
structure with a basal spacing of 3.32A (20=26.83").
After acid treatment, the basal spacing increased
slightly to 3.35A (M1) and 3.34 A (M2). Similar obser-
vations were reported for Cu-exchanged montmoril-
lonite K-10 by Joseph et al. [32]. In the present work,
the intensity of the peak at 20=18.05" almost disap-
peared after acid treatment. Garade et al. [33] reported
that impregnation of montmorillonite K-10 with 10
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Fig. 2. XRD of (a) kaolinite K (b) 0.25M acid-activated kaolinite K1 (c) 0.50M acid-activated kaolinite K2 (d)
montmorillonite M (e) 0.25M acid-activated montmorillonite M1 (f) 0.50 M acid-activated montmorillonite M2.

and 20% dodecatungstophosphoric acid resulted in
disappearance of the peak at 20=18".

As a whole, the XRD measurements showed that
the clay mineral structure remained intact even after
acid treatment, and that the mild conditions of acid
treatment had not distorted the clay mineral structure
to any appreciable extent.

3.1.2. SEM measurement

SEM images of the six clay minerals are given in
Fig. 3. The parent kaolinite showed solid hexagonal
flakes as also found by other workers [34]. It also
showed some white deposits on the surface of the
flakes, which were likely to be non-clay minerals, e.g.
oxides of sodium, potassium, calcium, iron and mag-
nesium [35,36]. In case of montmorillonite, the flakes
appeared smaller than those in kaolinite; the flakes
had fluffy appearance indicating extremely fine platy

structure. Similar micrographs had been reported by
Molu and Yurdakog¢ [37]. White deposits over the
flakes could be seen as in kaolinite. The surface
morphology of both kaolinite and montmorillonite
showed changes after acid treatment and the
morphology appeared to have become more homoge-
neous. Similar observations were found in the
literature [34]. Compared to 0.25M acid, it was
observed that 0.5M acid did relatively more damage
to the surface. It was also observed that acid treatment
removed the deposits on the flakes and made the clay
mineral surface clean.

3.1.3. Surface area measurement

The specific surface areas of kaolinite (K) and
montmorillonite (M) were estimated as 3.8 and
92.6m?/ g. The treatment with 0.25M H,SO, increased
the surface area to 15.6 and 110.8m?/g for kaolinite
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Fig. 3. SEM of (a) kaolinite K (b) 0.25M acid-activated kaolinite K1 (c) 0.50M acid-activated kaolinite K2 (d)
montmorillonite M (e) 0.25M acid-activated montmorillonite M1 (f) 0.50 M acid-activated montmorillonite M2.

(K1) and montmorillonite (M1), respectively. Further
increase in acid strength (0.5M H,SO,) enhanced the
surface area to 19.2 (K2) and 1312 (M2)m?/g for
kaolinite and montmorillonite, respectively. Similar
changes were reported earlier [38,39]. The acid treat-
ment opened up the edges of the platelets [29] and as
a consequence the surface area and the pore diameter
increased, which was in conformity with the results
obtained in this work.

3.2. Congo red adsorption properties
3.2.1. Influence of pH

The pH is an important factor that often influences
the mechanism of adsorption process. Congo red is a
highly sensitive dye to pH. At pH <5.0, the dye
changes its colour to blue, and at pH >10 a red colour
is observed. This change in colour suggested that the
dye had undergone structural changes [40].
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The colour of Congo red is stable in the pH range of
6.0 to 10.0. Hence, the experiments were carried out in
the pH range of 6.0 to 9.5 (Fig. 4).

The measurement of zeta potential showed that
both kaolinite and montmorillonite did not have a
zero point charge in the pH range used in the study
(6.0-9.5). Kaolinite (K) had a zero point charge at pH
2.9 and therefore, kaolinite possessed a negative sur-
face above this pH (2.9). On the other hand, raw
montmorillonite did not show pH,,. down to pH 2.0,
a result consistent with the literature reports [41].
Substitution of Si with Al in the tetrahedral sheets
and Al with Mg in the octahedral sheets of the 2:1
layer structure of montmorillonite had created a posi-
tive charge deficiency, which was responsible for the
trend in zeta potential of the clay mineral. For acid-
treated kaolinite, K1 and K2, pH,,. shifted to pH 4
and pH 4.2, respectively and showed a general
decrease in negative charge in the clay surface. Acid-
treated montmorillonite M1 and M2 also showed an
increase in positive charge on the surface and showed
pHpc at pH 2 and pH 3.6, respectively. This might be
due to the increased acidity of the clay surface. Ma
et al. [42] also reported an increase in pH,,. of ben-
tonite after modification.

It was observed that for all the six clay minerals,
low pH favored adsorption of the dye. As is shown
above from zeta potential measurements, the clay
mineral surface became more negative at higher pH
and the Congo red anions would therefore prefer a
less negative surface (low pH) to bind to the adsor-
bent surface. The dye anions might also be held
through specific adsorption. There might also be a
competition between OH™ (at high pH) and Congo

~
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Fig. 4. Influence of pH for Congo red adsorption on
(a) kaolinites and (b) montmorillonites at 303 K.
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red anions for specific adsorption on the negatively
charged clay mineral surface, and highly mobile OH™
ions were likely to be preferentially adsorbed in
comparison to the bulky dye anions. Still, significant
adsorption was observed in the pH range of 7.0 to 9.5,
suggesting chemisorption to be operative in this pH
range [40].

3.2.2. Kinetics of adsorption

The clay minerals took up the dye anions at a very
fast rate (Fig. 5) for the first 30 min and equilibrium
was attained within 120 min. Montmorillonite showed
significantly higher adsorption capacity than kaolinite
and its acid-treated forms. With initial dye
concentration of 0.144 mmol L™}, kaolinite 20g LY
removed ~16% of the dye within the first 5min and
~27% in 120 min (pH 6.9, temperature 303 K). In case
of montmorillonite (0.4gL™"), 14% of the dye
(0.144mmolL™Y) was removed within 5min and
~22% after 120 min, close to equilibrium, under simi-
lar experimental conditions. The rate processes
suggested that the clay minerals interacted with the
dye in two stages: a rapid removal stage followed by
a much slower stage before the equilibrium was estab-
lished. At the initial stage, large numbers of active
sites on the clay minerals were available for dye
anions and the rate of adsorption was high. As the
fraction of the bare surface rapidly diminished, the
adsorption rate came down and thus, dye anions were
competing among themselves for the adsorption sites.
The rate was then predominantly influenced by the
rate at which Congo red molecules were transported
from the bulk to the adsorbate/adsorbent interface.

30 o
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©
15 12
B K Kl 4K O-M —0-Ml —A-M2
0om 0y
0 180 360 0 180 360
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Fig. 5. Influence of interaction time for Congo red
adsorption on (a) kaolinites and (b) montmorillonites at
303 K.
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The kinetics of the interactions were thus likely to be
dependent on different rate processes as the interac-
tion time increased [3].

Different kinetic models were used to find out
how the clays were interacting with the dye mole-
cules. The first-order Lagergren model was tested by
plotting In (g.—g,) vs. time according to the equation
[43],

In (9. — q¢) =In g, — Kkt (1)

where g, and gq; are the amounts adsorbed per unit
mass at equilibrium and at any time t, and k; is the
first-order rate coefficient. The values of k; obtained
from the plots (r~-0.99) varied from 3.06 x 10~ to
3.78x107% min ' at 303K for the six adsorbents
(Table 1) indicating first-order to be the likely mecha-
nism. However, inconsistency arose when the equilib-
rium solid-liquid phase concentrations of the dye, g,
obtained from the plots were compared with the
experimental g, values, the deviations being too large
(-145.21 to +99.75%, Table 1). Lagergren type of kinet-
ics was therefore rejected and the validity of second-
order kinetics was tested.

The second-order plots [44] of t/q; vs. t from the
linear relation,

t/gr=1/(kq) + (1/q.)t (2)

yielded better linearity (r~ +0.99, Fig. 6) and the
second-order rate coefficient at 303K varied from 1.98
to 533gmmol 'min~' for the six adsorbents
(Table 2). The experimental q. values now showed
much better agreement with those obtained from the
plots (Table 2) with deviations limited to +2.03 to
+4.88%. It is thus concluded that the clays took up
the dye anions through a second-order mechanism
and the rate determining step involved two anions of
the dye.

Table 1

Since the clay mineral surface is expected to be
energetically heterogeneous, the Elovich equation [45],

g=pfIn (af)+ pfInt (3)

applicable for such sorbents was also tested. The
Elovich coefficients, « and f (Table 3), represent the
initial adsorption rate (gmol 'min®) and the desorp-
tion coefficient (molg ™' min™"), respectively. In confor-
mity with Eq. (3), the plots of g; vs. In t had good
linearity and thus, the dye anions were likely to bind
to sites on the clay surface in order of increasing
energy.

3.2.3. Influence of clay amount

For initial dye concentration of 0.144 mmol L7} the
clay minerals (1-6gL ™" for kaolinites and 0.2-0.6gL "'
for montmorillonites; pH 6.9, temperature 303K)
adsorbed different amounts of the dye: 17.34-56.41%
by kaolinite (K), 18.55-57.3% by 0.25M acid-treated
kaolinite (K1), 19.23-58.32% by 0.5M acid-treated
kaolinite (K2), 16.12-29.02% by montmorillonite (M),
16.71-30.01% by 0.25M acid-treated montmorillonite
(M1) and 17.27-31.81% by 0.5M acid-treated montmo-
rillonite (M2). The increased adsorption with the
increase in clay mineral amount was obvious as an
increase in adsorbent amount made available a larger
number of adsorption sites for the dye anions.

Despite the increase in the extent of adsorption, the
amount of dye adsorbed per unit mass of clay showed
(7)) a decrease with an increase in clay amount
(K: 0.024-0.013mmolg ™', K1: 0.027-0.014mmolg ',
K2: 0.028-0.015mmolg ', M: 0.116-0.069 mmolg ',
M1:0.120-0.072 mmol g~ ', M2: 0.124-0.076 mmol g ). It
was likely that the increase in clay mineral amount
resulted in particle aggregation and consequently a
decrease in the surface area and an increase in diffu-
sional path length [46].

Lagergren first-order rate coefficients and g, values for Congo red adsorption on clay minerals (kaolinites 2.0gL ",
montmorillonites 0.4 gL~ dye concentration 0.144 mmol L', pH 6.94)

Clay mineral Lagergren coefficient

k; x 10? (min™ %) r
K 3.78 —0.99
K1 3.59 —0.98
K2 3.06 —-0.99
M 3.50 —-0.99
M1 3.36 —0.99
M2 3.54 —0.99

g (mmol g’l)

Experimental Lagergren Deviation (%)
0.0195 7.9080 +99.75
0.0199 7.4740 +99.73
0.0205 6.6720 +99.63
0.0796 0.0340 —134.12
0.0819 0.0334 —145.21
0.0853 0.0364 —134.34
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Fig. 6. Second-order plots for Congo red adsorption on
(a) kaolinites and (b) montmorillonites at 303 K.

3.2.4. Influence of initial dye concentration

The uptake of dye by the clay minerals decreased
when the Congo red concentration was increased.
However, the amount adsorbed per unit mass, qe,
showed an increasing trend; q. increased from 0.013
to 0.025mmolg ', 0.014 to 0.028mmolg ', 0.015 to
0.030mmolg "' for K, K1 and K2, respectively, (dye

Table 2

0.072 to 0.502mmol L") and 0.065 to 0.0158 mmolg
(M), 0.067 to 0.164mmolg ' (M1) and 0.068 to
0.168 mmolg~' (M2) (dye 0.115 to 0.574mmol L™").

At low initial dye concentration, the ratio of the
number of Congo red anions to the number of avail-
able adsorption sites was small and consequently the
adsorption was independent of the initial concentra-
tion. The dye cations were driven to the clay mineral
surface by the force generated due to the concentra-
tion gradient between the clay mineral surface and
the bulk solution. Under the same conditions, if the
concentration of the dye was high, the active sites on
the clay mineral would be surrounded by many more
dye molecules, and the active sites were likely to take
up their full quota of dye molecules depending on the
degree of unsaturation. Thus, g, values increased with
the increase in initial dye concentration.

3.2.5. Adsorption isotherm

The adsorption capacity and the affinity of a par-
ticular adsorbent towards a particular adsorbate are
best obtained from the isotherms. Two of the iso-
therms receiving maximum attention are the linear
versions of Freundlich [47] (Eq. (4)) and Langmuir
[48] (Eq. (5)) isotherms:

log g, = nlog C, + log K¢ (4)

Second-order rate coefficients and g, values for Congo red adsorption on clay minerals (kaolinites 2.0gL’1,
montmorillonites 0.4 gL ", dye concentration 0.144 mmol L™, pH 6.94)

Clay mineral Second-order coefficient

ko, (g mmol~ ! min~?) r
K 5.33 +0.99
K1 4.61 +0.99
K2 5.12 +0.99
M 1.98 +0.99
M1 217 +0.99
M2 2.21 +0.99

g, (mmol g’l)

Experimental Second-order Deviation (%)
0.0195 0.0205 +4.88
0.0199 0.0209 +4.78
0.0205 0.0211 +2.84
0.0796 0.0818 +2.69
0.0819 0.0836 +2.03
0.0853 0.0877 +2.74

Table 3

Elovich coefficients for Congo red adsorption on clay minerals (kaolinites 2.0gL ™', montmorillonites 0.4gL™"', dye

concentration 0.144 mmol L}, pH 6.94)

Clay mineral K K1

2 (g mol~' min®) 1.83 x 10° 3.91 x 10°
B (mol g~ ' min") 0.82 0.80

r +0.97 +0.97

K2 M M1 M2
1.0 x 10* 4.72 8.17 9.55
0.78 6.86 6.86 6.70
+0.97 +0.99 +0.99 +0.97
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Co/. = 1/(bq,,) + (1/.)C. (5)
where C, is the equilibrium concentration of the dye
(mmolL™"); g, is the amount of the dye adsorbed per
mass unit of adsorbent (mmolg ). K; (mmol'~"/™ L/™
g’l) and n, the Freundlich coefficients, represent
adsorption capacity and adsorption intensity, respec-
tively, and can be estimated from the intercept and
slope of the linear plots of log g. vs. log C, For
favourable adsorption, n is <1. The Langmuir coeffi-
cients, gq,, (amount adsorbed to form a monolayer over
the clay mineral surface, mmolg ') and b (the equilib-
rium constant of clay mineral-dye interactions, L
mmol ') were obtained from the plots of C./q. vs. C,.
The Freundlich isotherms at 303K were linear
(r~+0.94 to+0.99, Fig. 7) with the adsorption coeffi-
cients n (0.29-0.50) and K; 0.034-0.041 mmol'~"/"L"/"
g~ ! for kaolinite and its acid-treated forms, and 0.226 to
0.240 mmol"/"L"g~! for montmorillonite and its
acid-treated forms (Table 4). Similar trends were found
at other temperatures as well. The adsorption capacities
(Kp) were in the order of M2>M1>M>K2>K1>K.
The Langmuir plots too were linear (r ~+0.99, Fig. 8)
and the equilibrium coefficient, b (Table 5), was large
enough for a favourable shift of the equilibrium
towards the formation of dye-clay sorption complex.
By changing the adsorption temperature from 293
to 323K, ¢, increased from 0.024 to 0.033 mmol g’l,
0.029 to 0.035mmolg ", 0.030 to 0.036 mmolg™', 0.223
to 0.243mmolg ', 0.227 to 0.249mmolg ' and 0.231
to 0.256mmolg ' for K, K1, K2, M, M1 and M2,
respectively (Table 5). g,, had a similar order as the
Freundlich adsorption capacity, ie. M2>M1>M>
K2>K1>K. Acid activation had resulted in an

Table 4
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Fig. 7. Freundlich plots for adsorption of Congo red on
(a) kaolinites and (b) montmorillonites.

increase in the Langmuir monolayer capacity, g,, for
both kaolinite and montmorillonite. Acid treatment
enhanced the Langmuir capacity of kaolinite by
~10.71% for K1 (from 0.028 to 0.031mmolg ') and
~17.86% for K2 (from 0.028 to 0.033mmolg "), but
montmorillonite had only small enhancement (from
0.227 to 0.232mmolg !, 2.20% for M1 and 0.227 to
0.236mmolg~!, 3.96% for M2) at 303K. Acid
treatment, thus, generated a considerable number of
additional adsorption sites in case of kaolinite, but this
influence was not much in the case of montmorillon-
ite. The acid treatments were known to eliminate

Freundlich coefficients for Congo red adsorption on clay minerals (kaolinites 2.0gL "', montmorillonites 0.4gL ™", initial
dye concentration 0.072-0.502 mmol L' for kaolinites and 0.115-0.574 mmol L™! for montmorillonites, pH 6.94)

Temp (K) Freundlich coefficient Clay minerals
K K1 K2 M M1 M2
293 ks (mmol' /" LY/ g71) 0.028 0.035 0.036 0.233 0.239 0.244
n 0.27 0.32 0.32 0.54 0.53 0.51
r +0.98 +0.97 +0.97 +0.98 +0.98 +0.98
303 ks (mmol' /" L'/™ g~1) 0.034 0.039 0.041 0.226 0.233 0.240
n 0.30 0.29 0.29 0.50 0.49 0.50
r +0.94 +0.97 +0.97 +0.99 +0.99 +0.99
313 ks (mmol' /™ L'/™ g71) 0.035 0.041 0.055 0.242 0.253 0.261
n 0.22 0.26 0.26 0.46 047 0.47
r +0.98 +0.96 +0.96 +0.99 +0.99 +0.99
323 ks (mmol' /" L'/™ g~1) 0.039 0.042 0.043 0.263 0.267 0.276
n 0.24 0.25 0.24 0.41 0.40 0.40
r +0.99 +0.99 +0.97 +0.99 +0.98 +0.99
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Fig. 8. Langmuir plots for Congo red adsorption on (a)
kaolinites and (b) montmorillonites at 303 K.

mineral impurities from the surface [49] with partial
dissolution of the external layers. This might also be a
contributing factor in the less-than-expected increase
in adsorption capacity after acid treatment. Similar
results were also reported earlier [50].

The monolayer adsorption capacity (g,,) of Congo
red on bentonite [40] was 0.228 mmolg '. Vimonses
et al. [34] have found that locally available kaolinite
samples have monolayer capacity of 0.008-
0.014mmolg "' for Congo red. y-Fe,O; has a much
larger monolayer capacity of 0.299mmolg ' at
pH 5.9 [5].

Table 5

3.2.6. Thermodynamics of Congo red adsorption on
clays

The amount of dye adsorbed per unit mass of clay
mineral (g,,) increased when the adsorption tempera-
ture raised from 293 to 323K, indicating endothermic
interactions. Adsorption of Congo red on clay miner-
als, thus, required small activation energy and the rise
in temperature facilitated more dye anions to over-
come the energy barrier and get attached to the
surface. Similar endothermic interactions of Congo red
had been reported earlier [51].

The thermodynamic adsorption parameters, AH,
AS and AG (Table 6), were computed from the plots
of In K; vs. 1/T from the equations,

In K; = (AS/R) — (AH/RT) 6)

AG = AH — TAS (7)

where K; (3./C,) is known as the distribution coeffi-
cient, T the temperature (K) and R=8314x10°
KJ K 'mol~'. The mean adsorption enthalpy, AH, var-
ied from 10.21 to 11.75kJmol " for the kaolinites and
from 9.73 to 9.93kJmol~! for montmorillonites. The
clay surface thus holds the dye anions with weak
interactive forces.

Entropy of adsorption, AS, had increased for all
the clay minerals in the temperature range of 293 to
323K and the mean AS varied from 17 to
27JK 'mol ! for the six adsorbents. Since the interac-
tions did not bring about any major change in surface
configuration, the entropy increase that could be

Langmuir coefficients for Congo red adsorption on clay minerals (kaolinites 2.OgL’1, montmorillonites O.4gL’1, initial
dye concentration 0.072-0.502 mmol L' for kaolinites and 0.115-0.574 mmol L " for montmorillonites, pH 6.94)

Temp (K) Langmuir coefficient Clay minerals
K

293 gm (mmol gfl) 0.024
b (L mmol ) 18.45
r +0.99

303 Gm (mmolg ™) 0.028
b (L mmol ) 24.23
r +0.99

313 G, (mmolg ™) 0.030
b (L mmol ") 23.76
r +0.99

323 Gm (mmolg™") 0.033
b (L mmol ) 21.95

7 +0.99

K1 K2 M M1 M2
0.029 0.030 0.223 0.227 0.231
14.98 15.09 4.26 4.40 4.79
+0.99 +0.99 +0.99 +0.99 +0.99
0.031 0.033 0.227 0.232 0.236
19.36 18.52 4.33 4.54 4.60
+0.99 +0.99 +0.99 +0.99 +0.99
0.034 0.035 0.235 0.244 0.251
20.92 22.87 524 5.20 5.21
+0.99 +0.99 +0.99 +0.99 +0.99
0.035 0.036 0.243 0.249 0.256
22.85 24.15 7.09 7.32 7.45
+0.99 +0.99 +0.99 +0.99 +0.99
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Table 6

Thermodynamic data for Congo red adsorption on clay minerals (kaolinites 2 gL', montmorillonites 0.4 gL, initial dye
concentration 0.072-0.502 mmol L ™! for kaolinites and 0.115-0.574 mmol L' for montmorillonites, pH 6.94)

Clay minerals AH (K] mol ™)

K 11.75 21
K1 10.67 19
K2 10.21 17
M 9.80 27
M1 9.73 27
M2 9.93 26

AS JK 'mol™ )

AG (kJmol™)

293K 303K 313K 323K
5.64 5.43 522 5.01
5.20 5.02 4.83 4.64
5.12 4.95 4.95 4.60
1.92 1.65 1.38 1.11
1.84 1.57 1.30 1.04
242 2.16 1.91 1.65

attributed to random distribution of the dye molecules
on the clay surface was not much. The structural
adjustments in the dye molecules as they were held
through weak forces [52] might also have contributed
to the entropy increase. The dye anions interacted
with H" and K" ions on the clay mineral surface and
brought about adsorption of the dye [53]. The small
entropy increase could drive the endothermic interac-
tions. Gibbs energy for the process, AG, decreased
from 5.64 to 5.01kJmol™' (K), 520 to 4.64kJmol "
(K1), 5.12 to 4.60kJmol™" (K2), 1.92 to 1.11kJmol "
M), 184 to 1.04kfmol™' (M1) and 242 to
1.65k]mol " (M2) in the temperature range of 293 to
323K, which agreed with the endothermic nature of
the interactions. Tomul [54] had reported similar posi-
tive AG results for the adsorption of Cd** on Fe/Cr
pillared bentonite. Auta and Haeed [55] also reported
positive AG values for methelyne blue adsorption by
raw ball clay.

3.3. Adsorption mechanism

In the light of the kinetics and isotherm studies, it
is observed that the adsorption followed second-order
kinetics. Since montmorillonite swells in contact with
water giving more space for Congo red anions to
enter into the cavity, this clay mineral had higher
sorption capacity. At natural pH (6.94), Congo red is
present in aqueous state in non-protonated form [56]
and thus, adsorption may not occur through proton
exchange. Since quite a large amount of the dye was
taken up by the clay minerals, which had low anion
exchange capacity (anion exchange capacity of mont-
morillonite is less than that of kaolinite), anion
exchange as a mechanism of adsorption may also be
ruled out [57]. Therefore, two other possibilities have
to be considered: either adsorption occurred through
an acid-base type of interaction with the clay mineral
providing an acidic surface and Congo red anions
were taken up as the basic entity [40], or there might

be a complexation reaction through the two primary
amine (-NH,) groups attached to the naphthalene
rings in the Congo red molecule [58]. Specific adsorp-
tion was also not ruled out.

4. Conclusion

Kaolinite, montmorillonite and the acid-treated
forms are capable of removing Congo red from aque-
ous solution. Acid treatment enhances the adsorption
capacity compared to the untreated clay minerals due
to the increased surface area.

The clay mineral-dye interactions were very fast in
the first 30min and attained equilibrium within
120 min. The dye anions were held following second-
order kinetics and the clay minerals had monolayer
capacity of 0.028 (kaolinite) to 0.236mmolg ' (acid-
treated montmorillonite) at 303K. These values
showed that the clay minerals could hold quite a sig-
nificant amount of the dye on the surface leading to its
separation from an aqueous solution. In the tempera-
ture range around ambient temperature, the Congo
red adsorption was endothermic, accompanied by an
increase in entropy and a decrease in Gibbs energy.
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