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Removal of hazardous basic dyes from aqueous solution by adsorption
onto kaolinite and acid-treated kaolinite: kinetics, isotherm
and mechanistic study
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Abstract

Presence of dye molecules in water causes various harmful effects for both human and aquatic species. Herein, we
tried to remove two cationic dyes, namely Crystal violet and Brilliant green, from water by kaolinite clay mineral. The
kaolinite clay mineral is further treated with 0.25 M and 0.05 M H,SO, to increase its adsorption capacity. The structural
changes due to acid treatment were analyzed by XRD, zeta potential, FTIR, SEM, cation exchange capacity, BET surface
area, and pore volume measurements. Kinetic data were analyzed by using five different kinetic models and the data
fitted best to pseudo-second-order model. Langmuir isotherm showed best fit to the adsorption of both Crystal violet
and Brilliant green. Acid-treatment has slightly increased the adsorption capacities for both the dyes. The Langmuir
monolayer adsorption capacity of raw kaolinite was found to be 47.17 and 25.70 mg g~' for Crystal violet and Brilliant
green, respectively, which increased to 49.50 and 50.51 mg g™ for 0.25 M and 0.50 M acid-treated kaolinite in case of
Crystal violet and to 26.45 and 26.88 mg g™ in case of Brilliant green at 303 K. Crystal violet adsorption was exothermic
with increase in AG values, whereas Brilliant green adsorption was endothermic in nature with decrease in AG in the
temperature range 293-323 K. Reusability study showed the adsorbents could be successfully used up to 3rd cycle
without much loss of adsorption capacity.
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1 Introduction

The world is facing scarcity of clean water due to the pol-
lution caused by various industrial activities. Out of all the
various pollutants, one important class is dyes and pig-
ment as they are widely used in various industries like
textile, paper, paint etc. Roughly, 1.6 million tons of dyes
are produced annually to meet the worldwide demand for
dyes and pigments [1]. Unused dyes and pigment released
into the water bodies as wastewater are considered major

environmental concerns as dyes impart undesirable color
to water, reduce light penetration, undergo oxidation and
reduction in the aqueous system further producing other
toxic and hazardous intermediates, and thereby adversely
impact the water ecosystem [2-4]. Because of their low
biodegradability, dyes are not easily removed from water
by the conventional biological oxidation process [5].
Among other water treatment technique, adsorption
process is very popular among researchers due to high
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efficiency, easy and simple operation, easy recovery and
availability of wide variety of adsorbent materials [1, 6].

Activated carbon is the most widely used commercial
adsorbent. However, due to its high cost, its widespread
use is limited especially in developing countries. To over-
come this problem, researchers have always tried to
develop low-cost alternative adsorbents [7]. Clay miner-
als have gained lots of attention from scientific commu-
nities as adsorbents or catalyst and biomaterials due to
their properties like large surface area, considerable cation
exchange capacity (CEC), the presence of both Bronsted
and Lewis acidity and its low cost [8, 9]. Among the clay
minerals, however, montmorillonite and bentonite have
received the most attention. Therefore, there are lots
of scope for exploration of kaolinite clay mineral as an
adsorbent. Pauling [10] was the first to outline the crys-
tal structure of kaolinite using model based on idealized
polyhedral, and Gruner [11] reported the first structural
interpretation of kaolinite powder XRD pattern. The clay
minerals in this group consist of dioctahedral 1:1 layer
structures with a general composition of Al,Si,O5(OH),.
The composition of the kaolin group minerals is char-
acterized by a predominance of AI3* in octahedral sites,
although some isomorphous substitution of Mg?*, Fe3*,
Ti** and V3* for AP* can occur [12].

Earlier, kaolinite clay mineral has been used for removal
of pollutant from the water. For example, iron-manganese
oxide-coated kaolinite was successfully used to remove
Basic fuchsin and Crystal violet dyes from water [13].
Removal of Direct red 81 can be effectively carried out
with magnesium oxide-coated kaolinite [14]. Zhang et al.
[15] used modified kaolinite (kaolinite monolayer grafted
with 3-aminopropyl triethoxysilane) for removal of Congo
red from water. Removal of Methylene blue and Cu(ll) has
been reported by using EDTA modified bentonite [16].

Among other clay mineral modification techniques,
acid activation is one of the most common, easy and effec-
tive chemical treatment of clays, where the clay is treated
with a mineral acid like HCl or H,SO, to obtain partly dis-
solved amorphous Si-rich phase with less impurity. In our
previous study, acid-treated kaolinite showed very good
adsorption capacity for dyes like Methylene blue [17],
Congo red [18] and Rhodamine B [19] from the water.

In this paper, we tried to remove two different dyes with
the help of kaolinite and its acid-treated forms from water
with detailed kinetics, isotherm, and thermodynamic
properties. Both the studied dye, namely Brilliant green
and Crystal violet, are classified as cationic triphenylmeth-
ane dye. One of the main reasons to study the adsorption
of these two similar dyes is to understand the effect of dye
molecule size in the adsorption mechanism. Also, these
dyes are considered carcinogenic and are widely used
in textile industries. Therefore, treatment of wastewater
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containing such dyes is of utmost important before that
wastewater can enter into a natural water source. The anti-
microbial, antiparasitic and antifungal properties of Bril-
liant green have been found useful in aquaculture to treat
various fish diseases. Brilliant Green is reported to have
toxic and mutagenic effects on aquatic biota and humans,
and the dye is not authorized to be used in fish destined
for human consumption in countries like the USA and the
European Union. Nevertheless, it is being continuously
abused as an antimicrobial agent due to low production
cost and high efficacy in the treatment of fish diseases
[20-23]. In some recent work, various adsorbent like Tuni-
sian smectite clay [24], biopolymers composites with pea-
nut hull waste biomass [25], magnetic Fe;0, @SDBS@LDHs
composites [26] and surfactant-modified nano-y-alumina
[27] were used to remove Brilliant green and Crystal violet
dyes from water.

2 Experimental section
2.1 Acid treatment of the clay mineral

The acid-treated kaolinite clay minerals were prepared by
slightly modifying a conventional acid treatment method
used by Espantaledn et al. [28]. In this study, the Kaolin-
ite, KGa-1b (K) (University of Missouri-Columbia, Source
Clay Minerals Repository, USA), clay mineral (20.0 g) was
agitated with 200 mL of 0.25 M H,SO, in 250-mL Erlen-
meyer flasks in a thermostatic water bath shaker (NSW,
Mumbai, India) for 3 h. The treated clay mineral was col-
lected with centrifugation at 12,000 rmp (Remi R 24 cen-
trifuge), washed three times with distilled water to remove
the excess acid and finally collected by centrifugation. The
collected clay mineral was dried in an air oven at 383 K
until constant weight and stored in desiccator till further
use.The 0.25 M H,SO,-treated product was designated as
sample K1. A similar set of acid modification was carried
out with 0.50 M H,SO, and is designated as K2. All the raw
and acid-treated kaolinites were characterized by differ-
ent spectroscopic, microscopic and diffractometric tech-
niques. The details of the characterization techniques are
provided in Supporting Information (SI).

2.2 Dye solution

Brilliant green (C,,H33N,.HSO,) (CAS number: 633-03-4,
FW 482.69) and Crystal violet (C,5H3qN;Cl) (ClI Classification
number: 42555; CAS number: 548-62-9) were obtained from
Merck (India) and Qualigens (India), respectively, and used
without further purification. The structure of both the dyes
was optimized using the density functional theory with
Becke's three parameter exchange functional along with the
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Lee-Yang-Parr nonlocal correlation functional (B3LYP) and
using 6-31G(d) basis sets as implemented in the Gaussian
09 program package [29]. The structure and its dimension
are shown in Fig S1 (in Sl). For adsorption study, a stock solu-
tion of both the dyes was prepared separately by dissolving
1 g of a dye molecule in 1000 mL of double distilled water.
Solutions for the experiments were made from this stock
solution by appropriate dilution. The pH of an aqueous solu-
tion of Brilliant green is found to be 5.4, and the same for
Crystal violet dye is 5.9. We observed that, for aqueous solu-
tion, both the dye solution changes color when the pH of the
medium is changed. Around pH 6.0, the aqueous solution
of Brilliant green dye develops some amount of turbidity,
which increases further with an increase in pH. Crystal vio-
let, on the other hand, changes its color to bluish green at
pH < 3.0.But at pH~ 11.0, it becomes almost colorless [30].

2.3 Adsorption experiments

The adsorption of dye molecules in kaolinite clay miner-
als and its acid-modified forms was carried out in batch
adsorption mode. Here, a fixed amount of the respective
clay minerals were mixed with 50 ml aqueous solution of
dye solution of fixed concentration in a 100-ml Erlenmeyer
flask. The Erlenmeyer flask was then shaken in a thermo-
static water bath shaker (NSW, Mumbai, India) at a constant
speed for a predetermined time interval. Finally, the mixture
was centrifuged for 15 min (Remi R 24, ~8000 rpm) and the
dye remaining unadsorbed in the supernatant liquid was
determined spectrophotometrically (Elico SL 177, India). The
experimental data were reported based on average of three
sets of experiments. The amount of the dye adsorbed per
unit mass of the adsorbent (g, mg g~') and the extent of
adsorption (%) were computed from the expressions:

q= (Co_Cr)/m

% adsorption = (C,—C;) X 100/C,

where C, (mg L™") and C, (mg L™") are the initial dye con-
centration and that after adsorption on m (g) of the adsor-
bentin 1 L solution after time, t (min). Blank experiment
without adding the adsorbent was done to find if the wall
of the container has any effect on adsorption. The batch
adsorption experiments were conducted under different
conditions.

3 Results and discussion
3.1 Characterization of the clay minerals

The influence of acid treatment on kaolinite clay mineral
was monitored by the changes in XRD patterns (Fig. 1).

The XRD patterns of raw and acid-treated kaolinite can
be indexed to (001), (110), (002), (130), (003), (-110), (150)
and (060) planes of kaolinite (PDF no. 29-1488). One strong
peak at 20=44.6 corresponding to d value 2.01 A (Asterisk
in Fig. 1) could be assigned to the mineral Halloysite-7A
(PDF No 09-0453). Acid treatment had some influence on
the d-spacing of (001) plane of kaolinite, which expanded
slightly to 7.16 in case of K1 and 7.17 A in K2. Acid treat-
ment also resulted in changes in the intensity of most of
the XRD bands with either a decreasing or an increasing
trend—an indication that the acid treatment changed
the lattice order along the c axis [31]. Acid treatment is
normally thought to be responsible for amorphization of
the clay mineral which is accompanied by a decrease in
the intensities of the diffraction peaks [32]. In this work,
decreased intensity (from 87.51 to 56.52%) in the 001
planes was observed in acid-treated kaolinite; however,
changes in intensities for other peaks were irregular and
no definite trends could be identified. The intensity of the
band due to halloysite-7A found on kaolinite decreased
significantly after acid treatment of 0.5 M acid compared
to 0.25 M acid, indicating that these minerals were pre-
sent as surface impurities and a higher concentration of
acid could remove them quite effectively. XRD measure-
ments revealed that the structural integrity of the kaolin-
ite clay mineral basically remained unchanged. The low
concentration of acid used in this study mainly cleaned
the surface for higher adsorption without damaging the
clay mineral structure. It has been observed before that
acid strength of less than 2 M does not do any significant
structural damage to the clay minerals [33]. The average
grain size (D) of the prepared materials was calculated
to be 32.6 nm, 40.5 nm and 32.7 nm for K, K1 and K2,
respectively, with the help of width of the lines in the XRD
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Fig. 1 XRD patterns of Kaolinite (K), 0.25 M acid-treated Kaolinite
(K1) and 0.50 M acid-treated Kaolinite (K2)
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spectrum with the aid of the Scherrer equation: D.=k\/
(B cos 6), where A is the wavelength of X-ray used (Cu Ka
radiation A=0.1541 nm), B is the width of the line at the
half maximum intensity and k a constant, 0.89 [34].

The FTIR bands of raw and acid-treated kaolinite clay
minerals are shown in Fig S2 (In SI). The peak at 3618 cm™
shown by kaolinite was due to —OH stretching in the inner
hydroxyl group lying between the tetrahedral and octahe-
dral sheets and the band observed at 3695 cm™' was due
to the contribution of the hydroxyl groups sitting at the
edges of the clay platelets [35, 36]). -OH bending vibration
and Al-O-H deformation vibration mode was observed
at 1654 and 914 cm™'. O-Si-O stretching and deforma-
tion modes were observed at 1006, 1029 and 1114 cm™".
The bands at 428, 470 and 536 cm™" could be assigned to
Si—0-Si, Si-O-Mg and Si-O-Al respectively [37]. The band
at 790 cm™' confirmed the presence of amorphous silica
in the clay minerals [38].

In this work, the intensities of all the major bands
decreased and in some cases a little broadening of the
peaks was observed after acid treatment, indicating that
there was depletion in the concentrations of the octa-
hedral cations (AI**, Fe3*, Mg?*) which might have been
replaced by protons [38, 39]. Nguetnkam et al. [31] identi-
fied this decrease in intensities due to the amorphization
of the clay mineral due to acid treatment, leading to the
formation of amorphous silica.

As a whole, FTIR analysis indicated that acid treatment
affects the clay mineral surface without altering the basic
clay mineral structure. The acid treatment made the clay
mineral surface more protonated.

The SEM images for kaolinite clay minerals are shown
in Fig. 2. It was observed that kaolinite was composed of
hexagonal flakes of different size and broken edges. The
flakes also possessed some white deposits on them. Other
workers have observed such deposits consisting of oxides
of sodium, potassium, calcium, iron, magnesium, etc. [40,
41].

Acid treatment has broken down most of the bigger
particles to the size of 2 um or less but has retained the
flaky nature of the particle. Acid activation also removed
most of the white deposits. With 0.05 M acid, most of the
non-clay deposits on the clay particles appeared to have
been removed and the surface became homogeneous
and clean. Irregularity in size and shape of the particles
remained and the damages to the edges became clearer.

The N, adsorption/desorption isotherms of the raw
and acid-treated kaolinite are shown in Fig. 3. Kaolin-
ite and its acid-treated forms showed Type Il isotherm
according to IUPAC recommendation. Generally, type Il
isotherm is the normal form of isotherm obtained with
a non-porous or macroporous adsorbent. The Type Il
isotherm represents unrestricted monolayer-multilayer

SN Applied Sciences

A SPRINGERNATURE journal

Mag= 761X

WD = 14 mm Signal A = SE1

Mag= 767X  WD= 14mm  Signal A= SE1

EHT = 15.00 kV ]
—_

(K2)

Mag= 523KX wWD= 14mm

EHT = 15,00 kV Signal A = SE1

Fig.2 SEM images of kaolinite (K), 0.25 M acid-treated kaolinite
(K1) and 0.50 M acid-treated kaolinite (K2)

adsorption [42]. Kaolinite clay mineral used in this study
showed BET surface area of 14.39 m? g~ (Table 1), which
increased marginally to 15.27 and 15.68 m? g~ on treat-
ment with 0.25 M and 0.50 M acid, the increase in the
surface area is only 6.1 and 9.0%, respectively. Although
the pore volume was much lower, the increase in pore
volume following acid treatment was tremendous, ~ 2
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Fig.3 BET linear isotherm N, gas adsorption-desorption plot for a
Kaolinite (K), b 0.25 M acid-treated Kaolinite (K1) and ¢ 0.50 M acid-
treated Kaolinite (K2)

Table 1 Surface and pore characteristics of kaolinite (K) and the
acid-treated kaolinites (K1 and K2)

Clay minerals BJH Pore diam- Total pore vol- BET surface
eter (nm) ume (cm3*g™") area
(m?g™)
K 8.99 0.0053 14.39
K1 8.69 0.0103 15.27
K2 7.21 0.0584 15.68

and > 10 times for 0.25 M and 0.50 M acid-treated kao-
linite. The acid has thus served to increase the porous
character of the clay mineral.

The distribution curves for BJH pore volume with pore
diameter for the kaolinites are shown in Fig S3 (in SI). The
BJH average pore diameter for kaolinite (K), 0.25 M acid-
treated kaolinite (K1) and 0.50 M acid-treated kaolinite
(K2) were 8.99, 8.69 and 7.21 nm, respectively (Table 1).
The effects of acid treatment on pore volume can be
summarized as follows:

1. The increase in pore volume after treatment with
0.25 M acid (Fig. S3a, in SI) was not much. It is seen
that volumes of pores of all sizes increase by 2-3 times,
but the increase was much more for pores of diam-
eter>12 nm and the increase followed almost a linear
pattern for these larger pores.

2. The increase in pore volume was most prominent for
0.50 M acid-treated kaolinite (Fig. S3b, in SI). There was
also a huge increase in pore volume of small pores
of diameter, 2.9-3.5 nm and as a whole, all the large
pores showed a high linear increase in volume.

3. The pore volume measurement thus showed that
although the acid treatment did not have much
impact on the overall surface area, the pore volume
was affected significantly, particularly in the case of
0.50 M acid treatment. In other words, acid—treatment
created a considerable amount of internal volume in
kaolinite.

Acid treatment usually opens up smaller pores resulting in
increased surface area [43]. Pore size distribution for Kand
K1 showed that a few small pores of radii, 3.5, 4.1,4.9 and
5.7 nm were more prominent than the others and these
pores were almost similarly affected when kaolinite was
treated with a mild acid of strength 0.25 M. Increasing the
acid strength to two times (0.5 M), however, had a much
stronger influence on pore size distribution. The material,
K2, now showed a sharp rise in the pore volume for the
pores around 3.4 nm pore radius. It is possible that the rel-
atively strong acid entered deep into the pores in a narrow
range of diameters around 3.4 nm and enhanced the cor-
responding pore volume. It is to be noted that all higher
dimension pores (pore diameter>6 nm) also showed a
huge increase in pore volume after treatment with 0.50 M
acid. Acid treatment increased the pore volume of kao-
linite clay minerals in the order K2 >K1 > K. Panda et al.
also reported a successive increase in pore volume with
increase in acid concentration for H,SO, [32]. However,
if more drastic acid or thermal treatment was done, gen-
erally the well-organized layered structure of the clay is
destroyed and the amorphous phase was produced. Gao
et al. have activated coal-bearing kaolinite, collected from
coal seam deposits in mines in Inner Mongolia, northern
China, with concentrated H,SO, for fixed time and fixed
temperature (obtained product denoted by AAK-T-t; T
and t denote the treatment temperature (°C) and the time
(min) of treatment, respectively). The authors observed a
substantial influence of both time and temperature on
the BET surface area, with AAK-RT-30 showing BET surface
area of 28.0 m? g~'. This increases up to 257.8 m? g~' for
AAK-200-30. When the temperature is increased to 250 °C,
the BET surface area decreased to 70.3 m? g~'. However, a
drastic change in XRD pattern with no well-defined peak
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was observed for samples prepared at 220 °C and 250 °C,
indicating the formation of an amorphous phase [44]. In
another study, when metakaolinite was treated with 3 M
HCl at 90 °C for 2 h and subsequent calcination at 400 °C
(2 h), the BET surface area increased from 23 to 40 m?g~".
But metakaolinite prepared at 900 °C followed by treat-
ment with 3 M HCl at 90 °C for 2 h, the micropore surface
area increased up to 526 m? g~'. Again this drastic modifi-
cation leads to the breakdown of the crystalline phases in
kaolinite [45]. In the present work, the mild modification
process ensured an increase in surface area with no major
changes in the crystalline structure of kaolinite.

Acid treatment enhanced the cation exchange capac-
ity (CEC) of kaolinite (K) from 11.3 to 17.2 (K1) and 22.9
(K2) meq/100 g. Thus, acid treatment increased the total
number of exchange sites profoundly in kaolinite (CEC
increase ~34% in K1 and ~51% in K2). The increase in CEC
with an increase in acid concentration may be due to the
replacement of a higher number of cations with H* as the
acid concentration increases.

3.2 Process optimization
3.2.1 Influence of pH

The pH of the aqueous solution is an important parameter
that controlled the adsorption process. The studied dyes,
Crystal violet, and Brilliant green showed high sensitivity
toward changes in the pH of the medium.

The effect on adsorption of Brilliant green with pH vari-
ation could not be performed as even a slight change in
pH changes its color. Around pH 6.0, the aqueous solu-
tion of the dye develops some amount of turbidity, which
increases further with an increase in pH.

For Crystal violet, the study was carried out in the
pH range 4.0-9.0, because, at pH < 3.0, the dye solution
changes color to bluish violet and at pH~ 11.0, the solu-
tion becomes almost colorless. The effect of the pH on the
adsorption of Crystal violet (100 mg L") on kaolinite (2.0 g
L") using the batch technique is shown in Fig. 4. Adsorp-
tion continuously increased from ~25 mg g~' at pH 4.0
to~36 mg g~' at pH 9.0. Zeta potential studies showed
that Kaolinite has pH,,,. at 2.9 which increased to 4.0 and
4.2, respectively, for K1 and K2 after acid treatment. Hence,
at the studied pH range, the clay mineral surface was
mostly negatively charged and as the pH increased, the
surface negativity increased; thus, as expected the adsorp-
tion of those cationic dyes increased with increasing pH.

3.2.2 Influence of adsorbent loading

For variation of adsorbent loading of 1.0-5.0 g L™ (Brilliant
green 50 mg L', pH 5.4, temperature 303 K, equilibrium
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Fig.4 Effects of pH on adsorption of Crystal violet (100 mg L™") on
raw and acid-treated kaolinite (2.0 g L™") at 303 K

time 120 min) and 1.0-6.0 g L™" (Crystal violet 100 mg L™,
pH 5.9, temperature 303 K, equilibrium time 180 min),
the uptake of the respective dyes increased from 40.77 to
93.79% (K), 45.74 to 94.54% (K1), 57.27 t0 95.81% (K2) and
from 44.34 t0 89.28% (K), 50.13 t0 90.74% (K1) and 51.29 to
92.11% (K2), respectively. This increase of the extension of
adsorption (%) was the result of enhancement of available
adsorption sites. But a decreasing trend was observed for
amount adsorbed per unit mass (q,) with increase in adsor-
bent loading for both Brilliant green (K: 20.38-7.81 mg g™,
K1:22.87-7.88 mg g™, K2: 28.63-7.98 mg g') and Crystal
violet (K: 44.34-14.88 mg g~',K1:50.13-15.12mg g~ ', K2:
51.29-15.35mg g”). Hence, it can be assumed that some
of the adsorption sites were not available for the dye mol-
ecules at higher adsorbent loading despite an increase
in surface area with an increase in mass. The larger mass
might be due to coagulation hinders the approach of the
dye molecule to the available adsorption sites, decreasing
the adsorption per unit mass even though there was a net
increase in the extent of adsorption.

3.3 Kinetics of adsorption

Kinetic models can give valuable insight into the adsorption
rate and adsorption mechanism [46]. Fig. S4 (in SI) shows
the adsorption variation of the dye molecules on both raw
and acid-treated clay minerals with time. From the figure,
it is clear that adsorption of both Crystal violet and Brilliant
green dye occurred through two distinct phases, initially,
for about ~ 10 min, the adsorption process is very fast for
both the dye molecules. However, after that, the adsorp-
tion continued at a slower pace and reached equilibrium
at~ 180 min for Crystal violet and at ~ 120 min for Brilliant
green. This might be due to the easily accessible surface
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area of the clay minerals in the initial stage of adsorption.
The kinetics data were fitted into various kinetic models, like
Lagergren’s pseudo-first-order [47], pseudo-second-order
[48, 49], Elovich model [48], intraparticle diffusion [50] and
liquid film diffusion [51] models to establish the most favora-
ble kinetic model in each adsorption case.

3.3.1 Lagergren’s pseudo-first-order kinetics

The linear pseudo-first-order Lagergren model [47] can be
represented by the equation

log(g.~q;) = logg.—k;t/2.303 (1)
where g, and g, were amounts adsorbed per unit mass
at equilibrium and at any time t, respectively, k; (min™")
was the first-order rate coefficient. A plot of log (g, — g,)
versus time (t) gave a straight line (r: —0.99 for Brilliant
green and r: —0.95 to —0.98 for Crystal violet at 303 K).
Brilliant green showed slightly higher first-order rate
coefficient (2.4x 1072 to 2.7 x 1072 min™') compared to
Crystal violet (1.47 x 1072 to 2.04 x 1072 min™"). The first-
order mechanism, however, becomes untenable since g,
obtained from the plots did not match the experimental
values and showed large deviation for both Brilliant green
(51.12-56.95%) and Crystal violet (59.47-66.75%).

3.3.2 Pseudo-second-order

This model is generally followed by adsorption process
where chemisorption is the rate controlling step at the solid
surface of the adsorbent [52]. The linear pseudo-second-
order kinetic equation [48, 49] could be represented by:

t/a. =1/(kq2) + (1/e)t 2)
where g, and g, were amounts adsorbed per unit mass
at equilibrium and at any time t, k, (g mg™" min™") is the
pseudo-second-order rate coefficient. The plots of t/q, ver-
sus t were linear (r~+0.99, Fig. 5) for both the dyes with
higher pseudo-second-order rate coefficient for Brilliant
green (7.3x1073t09.1x 1072 g mg™' min~") compared to
Crystal violet (4.09x 1073 t0 5.05x 103 g mg™" min™") at
303 K. The experimental g, values and those obtained from
the plots showed very little deviation (- 0.92 to +0.09%
for Brilliant green and —1.09 to+ 1.92% for Crystal violet,
Table 2), suggesting a pseudo-second-order mechanism
for the studied clay-dye interactions.

3.3.3 Elovich model

This model assumes that the solid surface of the adsorbent
is energetically heterogeneous [53]. The simplified Elovich
equation [48] is represented as:

g, = 2.303plog(af) + 2.303plogt 3)

(@ (b)
mK oKl aK2
4.6
=4 T
2 E
£ o0
o0 b
£ £
E E
g =
2.3
2 4
[ ]
0 : . ’ 0 41 82
0 75 150
Time (min) Time (min)

Fig.5 Second-order plot for a crystal violet (100 mg L™") and b bril-
liant green (50 mg L™") on raw and acid-treated kaolinite (2.0 g L™
at303K

where g, is the adsorption capacity at time t, a is the initial
adsorption rate (mg g~' min~"), and B is the desorption
constant (g mg™") during any one experiment. Adsorption
of both the dyes on kaolinite and acid-treated kaolinite
showed good linearity with r ranging from +0.93 to +0.97.
Thus, this model further supported the earlier conclusion
that the interactions were following pseudo-second-order
kinetics [54].

3.3.4 Intraparticle diffusion

In the batch adsorption technique, since constant shak-
ing is going on between adsorbent and adsorbate, it is
very likely that the adsorbate molecules might have dif-
ficulty entering into the pores and intraparticle diffusion
is unlikely to be the driving force behind adsorption. This

is further confirmed by the plots of g, versus t** in accord-
ance with the equation [50, 55],
q; = kit @

Although the plots at 303 K were linear for both the
cases (r: +0.96 to +0.99), they do not fulfill the necessary
condition of zero intercepts and therefore, the intraparti-
cle diffusion rate (k: 0.90-1.11 mg g~' min°) had no real
significance.

3.3.5 Liquid film diffusion

The dye molecules as adsorbent are quite big in size;
therefore, there is a big possibility that it may diffuse
very slowly through the liquid film over the clay mineral
adsorbent before interacting with the surface active sites
of the clay minerals [30]. There is a possibility that the
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Table2 Second-order rate

Clay minerals  Dye
coefficients for adsorption y y

Rate coefficient

of Brilliant green (initial dye k,x 10° r d.(mgg™)
concentration 50 mg L™, (gmg™ - —
pH 5.4, temperature 303 K) min~) Experimental Plot Deviation (%)
and Crystal violet (initial dye
concentration 100 mg L’1; K Brilliant green 9.10 +0.99 18.84 18.90 -0.32
pH5.9; .te.mperaturg 303 K) K1 7.40 +099 1958 19.76  —0.92
on kaolinite and acid-treated K2 7.30 +099 2010 2008 009
kaolinite (2.0gL™") at 303 K .
Crystal violet 5.05 +099 3444 33.78 1.92
K1 4.09 +099  34.89 3497 -0.23
K2 4.09 +099 3496 3534  -1.09

film diffusion process might be the rate-determining
step, therefore to substantiate that, the plots of—log
(1—=F) versus t were drawn to validate the liquid film dif-
fusion model [51] represented by the equation:

log(1—F) = —kyt/2.303 (5)
(F is the fractional attainment of equilibrium =q,/q., ke
is the diffusion rate coefficient). Both the plots for Brilliant
green and Crystal violet showed high linearity (r: +0.96
to +0.99). However, as required by the model, the curves
did not pass through the origin. However, the intercept
values were very close to zero for both the cases (+0.72
to +0.84 for Brilliant green and +0.90 to + 1.10 for Crystal
violet), and it might be possible that even though liquid
film diffusion was not the sole rate-determining step, it
played some role in overall kinetics for both adsorption
process. The film diffusion rate coefficient had values in
the range of 0.025-0.027 min~"' (for Brilliant green) and
0.015-0.021 min~" (for Crystal violet) at 303 K.

The kinetics of adsorption for dyes like Brilliant green
and Crystal violet on kaolinite and acid-treated kao-
linite were not simple, and a particular definite kinetic
model could not be proposed. From the above discus-
sion, pseudo-second-order model was found the best fit
to the experimental data; however, liquid film diffusion
might also play some role in the overall kinetics even
though it was not the rate-determining step.

3.4 Adsorption isotherm

Adsorption isotherm gives us valuable information
regarding the adsorbate-adsorbent interaction, and this
information is crucial for optimizing the use of adsor-
bents [56]. Therefore, many authors have proposed
different isotherm models to understand the isotherm
equilibrium data. A few of the most common isotherms
models having widest applications were fitted with the
adsorption equilibrium data to understand the adsorp-
tion process.
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3.4.1 Freundlich isotherm

This isotherm model is generally applicable for adsorp-
tion of adsorbent on the heterogeneous surface of the
adsorbate [57]. The linear form of the Freundlich equa-
tion [58] can be represented by:

logq, = logK; + (1/n)logC, (6)
where C, is the equilibrium concentration of the dye (mg
L™":; q. is the amount of the dye adsorbed per unit mass
(mg g™, K (mg'~"" L"" g7") and n are Freundlich coef-
ficients related to adsorption capacity and adsorption
intensity, respectively. It is generally accepted that the
reciprocal Freundlich intensity (1/n) is < 1.0 for favorable
adsorption.

At 303 K, the Freundlich isotherm plots for Crystal vio-
let were linear (r: + 0.94 to + 0.98). But the linearity for
the Brilliant green dye was not good enough (r: + 0.75
to +0.91). However, in both adsorption cases, (1/n) <1,
indicating favorable adsorption (Table 3). Acid treat-
ment showed an increase in adsorption capacity (Ky) in
the order K2 >K1 > K for Crystal violet dye. Brilliant green
dye did not show any particular trend may be due to
poor linearity of the Freundlich plot.

3.4.2 Langmuir isotherm

This model was primarily developed to describe adsorp-
tion capacities for adsorption of a gas on solid materials.
Langmuir isotherm describes dynamic equilibrium by
accounting both the relative rates of adsorption and des-
orption [57]. The linear form of the Langmuir isotherm
model [59] is one of the most widely used isotherm mod-
els in the literature.
The simplest form of the isotherm equation is

Ce/9e = (1/bay) + (1/d1)Ce )
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Table 3 Isotherm parameters

) - Isotherm Parameter Brilliant green Crystal violet
for adsorption of Brilliant
green (initial concentration K K1 K2 K K1 K2
range 10-120 mg L™,
pH 5.4) and Crystal violet Freundlich K (mg'"""L""g™) 7.0 7.83 6.88 18.42 18.51 19.49
(initial concentration range 1/n 0.33 0.29 0.33 0.17 0.17 0.17
80-300 mg L™, pH 5.9) from r +091 4077  +075  +094  +097  +098
aqueous solution on kaolinite . »
and acid-treated clay minerals Langmuir dm(mgg™) 25.70 26.45 26.88 47.17 49.50 50.51
(20gL " at303K b(Lmg™) 0.25 0.22 0.17 0.069 0.061 0.062
r +0.99 +0.99 +0.99 +0.99 +0.99 +0.99
Temkin kr (Lmg™) 4.46 6.93 3.93 6.22 5.14 6.50
B 450 414 4.69 6.28 6.65 6.54
r +0.98 +0.88 +0.89 +0.94 +0.97 +0.97
D-R g (molg™) 20.65 20.68 20.09 41.11 41.44 42.06
kyq (mol? J72) 5%x107  3x107  3x107 2x107° 2x10° 1x107°
r +0.97 +0.83 +0.92 +0.83 +0.75 +0.74
E(Jmol™) 1000 845.15 845.15 158.11 158.11 223.61
which show a linear relationship between C./q, and C... C, (a) (b)
and g, are equilibrium concentrations of the adsorbate in 5 3
the solution and in the solid, respectively. =K mK
The Langmuir coefficient, g,,,, defines the equilibrium Tl ek 5 oKl
adsorption capacity of the solid and the other Langmuir f AK2 f AK2
coefficient, b, is related to the equilibrium constant of < 3
adsorbate-absorbent equilibrium. The coefficients are 25 | s
obtained from the slope and the intercept of the linear
plot of C./q, versus C,. .
The Langmuir isotherm plots (Fig. 6) for both Bril-
liant green and Crystal violet had very good linearity (r: :
+0.99) in all the cases. For Crystal violet, kaolinite and
acid-treated kaolinite showed almost double adsorption 0 ‘ 0!
capacity (47.17-50.51 mg g~') compare to Brilliant Green 0 1o C.me L_,)m 0 » c. (mgL_l)m

(25.7-26.88 mg g”) at 303 K. For both the adsorption
cases, the increase in adsorption capacity was not very
large. 0.25 M acid-treated kaolinite showed an increase of
2.92% (for Brilliant green) and 4.94% (for crystal violet),
whereas 0.50 M acid-treated kaolinite showed 4.59% (for
Brilliant green) and 7.08% (for Crystal violet) increase in
monolayer adsorption capacity compared to that of the
parent kaolinite.

The Langmuir equilibrium coefficient, b (Table 3)
showed higher values for Brilliant green adsorbed in
kaolinites (0.17-0.25 L mg") compared to Crystal violet
adsorbed in kaolinites (0.061-0.069 L mg”), indicating
that the Crystal violet-kaolinite adsorption complex was
less stable compared to Brilliant green-kaolinite adsorp-
tion complex. However, for both the cases, raw kaolinite
showed marginally higher b values compared to their
acid-treated forms. Table 4 compares the adsorption
capacity of some of the adsorbent used for both Brilliant
green and Crystal violet. This showed that acid-treated
kaolinite can be very useful for the removal of these two
cationic dyes from water.

Fig.6 Langmuir plots for a crystal violet (100 mg L™") and b bril-
liant green (50 mg L™") on raw and acid-treated kaolinite (2.0 g L™")
at 303 K

3.4.3 Temkin isotherm

The Temkin isotherm is developed by taking into consid-
eration the effects of adsorbate—adsorbate interactions,
and it is based on the assumption that heat of adsorption
of all molecules in the layer decreases linearly as surface
coverage increases [57]. The model is described by the
equation [65, 66]

Ge = 2.303 (RT/b)log (k;C,) ®)
The linear form of the equation is

g. = 2.303 Blog k; + 2.303 BlogC,, where, B = (RT /b)
9)
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Table 4 Comparison of
Langmuir adsorption capacity,

G, (mg g™ for both crystal
violet and brilliant green with
some other adsorbent

Dye Adsorbent a4 (mgg™ References

Brilliant green  Nanospinel Cu,Mn,_.Fe,0, 0.78-0. 86 [21]
Luffa cylindrical sponge 5.68-18.52 [60]
Modified tannin gel 8.55-20.41 [61]
Surfactant-modified alumina 168.59 [27]
magnetic composite-materials (Fe;0,@SDBS@LDHs) 340.1-819.6 [26]
Acid-treated kaolinite 25.70-26.88 This study

Crystal violet Magnetically modified activated carbon 44.7-67.1 [62]
Moroccan pyrophyllite 12.19-13.88 [63]
Tunisian clay 86.54 [24]
Modified pea peels 14.71-17.61 [64]
Bio-molecules composite with peanut hull waste 10.25-150.16 [25]
Surfactant-modified alumina 254.30 [27]
Acid-treated kaolinite 47.17-50.51 This study

with k; (L mg™") being the equilibrium binding con-
stant corresponding to maximum binding energy and b
(J mol™") and B the Temkin coefficients. The dimensionless
constant, B, is related to the heat of adsorption.

The adsorption data were fitted into the Temkin iso-
therm plots and the calculated Temkin parameters are
shown in Table 3. At 303 K, the Temkin isotherm plots (g,
vs.log C,) for adsorption of Brilliant Green and Crystal vio-
let on kaolinite clay minerals were linear with high regres-
sion coefficient (r:+0.88 to +0.98). For both the cases, k;
did not follow any particular trends. A higher value of ‘B’
for Crystal violet showed that this interaction has a higher
heat of adsorption compared to Brilliant green adsorption.

3.4.4 Dubinin-Radushkevich (D-R) isotherm model

D-R isotherm [67] model was first used to explain the
adsorption of subcritical vapor into micro-porous solid.
This model is generally used to describe the adsorption
happening on a heterogeneous surface that has Gaussian
energy distribution [68, 69]. Both physical and chemical
adsorption process can be verified by calculating mean
sorption energy from D-R isotherm.

The linear form of the D-R isotherm can be represented
as

ln(qe) = In(qs)_kad"g2 (10
where g, is the theoretical saturation capacity (mol g™").
The parameter k, is Dubinin-Radushkevich isotherm con-
stant (mol? J72). The parameter € can be correlated as:

e= RTIn(1 + 1/C,) (11)

where, R, T, and C, represent the gas constant
(8.314 J mol™" K™"), temperature (K) and adsorbate equi-
librium concentration (mg L™"), respectively [70]. The plot
of In g, versus €2 gave straight lines, from which the values
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of g, and k,4 could be determined from the intercept and
slope. The mean sorption energy, E, which was the free
energy of transfer of 1 mol of solute, from infinity (bulk
solution) to the surface of adsorbent is given by [71]

E=1/(-2ky)" (12)
The E (kJ mol™") value provides information about adsorp-
tion type. If the value lies between 8 and 16 k J mol™’, the
adsorption process is described as chemical and if it is less
than 8 k J mol™, the process is depicted as physical.

At 303 K, the calculated D-R isotherm parameters are
shown in Table 3. The theoretical saturation capacities (q,)
for Crystal violet was almost double than that of Brilliant
green dye, which was similar to the trends of Langmuir
isotherm. The mean adsorption energy was in the range
of (158.11-1000.00 J mol™", Table 3), suggesting physisorp-
tion to be the most viable path for adsorption of both Bril-
liant green and Crystal violet on kaolinite and acid-treated
kaolinite. D-R isotherm was poorly fitted to the adsorption
process with regression coefficient, r, ranging from +0.83
to +0.97 for Brilliant green and +0.74 to + 0.83 for Crystal
violet.

3.4.5 Adsorption mechanism

Acid treatment has increased the zero point charge of
kaolinite from pH 2.9 to 4.0 and 4.2, respectively, for K, K1,
and K2. Since all the experiments in this study were carried
out with as-prepared aqueous solution of the dyes, it is
likely that the dye molecules were exposed to a negatively
charged clay mineral surfaces. As both Brilliant green and
Crystal violet were cationic in nature, it is likely that both
the dye molecule bind the clay mineral surface through
electrostatic interaction. However, this interaction was
probably weak due to the fact that the adsorption process
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was most likely to be physisorption as suggested by the
mean sorption energy, E (calculated from D-R isotherm).

The presence of new FTIR peaks (Fig S5 in SI) due to
skeletal vibration representing C=C stretching (1419,
1458, 1560 cm™'), aromatic C-N stretching (1374 cm™)
and CH, twisting (1300 cm™) proved that the presence
of the dye molecules on the surface of kaolinite after
adsorption. The adsorption shifted the —-OH stretching
(3618 and 3695 cm™"), 0-Si-0O stretching (1006, 1029 and
1114 cm™") and Si-O bending vibrations (Table S6, in SI)
for both the dyes. The most affected bands were the two
—OH stretching band in the raw kaolinite, which merged
into one with shifting after adsorption of the dye. This
suggested that —OH and -O- sites were most likely to
interact with the dye molecules in both the cases. In this
study, Crystal violet showed almost double the adsorp-
tion capacities compared to Brilliant green. This could be
explained by the size of the dye molecules as obtained
by structural optimization using Gaussian 09 program
package. It is likely that the bigger dimension of Brilliant
green (16.185 % 5.957 X 12.324) compared to Crystal violet
(13.916x4.132%x 13.916) prevented them to come within
the active sites of the kaolinite surface and hence could
not occupy the pores effectively. Furthermore, the three
possible binding sites (N atom) in Crystal violet compared
to two binding sites (N atom) in Brilliant green help Crystal
violet to be adsorbed more in kaolinite by electrostatic
interaction. Similar shifting of FTIR peaks was also reported
by Auta and Hameed [72] for adsorption of Methylene blue
on raw and modified ball clay. Dhananasekaran et al. [73]
also observed some small but significant shifting in peak
values for the adsorption of Methylene blue, Bromophe-
nol blue and Coomassie brilliant blue by chitin nanopar-
ticles, and they also concluded that these were the result
of physical interaction between the dyes and a-chitin
nanoparticles.

3.5 Thermodynamics of adsorption

The effects of temperature (293-323 K) on adsorption
of Brilliant green and Crystal violet on K, K1, and K2 are
shown in Fig. 7. In this temperature range, the extent of
adsorption of Brilliant green dye increased slightly from
4.97% for K to 6.0% (K1) and 11.6% (K2). However, Crys-
tal violet showed an opposite trend and the adsorption
decreased by 24.28, 17.81 and 23.80%, respectively, for K,
K1, and K2.

The thermodynamic parameters of Gibbs energy (AG),
enthalpy (AH) and entropy (AS) of adsorption are com-
puted from the data generated by carrying out the dye
adsorption process at several temperatures. The thermo-
dynamic adsorption parameters, AH, AS, and AG, were

computed (Table S7, in SI) from the plots of log K, versus
1/T using the equations

log Ky = AS/2.303R—AH/2.303RT (12)

AG = AH-TAS (13)
where K, (=g./C,) is known as the distribution coefficient,
Tis the temperature (K), and R=8.314x 1073 kJ K~ mol™".
The mean adsorption enthalpy, AH, for Brilliant green
and Crystal violet, ranges from 8.91 to 15.81 kJ mol™" and
-12.45t0 -16.25 k) mol™!, respectively (Table S7,in SI). The
low values indicate that the dye cations are held to the clay
surface by comparatively weak forces not amounting to
the formation of strong covalent bonds.

The negative values for AS in case of Crystal violet sug-
gested that exothermic adsorption of Crystal violet was
accompanied by a decrease in entropy, and this shows that
the dye molecules are held to the clay mineral surface in
some sort of order compared to their distribution in the
liquid phase. The same cannot be said for Brilliant green
as the process is endothermic with the increased disorder
after adsorption.

Gibbs energy, AG is <0 for Brilliant green, indicating
that the adsorption process was spontaneous in the tem-
perature range of 293 to 323 K. On the other hand, for
Crystal violet dye, AG is >0, indicating a non-spontane-
ous adsorption. However, with an increase in tempera-
ture, AG showed an increasing trend, showing at a suffi-
ciently lower temperature the adsorption process could
be spontaneous.

3.6 Reusability of the prepared adsorbents
The reusability of the adsorbents was examined for

removal of dye molecules for five consecutive adsorp-
tion—-desorption cycles. Each time after adsorption,

(@ (b)

m293 0303 ®313 Wm323

H293 0303 @313 m323

K K1 K2

Fig.7 Influence of temperature for adsorption of a crystal violet
(100 mg L™") and b brilliant green (50 mg L") on raw and acid-
treated kaolinite (2.0 g L") at 303 K
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the adsorbent was isolated by centrifugation and was
dispersed in 10 mL 0.1 M H,SO, and shaken in a shaker
for 5 min followed by ultrasonic vibration for 15 min to
remove the adsorbed dye molecules and then again cen-
trifuged to isolate the solid adsorbent. The process was
repeated for three times, and finally, the isolated solid was
used for another batch of adsorption. It was observed that,
realistically, kaolinite and acid-treated kaolinite can be
reused for three cycles; after that a significant decrease in
adsorption capacity was observed (Fig. 8).

For Crystal violet, all the clay minerals, namely, K, K1,
and K2, showed almost steady adsorption with only 1.3%,
2.2%, and 2.2% decrease, respectively, between the first
and third cycle. However, in the 5th cycle, adsorption
decreased significantly up to 8.0%, 9.9%, and 10.8%,
respectively, for K, K1, and K2. In case of Brilliant green, the
extent of adsorption decreased gradually from 1st to 5th
cycle. The decrease between 1st and 3rd cycle was 3.1%,
2.3%, and 3.6%, respectively, for K, K1, and K2. In the 5th
cycle, K, K1, and K2 showed almost ~ 6% decrease in the
adsorption of brilliant green.

The reusability study specified that the natural and acid
activated kaolinite clays can be used for these dye adsorp-
tion purposes even up to 5th adsorption-desorption cycle,
indicating the cost effectiveness of these adsorbents.

4 Conclusion

Herein, we report adsorption of two cationic dyes with
the help of kaolinite and its acid-treated form from the
water. Acid treatment did not show any adverse effect on
the structure of the kaolinite clay mineral and it remained
mostly intact. Acid treatment helped in removing the

(@ (b)

H st 82nd B3rd O4th m5th
80 90

B Ist 82nd O3rd O4th m5th

40 45

% removal
% removal

K K1 K2 K K1 K2

Clay Mineral Clay Mineral

Fig. 8 Bar diagram showing a variation of % removal of a crystal
violet (100 mg L™") and b brilliant green (50 mg L") on raw and
acid-treated kaolinite (2.0 g L™") at 303 K for 1st to 5th cycle
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surface impurities and increasing the surface area along
with pore volume and CEC of the kaolinite clay mineral.

Both the adsorption processes were fast and showed
a good fit to pseudo-second-order kinetics among the
studied models. The Langmuir isotherm showed the
best fit to the adsorption equilibrium data. The Langmuir
adsorption capacities for Brilliant green and Crystal violet
were recorded to be 25.70 and 47.17 mg g~ ', respectively,
which increased to 26.45 and 26.88 mg g~ for Brilliant
green and 49.50 and 50.51 mg g~ for Crystal violet after
acid treatment of kaolinite with 0.25 M and 0.50 M acid
at 303 K. The thermodynamic studies revealed Brilliant
green adsorption process to be endothermic, whereas
Crystal violet adsorption process to be exothermic. Gibbs
energy, AG is <0 for Brilliant green, indicating that the
adsorption process was spontaneous in the temperature
range of 293-323 K. The Crystal violet showed AG >0, but
the values were very low and low temperature favored
this adsorption. The adsorption mechanism is likely to
be electrostatic interaction between negatively charged
clay mineral surface and the cationic dye molecules. Also,
the dye molecular size does play a role in the adsorption
process. The reusability of the material showed that kao-
linite and acid-treated kaolinite can be successfully used
to remove cationic dyes, namely Crystal violet and Brilliant
green from the water.
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