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We report a method for the removal of malachite green (MG) by adsorption and precipitation using nano-
sized aminopropyl functionalized magnesium phyllosilicate (AMP) clay. MG, which is used in aquaculture
and fisheries, is a carcinogenic and mutagenic compound. In response to these health risks, many efforts
have been focused on adsorption of MG onto various adsorbents, which is a versatile and widely used
technique for removing MG from water. Herein, we describe the adsorption and precipitation of MG using
AMP clay, as well as the alkaline fading phenomenon of MG. In this study, prepared AMP clay and the

I]\jzll‘;v;:ii" green precipitate product after the reaction of MG-AMP clay mixture were characterized. In addition, adsorp-
Adsorption tion isotherms and kinetics, as well as thermodynamic studies are presented. Based on the results, we

suggest a macro- and microscopic removal mechanism for the adsorption and precipitation of MG using
AMP clay. An AMP clay dosage of 0.1 mg mL~" exhibited a maximum removal capacity of 334.80 mgg~!
and 81.72% MG removal efficiency. With further increases of the AMP clay dosage, removal capacity by
AMP clay gradually decreased; at dosage above 0.2 mgmL~! of AMP clay, the removal efficiency reached

Precipitation
Phyllosilicate
Wastewater treatment

100%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Malachite green (MG) is a basic dye that has been used for
dyeing wool, silk, leather and cotton as well as a fungicide and
ectoparasiticide in aquaculture and fisheries it is generating envi-
ronmental concerns [1]. Not only the colors of the dyes affect the
penetration of sunlight into streams, but also the dye is carcino-
genic and mutagenic [2,3]. Due to the considerable resistance of
MG to biodegradation, physical and chemical processes for MG
removal have been widely studied. Characteristics of the removal
procedures that have been investigated include removal capac-
ity, treatment cost, and operating conditions, among other factors
[4-6]. Chemical treatment technology is costly and involves com-
plex processes that generate toxic by-products [7]. Therefore,
alternative physical methods for MG removal have been widely
studied. Using low cost adsorbents of silica based materials, such
as clay and its derivatives, may be a good approach because of
their large surface area and high cationic exchange capacity [8,9].
Other adsorbents, such as ash [10], chitosan [11], cyclodextrin
[12], activated carbon [13,14], hen feathers [15], plant leaves [16],
chlorella [17], de-oiled soya [18], and algae [19], have been suc-
cessfully evaluated with regard to their ability for physical removal
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of MG. However, many of these studies have not considered the
alkaline fading phenomenon of MG. Recently, Samiey and Toosi
detailed the MG alkaline fading phenomenon [20-22], and specif-
ically reported that cationic chromatic MG was changed into a
white precipitate carbinol base at an alkaline pH. As shown in
Fig. 1, three forms of MG can exist; leuco MG is formed when
MG penetrates into the human body. However, we will consider
only chromatic MG and MG carbinol base, which is MG form in
alkaline pH condition in aqueous systems. When MG is removed
by adsorbents under an alkaline solution, the MG carbinol base
in precipitate form should be considered [22]. More recently, clay
minerals of layered organo-inorganic hybrid materials, resembling
the talc parent structure SigMggO,9(OH)4, have been synthesized
by a sol-gel reaction at ambient conditions with various com-
binations of metal ions, such as magnesium [23,24], nickel [25],
and zinc [26]. Organo-functionalities of above clays have been
extensively investigated from an academic as well as an applied
perspective. Mann and colleagues further synthesized organoclay
(AMP clay) as 2:1 trioctahedral typed aminopropyl magnesium
(organo)phyllosilicate. AMP clay can be synthesized by a one-pot
sol-gel reaction in ambient conditions by controlling centered
metal ions and sandwiched organo-functionalities [27,28]. This
process results in organo-building blocks that are optically trans-
parent due to the repulsion of protonated amine groups in aqueous
media. The cationic and water-solubilized properties of AMP
clay in aqueous solutions have been utilized to construct hybrid
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Fig.1. Three forms of malachite green (MG): chromatic malachite green (a), carbinol
base (b), and leuco malachite green (c).

materials with biomolecules [29-32] and Schiff bases [33], dye
labeling for cellular uptake [34], and drug delivery systems [35].

Unfortunately, artificial AMP clays have not been applied toward
pollutant clean-up, even though their cationic and ammonium
properties in aqueous solutions merit the feasibility of such an
approach. Herein, we report, for the first time, the adsorption and
precipitation of MG using the positively charged organo-building
blocks of nano-sized AMP clay sheets. The specific goals of this
study were (1) to prepare and characterize AMP clay and the
MG-AMP clay mixture, (2) to suggest a removal mechanism that
includes adsorption, precipitation, MG fading, and collapsing of the
AMP clay structure, and (3) to present the adsorption kinetics and
a thermodynamic study of the MG-AMP clay mixture.

2. Experimental
2.1. Materials

The cationic dye, MG oxalate (C.I. Basic Green 4, C.I. Classifica-
tion Number 42,000, Cs5,H54N4012, M.W.=927.00, Amax =617 nm)
and 3-aminopropyltriethoxysilane (APTES, 99%) were supplied by
Sigma-Aldrich (St. Louis, MO, USA) and used without further purifi-
cation, unless otherwise specified. Ethanol (>99.9%) was purchased
from Merck KGaA (Darmstadt, Germany). Magnesium chloride
hexahydrate (98.0%) was obtained from Junsei Chemical Co. Ltd.
(Tokyo, Japan). HCI or NaOH (1.00 M or 0.10 M) standard solutions
were purchased from Dae Jung Chemicals (Shiheung, Korea) to
adjust the final pH of samples.

2.2. Preparation of AMP clay

For AMP clay preparation, we followed methods that have been
previously reported in the literature [30,31,34,35]. Specifically,
magnesium chloride hexahydrate (0.84g) was dissolved in 20g
of ethanol and 1.3 mL of APTES added to this solution, where the
intended molar ratio of Mg to Si is 0.75, with continuous stirring.
A white colored precipitate gradually formed within 10 min and
was stirred overnight for the reaction to reach completion. The
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Fig. 2. SEM/TEM images of AMP clay and precipitate of MG-AMP clay mixture. (a) SEM image of powder AMP clay, (b) a schematic unit structure of AMP clay, (c) TEM image
of diluted AMP clay sheets in aqueous solution on carbon-coated copper grid, (d) SEM image of the precipitated carbinol base, and (e) SEM images of low magnification and

(f) high magnification of MG-AMP clay mixture.
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Table 1
Results of ICP-AES measurement of AMP clay and MG in aqueous solution.
Name Weight (mgmL-1) Mg (mgL-1) Si(mgL-1)
AMP 1 2.712 5.953
MG with AMP 1 0.009 0.233
DI water - 0.009 0.008

precipitate was collected by centrifugation, washed three times
with ethanol (50 mL) to remove excess magnesium chloride, and
dried overnight at 313 K.

2.3. Preparation of MG stock solution

The stock solution (3 x 10~ mM of MG) was prepared by dis-
solving an accurately weighed 278.1 mg of dye in de-ionized
distilled water (DI water). MG standard solutions were diluted to
each desired concentration using DI water.

2.4. MG removal

To study the pH effect on MG removal, 1.0 mg of AMP clay was
agitated with 10 mL of dye solution (3 x 10~3 mM) at room tem-
perature. The experiments were conducted at different pH levels,
from 3 to 10. Agitation was carried out at a constant agitation
speed of 130 rpm for 120 min (see supporting information, Fig. S1),
which was sufficient to reach equilibrium. As the pH increased,
the peak of chromatic MG at 617 nm decreased while the peak
at 255 nm of carbinol base increased. After 120 min, the samples
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Fig. 3. PXRD patterns of (a) mechanical mixing of AMP clay powder and MG pow-
der, (b) MG powder, (c) MG-AMP clay mixture, and (d) AMP clay. Inset shows (i)
photographs of exfoliated AMP clay in aqueous solution, (ii) MG in aqueous solu-
tion, (iii) AMP clay-MG mixture after 10 min, and (iv) MG-AMP clay mixture after
1 week. Note: (c) was PXRD of inset (iii). y-Axis indicates counts/s.
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Fig. 4. FTIR spectra of (a) MG powder, (b) carbinol base powder, (c) precipitate
product of MG-AMP clay mixture, and (d) AMP clay powder. y-Axis indicates trans-
mittance (%).

were centrifuged at 6000 x g for 20 min and then directly measured
using a UV-Vis spectrophotometer. In order to confirm equilib-
rium condition, we measured the UV-Vis spectra at 120 min and
240 min, indicating the peaks are almost constant (see supporting
information, Fig. S2). The pH of the solution was adjusted by drop-
wise addition of HCl or NaOH (0.10 M) standard solutions and
measured using a pH meter (Thermo Orion, Model 710, USA).

To examine the effect of AMP clay for MG removal, 1.0-14.0 mg
of AMP clay was added to 10 mL dye solution (3 x 10~3 mM concen-
tration) while stirring (250 rpm) at room temperature overnight.
The removal capacity (ge, mgg~!) was defined as the amount of
MG molecules adsorbed divided by the AMP clay loading at equi-
librium:

_ V(G -C)
Tw

where V(L) is the volume of the sample treated, C; (mgL~1)and C,
(mgL-1) are the initial concentration and equilibrium MG concen-
tration, respectively in the liquid phase, and W (g) is the amount of
AMP clay. The removal efficiency (%) was calculated as follows:
CO — Cou
—x1

G x 100
where Cy (mgL~1)is the initial dye concentration and Cs, (mgL~1)
is the supernatant MG concentration after centrifugation (6000 x g
for 20 min). The control experiments (with and without MG) were
performed under the same conditions.

2.5. Adsorption isotherms

Adsorption isotherms were determined using the batch equi-
librium method. For batch adsorption experiments, 0.1 mg mL~!
of AMP clay was applied when evaluating the maximum removal
capacity (qe ), where the MG concentration in aqueous solution was
3 x 10~3 mM. The solutions were shaken for 120 min at room tem-
perature; at that time final pH was approximately 9.8. Then the
aliquots were collected after centrifugation from the samples at
6000 x g for 20 min. And then supernatants were recorded using
a UV-Vis spectrophotometer at 617 nm (Amax) to calculate dye
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Fig. 5. Pseudo-first-order (a) and pseudo-second-order kinetic plots of MG removal with AMP clay as a function of initial pH; initial MG concentration: 3 x 10-3 mM, AMP

clay concentration: 0.1 mgmL-'.

concentration. The precipitate amount of MG-AMP clay mixture
was calculated based on the intensity difference between the initial
and equilibrium concentrations of MG.

2.6. Removal kinetics and thermodynamics

The kinetics of MG removal using AMP clay was also investigated
using the batch processing mode. 10 mL of MG solution and 1 mg of
AMP clay were mixed in airtight 15 mL conical tubes. To retain the
reaction temperature, the conical tubes were kept in a water bath
with constant agitation (293.15, 313.15, and 333.15K). At proper
time intervals, samples were collected from the supernatants after
centrifugation and were directly recorded using a UV-Vis spec-
trophotometer. All the experiments were conducted in duplicate;
the data presented therefore reflect the mean of duplicate analyses.

2.7. Characterizations of AMP clay and its mixture

The surface morphologies of the samples were observed
using a field emission scanning electron microscope (FE-SEM,
Sirion Instrument, FEI Com/Noran, Netherlands) with attached
energy dispersive X-ray (EDX) analysis and transmission electron
microscopy (TEM, JEM-2100F HR, 200 kV). Powder X-ray diffrac-
tion (PXRD) data were obtained on a Rigaku D/max IIIC (3 kW)
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Fig. 6. UV-Vis absorption spectra of MG with NaOH or with AMP clay at pH 9.8 as
a function of time; initial MG concentration: 3 x 10> mM, AMP clay concentration:
0.1mgmL-1.

with a 6/6 goniometer equipped with a CuKa radiation generator
at 40kV and 45 mA. The scan range was from 3° to 65° at a rate of
1.2° 29 min~!. A small-angle X-ray diffractometer (SAXS) measures
were obtained using a D/MAX-2500 (Rigaku, 20 =0.25-6). UV-Vis
spectra (200-750nm) were recorded in survey scan mode with
2 nm ofinterval wavelength (Optizen 3220UV, Mecasys, Korea). The
particle size distribution of the exfoliated dispersion of AMP clay
sheets in aqueous solution was examined by a laser scattering par-
ticle size analyzer (HELOS/RODOS & SUCELL, Germany). AMP clay
in aqueous solution was sonicated for 5 min, becoming optically
transparent (water-soluble), and then measurement of Mg and Si
concentrations was performed using an ICP-AES (JY70PLUS, Jovin-
Yvon, France). Fourier transform infrared (FT-IR) spectrometry of
KBr pellets (FT-IR 4100, Jasco, Japan) was collected from 4000 cm~!
to 450 cm1.

3. Results and discussion
3.1. Electron microscopy observations and composition analysis
The powder morphology of AMP clay is shown in Fig. 2a; the

clay had a layered structure with approximately 1.8 nm of regu-
lar layer distance, which was roughly estimated based on scale
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Fig. 7. Removal kinetics of different initial concentrations of MG at temperature
293.15K.
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Fig. 8. Removal capacity (qe, mgg') and removal efficiency (%) of MG with AMP
clay loading at pH 9.8.

bar. The approximate unit cell structure of AMP clay is depicted
in Fig. 2b. A TEM image of the organo-building blocks of exfoli-
ated dispersion of AMP clay sheets in aqueous solution is shown in
Fig. 2c; the diameters of the AMP clay sheets ranged from 20 nm to
200 nm, which is in the range previously reported in the literature
[30,31,34]. From the TEM images, observed under dry conditions,
we observed a larger sample size than that in aqueous solution.
To further investigate the size of organo-building blocks of AMP
clay sheets in aqueous solution we measured that by the dynamic
light scattering (DLS). The resulting cumulative probability size at
99% (Xgg) of organo-building blocks of AMP clay sheets showed in
aqueous solution an average diameter of 64.60 nm with surface and
volume average diameters of 43.74 nm and 44.93 nm, respectively
(see supporting information, Fig. S3) where two mean diameters
were obtained based on specific surface area (m2g-1) and spe-
cific volume (m3 g-1), which can be interpreted that the larger ratio
of surface to volume diameter, the more spherical particle of dis-
persed AMP clay sheets. AMP clay sheets in the aqueous solution
exhibited a nano-sized distribution in the range of visible light. As a
reference, the morphology of the precipitated carbinol base of MG
exhibited uniform spherical structures, as shown in Fig. 2d. Fig. 2e
and f shows SEM images of the precipitated carbinol base on the
AMP clay plates in low and high magnifications, respectively. AMP
clay exhibited good transparency in a wide pH range. However, the
induction of the carbinol base of MG caused the precipitation of
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Table 2
Langmuir and Freundlich adsorption isotherm parameters of MG on AMP clay sheets
at 293.15 K temperature.

Langmuir isotherm Freundlich isotherm
Qmax K. R? Ky n R?

130.64

-1.12x 10° 0.92 1137.97 -2.51 0.52

macro-sized plates of AMP clay with a decorated or partially buried
carbinol base of MG (Fig. 2e and f). In addition to the observation of
the micrographs, we confirmed the compositions of AMP clay and
MG-AMP clay mixture. The AMP clay was 18.3% C, 5.6% H, 6.7% N,
and 9.4% O. In contrast, MG-AMP clay mixture exhibited a 78.1%
increase of C and an 8.0% increase of N, due to the MG molecu-
lar structure (see supporting information, Table S1). Based on the
EDX analysis of AMP clay, the ratio of Mg to Si showed ca. 0.53 (see
supporting information, Table S2). We further confirmed the con-
centration of magnesium and silica in the AMP clay using ICP-AES
equipment, resulting in ca. 0.46 of the ratio of Mg to Si (Table 1).
However, in the case of MG-AMP clay mixture, the concentration of
magnesium, which is the centered cationic ion of AMP clay, signifi-
cantly decreased. This indicates that the AMP clay structure was
collapsed and dissociated by the microenvironment around the
MG. In the presence of MG molecules, 0.1 mgmL~! of AMP clay
was precipitated in 10 min of reaction time. The silicon concentra-
tion in the sediment of the sample increased while the magnesium
concentration slightly decreased (see supporting information, Fig.
S4).

3.2. PXRD pattern

As displayed in Fig. 3d, the AMP had a layered structure with a
1.4 nm base spacing of dgoq with broad peaks over higher angles.
Basal spacing is smaller than that of SEM image, but this value
is accurate. Moreover the dggo 330 peak indicated 2:1 trioctahe-
dral phyllosilicate at 26 =59°, corresponding to previously reported
results [28,31,32,34,35]. However, MG-AMP clay mixture after pre-
cipitation showed irregular and amorphous silica structures. The
sharp peaks of cabinol base were significantly reduced by sil-
ica materials. In addition, the peak of the 2:1 trioctahedral unit
structure disappeared; indicating that the basic unit of structure
had collapsed. While sharp peaks of crystalline MG were initially
observed (Fig. 3b), the intense sharp peaks of MG disappeared after
the reaction (Fig. 3¢), indicating that MG was significantly removed
by the AMP clay. For control experiment, according to Fig. 3a the
physical mixing of MG and AMP clay powders showed sharp and
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Fig. 9. Langmuir (a) and Freundlich (b) adsorption isotherms of MG with AMP clay.
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Fig. 10. Kinetics of MG with AMP clay according to temperature; initial MG concen-
tration: 3 x 10~3 mM, AMP clay concentration: 0.1 mgmL~".

new peaks at 6.44, 12.80 of 26, while MG showed 5.99, 6.95, 7.76,
18.14, and 18.83 of 20. These findings also support the collapse of
the AMP clay unit structure by MG, as observed from the micro-
graphs of AMP clay with MG (Fig. 2e and f). Fig. 3 and the inset data
indicate that MG was precipitated by AMP clay and changed the
white color of the carbinol base after 1 day, ultimately resulting in
a gray precipitated MG with silica materials from the AMP clay.

3.3. FTIR spectra

The FTIR spectra of MG, carbinol base, precipitate of MG-AMP
clay mixture, and AMP clay are shown in Fig. 4. The broad
band at 3428 cm~! of —OH stretching vibration spectrum of AMP
clay (Fig. 4d) was shifted to 3466cm~! in MG-AMP clay mix-
ture by interaction with carbinol base (Fig. 4c). Characteristic
bands of AMP clay were —CH,- (3036cm™!), -NH3* (2036cm™1),
-NH; (1604cm~'), -CH; (1498 cm™1), Si-C (1141 cm™1), Si-O-Si
(1042 cm1), and Mg-0 (465 cm~1) (Fig. 4d). These peaks are in
good agreement with previous reports [30,31,34]. The assigned
-CH- stretching vibration of AMP clay was also shifted from
3036/2926 cm~! to 3041/2782 cm~! by the effect on carbinol base.
Interestingly, the peaks of carbinol base (Fig. 4b) and MG-AMP clay
mixture (Fig. 4c) were almost similar, meaning that MG existed as
carbinol base in MG-AMP clay mixture [36]. The -NH3* peak of AMP
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clay disappeared after the reaction with MG, indicating that amine
groups of AMP clay were involved in the reaction with carbinol
base through hydrogen bonding. The N-H bending vibrations at
1604/1498 cm~! of AMP clay were shifted to 1612/1521cm™1.
Conclusively, carbinol base (not MG form) and AMP clay were
significantly interacted with each other in the microenvironment
because AMP clay made the aqueous solution alkaline.

3.4. Effect of pH on MG removal

pH is a significant parameter for the removal of MG by AMP clay
because protons enhance the degree of protonated dispersion of
AMP clay sheets and the alkaline fading of MG in an aqueous solu-
tion. The effect of different initial pH values on the removal of MG
by AMP clay was investigated at AMP clay loading of 0.1 mg mL~1.
The removal capacity (334.80mgg~!) and the adsorption equilib-
rium time (120 min) were not changed where MG removal included
the precipitation at alkaline condition; however, the removal rate
decreased when the initial pH of the MG was acidic (data not
shown). We observed that the rate of MG removal by AMP clay
decreased in the following order: pH 10> pH 9> pH 8 > pH 4 > ~pH
7 >pH 5~ pH 6 (Fig. 5). This can be explained by that the absorbance
intensity (617 nm) of MG in aqueous solution was changed by pH
shift (see supporting information, Fig. S5). Therefore, under alka-
line pH, removal rate was fast, and then pH 4 and pH 7 would be
followed. The pH 5-6 is the pH of MG without pH adjustment.

This can be explained that AMP clay in aqueous solution showed
a positively charged surface potential under a wide pH range
[30,31,34]. The MG showed cationic properties below weak acid,
and a neutral carbinol base predominantly existed above neutral
pH [17]. For MG behavior in the presence of AMP clay, as shown
in Fig. 6, the peak at 617 nm of MG disappeared faster in the pres-
ence of AMP clay than under the NaOH adjustment at the same pH
(9.8). The solution pH was spontaneously changed into 9.8 after
the addition of AMP clay. Simultaneously, the peak at 255 nm of
the carbinol base with AMP clay increased faster than that for the
NaOH adjustment. Comparing with and without AMP clay at the
same pH condition, AMP clay accelerated the precipitation of MG
as a carbinol base type.

3.5. Effect of initial MG concentration and AMP clay loading
As shown in Fig. 7, the effect of the initial concentrations of MG

(6, 3.75, 3, and 1.2 x 106 M) on MG removal was examined with
0.1 mgmlL-! of AMP clay for 180 min. The removal pattern of MG
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Fig. 11. Thermodynamic study of MG with AMP clay, pseudo-first-order reaction (a) and pseudo-second-order reaction (b), initial MG concentration: 3 x 10~3 mM, AMP clay

concentration: 0.1 mgmL-1.
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Table 3
Adsorption kinetic parameters of MG with AMP clay at 293.15 K temperature.

T (K) Pseudo-first-order Pseudo-second-order
k1 (min-1) R? ko (gmg ! min-1) R2
293.15 938 x 1073 0.99 5735.08 0.98

gradually decreased in all cases. We selected the initial MG concen-
tration of 3 x 103 mM for the entire experiment at 0.1 mgmL~! of
AMP clay loading because equilibrium was achieved in this condi-
tion within 120 min.

The effect of AMP clay loads ranging from 1 to 14 mg on the
removal of MG was also studied (Fig. 8). As AMP clay loading
increased, the increasing surface area and active sites of AMP
clay led to an increase in MG removal efficiency. 0.1 mgmL~! of
AMP clay loading exhibited a maximum removal capacity (qe) of
334.80mgg-! with 81.72% MG removal efficiency. As we further
increased AMP clay loading, the removal capacity of AMP clay grad-
ually decreased, yet above 0.2 mgmL-! of AMP clay the removal
efficiency reached nearly 100%. The gradual reduction of removal
capacity can be explained by the fact that the amount of MG (per
unit weight of AMP clay) was split with the increase in AMP clay,
resulting in an exponentially decreasing curve [5]. Therefore, the
optimum dosage of AMP clay was 0.1 mgmL-! at of 3 x 10-3 mM
concentration of 10 mL MG solution.

3.6. Adsorption isotherms

MG removal by AMP clay included adsorption and precipitation
of MG-AMP clay mixture, as well as MG alkaline fading. The whole
process can be considered a pseudo-adsorption process. Therefore,
a fundamental equilibrium isotherm study is important when con-
sidering MG removal by AMP clay. As shown in Fig. 9, based on
Langmuir theory, the linear equation for this process is the follow-
ing:

Cc 1 G

= +
qe bqm = qm

where g, (mgg-1) is the monolayer adsorption capacity and b
(Lmg~1) represents the Langmuir isotherm coefficient. The Fre-
undlich model is distinguished as multilayer adsorption process.
The equation for this process is the following:

qe = K:C/"
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Fig.12. Arrhenius plot of MG with AMP clay, initial MG concentration: 3 x 103 mM,
AMP clay concentration: 0.1 mgmL-!.

Table 4
Thermodynamic parameters for MG with AMP clay.
T (K) Eq(kKjmol~')  AH°(kjmol~')  AS°(kjmol-')  AG° (kJmol')
293.15 50.19 47.74 —97.69 x 102 334.14
313.15 47.58 —97.72 x 1072 353.28
333.15 47.41 -97.84 x 102 373.40

where K (mg g~1) and n are Freundlich constants. Adsorption
parameters in this system are summarized in Table 2, using the
equilibrium adsorption study with Langmuir and Freundlich mod-
els. The linearization of the Langmuir equation was plotted as
y=7.65x10"3x—6.85 x 10-% (R2=0.92). The g, value of MG-AMP
clay mixture was 130.64 mg g~!. The smaller correlation value may
be due to the removal of MG by alkaline fading. However, the corre-
lation coefficient (R?) of the Freundlich model was much lower than
that of the Langmuir model, indicating that the removal process
was better modeled by monolayer adsorption (Langmuir) than by
multilayer adsorption (Freundlich). Therefore, based on a Langmuir
type model, the favorable or unfavorable reactions can be classified
by the separation factor, R;, which is an evaluation parameter of the
adsorption capacity [13].

1

R = ———
L 1+ bCy

where b (Lmg~1) is the Langmuir constant and Cy (mgL~') is the
initial concentration. The adsorption process can be determined as
favorable when the R; value lies between 0 and 1.

3.7. Effect of temperature

The effect of temperature on MG removal by AMP clay was
investigated (Fig. 10). As temperature increased, the time to
reach equilibrium was reduced. Specifically, at 293.15, 313.15,
and 333.15K equilibrium conditions were reached in 120, 60, and
20 min, respectively. These may be due to the mass transfer with
MG molecules and AMP clay sheets, resulting in fast formation of
the carbinol base from chromatic MG. This implies an increased
surface activity and kinetic energy of the solute molecules [17].
To examine the adsorption (removal) mechanism of MG-AMP clay
mixture, we evaluated pseudo-first-order and a pseudo-secondary-
order kinetic model to determine which model was best fit by the
experimental data.

The sorption data by Lagergren pseudo-first-order kinetics is
based on the followed equation [37]:

d
d—‘: =Ki(ge — q)

Integration of the above equation with conditions (g values) at t=0
to t=t, results in the following kinetic rate expression:

Ky
2303 ~

where K; is the pseudo-first-order rate constant (min~1); g. and
qr are the amounts of MG adsorbed (mgg~!) at equilibrium and at
time t (min), respectively.

The pseudo-second-order model can be expressed as [38]:

log(ge — qr) = logg, — t

t 1 t
—_— = + —
q  Kyq2 Qe

where K, (gmg~! min—1)is the rate constant of the pseudo-second-
order kinetic plot.

Fig. 11 shows the pseudo-first-order and pseudo-second-order
kinetic plots as functions of temperature (293.15, 313.15 and
333.15K). The kinetic constants obtained by linear regression
from the two kinetic equations are summarized in Table 3. The
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Fig. 13. The proposed MG removal mechanism by AMP clay. Initially (a) positive MG molecules interacted with negatively charged O~ of AMP clay sheets and then (b) OH

side of carbinol base interacted at neutral amine group of AMP clay sheets.

correlation coefficient for the pseudo-first-order model is higher
(R%=0.99) than that for the pseudo-second-order model (R? =0.98)
at 293.15 K. Thus, the adsorption process followed the pseudo-first-
order kinetic model, indicating that the interaction between MG
molecules and AMP clays sheets is stronger than that between MG
molecules and AMP clay sheets. This result is contrary to results
following a pseudo-second-order kinetic model [8,38]. Our find-
ing suggests that AMP clay behaves differently as an adsorbent,
showing unique collapsed and precipitated morphology after the
precipitation.

3.8. Thermodynamic parameters

In order to determine whether the reactions will proceed spon-
taneously or not, Gibb’s energy and entropy factors have to be
considered. If Gibb’s energy change (AG°) is negative, the reaction
process will occur spontaneously. The thermodynamic parameters
of the adsorption system are AG°, enthalpy change (AH°), entropy
change (AS°), and the equilibrium constant (K). The relationship
among these parameters is described by the following equations:

AG° = AH° — TAS®
AG°=-RTInK

where K(Lmol~1)is the equilibrium constant of adsorption, R is the
gas constant (8.314] mol~1 K-1), and T is the solution temperature
in Kelvin (K). The enthalpy (AH®°) of MG adsorption by AMP clay
was determined by the following equation [5]:

AH° =E; —RT

The activation energy (E;) for MG adsorption by AMP clay was
calculated from the Arrhenius equation.
Eq

lr1k:lnA—ﬁ

where Ais the Arrhenius frequency factor, and k is the rate constant.
Fig. 12 is based on the Arrhenius equation. As shown in Table 4, AH°
is a useful parameter whenever a differential energy change occurs
in a system. A positive value greater than 40 k] mol~! of AH° means
that the interaction of MG is endothermic in nature and chemisorp-
tions will occur and a negative value of AS° shows a decrease in
the degrees of freedom, i.e., MG molecules were orderly adsorbed
onto AMP clay surfaces. Conclusively, the positive AG° indicated
that the reaction with MG and AMP clay is not spontaneous. Fur-
thermore, increasing the reaction temperature decreased AS°; this
indicates that a higher temperature is not energetically favorable
and corresponds to an increase of AG°. The activation energy, Eg,

was obtained from the linear Arrhenius equation, y = —6.04x + 15.98
(R%2=0.99) (Fig. 12). Based on the slope of the graph, E, was deter-
mined to be 50.19 k] mol~!. The E; for the interaction of MG-AMP
clay mixture was above 40 k] mol~!; therefore, a chemical adsorp-
tion mechanism occurred. This chemical reaction has an energy
barrier [11].

3.9. Suggested removal mechanism

Microscopically, a white powder of layered AMP clay, composed
of organo-building blocks with at least an average size of 50 nm,
was exfoliated in aqueous solution, which increased the pH to 9.8
due to the protonated cationic AMP clay sheets. At acidic pH, chro-
matic MG showed good dispersion stability, because of electrostatic
repulsion, and formed an amorphous structure, not a precipitated
one (see supporting information, Fig. S6). However, under alkaline
pH, chromatic MG without AMP clay became a carbinol base, which
is white in color and of a precipitated form with a spherical mor-
phology. In the MG-AMP clay mixture in aqueous solution, MG was
precipitated as a carbinol base of spherical type onto a macro-sized
plate-like AMP clay structure (Fig. 2e and f). We presume that the
neutrally charged carbinol base induced interactions (adsorption
and precipitation) with AMP clay and accelerated precipitation of
organo-building blocks of AMP clay sheets in the aqueous solution.
AMP clay also helped to change the carbinol base form from MG
(Fig. 5). In previous reports using bentonite [8,39] for MG removal
process, and anionic dye precipitation by Ca%* and MgZ* ions of
alkaline white mud [40], dye removal efficiency increased due to
MG alkaline fading, which are different precipitation phenomena
comparing with our result. To investigate the interaction of MG
molecules and collapsed AMP clay structure, we suggest a possible
removal model consisting of electrostatic attraction of positively
charged *N-(CH3);- of MG and negatively charged O~ of silica
(Fig. 13a) [5]. And then carbinol base interacted predominantly
with amine groups of AMP clay via hydrogen bond at alkaline pH
(Fig. 13b), which was confirmed by FTIR spectra. The dissociated
AMP clay structure was confirmed by measuring Mg and Si concen-
trations (mgL~1) in the presence of MG as described above. During
adsorption and precipitation, both Si and Mg concentrations in the
precipitate increased. This means that simultaneous precipitation
of MG and structural collapse of AMP clay occurred.

4. Conclusion

In summary, the removal of MG-AMP clay mixture included
adsorption of MG onto AMP clay, alkaline fading of MG by AMP
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clay, and induced precipitation of MG and AMP clay sheets under
basic conditions (pH 9.8). Due to alkaline fading and adsorption of
MG, the Langmuir equation led to the predicted adsorption capac-
ity (130.64mgg-1) but had a correlation (RZ=0.92). Adsorption
kinetics for MG onto AMP clay was of a pseudo-first-order nature.
This indicates that the interaction of MG molecules with AMP clay
sheets was stronger than the interaction with each solute. Ther-
modynamically, MG molecules were orderly arranged onto AMP
clay plates and were endothermic in nature. From the above find-
ings, we suggest a removal mechanism model that explains MG
removal with AMP clay sheets in aqueous solution. Under pH 9.8,
MG becomes a carbinol base and this carbinol base induces syner-
gistic precipitation of exfoliated dispersions of AMP clay sheets. At
first, negatively charged O~ of silica interacted positively charged
*N-(CH3),- of MG by electrostatic attraction. And subsequently
carbinol base interacted predominantly amine groups of AMP clay
via hydrogen bond at alkaline pH. We are currently examining des-
orption (recovery) of MG from the precipitation product by flushing
using organic solvents.
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