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ABSTRACT

Malachite green (MG) has been widely used in the dyeing industry and as a fungicide and
an antiseptic in the aquaculture industry. However, MG is very dangerous and cytotoxic to
mammalian cells, and its discharge into receiving waters results in environmental problems
in aquatic ecosystems. To remove this soluble dye from aqueous solutions, adsorption by
inorganic clay is often used. In the case of the triphenylmethane dye family, molecular
structure changes occur with changes in pH. As a result, chromatic MG" at a neutral pH
turns into the protonated MG (MGH?") at an acidic pH and into the carbinol base form at a
basic pH. In this study, taking into consideration the potential for MG structural change,
batch sorption experiments for kinetics (5-1.17, 10-2.94, and 20-5.90 MG mg/mL at 293,
303, and 313 K) and thermodynamics (calculated activation energy (E,) = 2.09 kJ/mol) as
well as tests of the feasibility of column flushing were conducted using talc to remove MG
from aqueous solutions (100% removal after 140 pore volumes of a 12-h run). We studied
specific removal behaviors of MG by talc for pH values > 8.0, where MG molecules that
had adsorbed onto the talc predominantly changed to the carbinol base form and were
retained on the talc.
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1. Introduction processes cause certain hazardous and environmental
problems [1-4]. In the water body into which they are
discharged, the presence of these dyes causes
undesirable consequences, including unpleasant
esthetic effects of the dye wastewater and reduction
inthe photosynthetic action of the water flora [5]. Use

Soluble cationic dyes such as malachite green
(MG) wused in industrial dyeing and finishing
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of MG dye in many industrial applications has
adverse effects such as carcinogenesis, mutagenesis,
teratogenesis, cytotoxicity, and reduced fertility in
humans as well as in fish in aquaculture. The carcino-
genic properties of MG, which is used in aquaculture
as a fungicide, ectoparasiticide, and an antiseptic [6],
are related to the nitrogen group of the molecule
(Fig. 1) [1]. Although MG is banned in many countries
for use in aquaculture, it is still used illegally because
of its low cost and high efficacy [4].

The biological and chemical methods commonly
used to remove MG dye from wastewater are not
effective. Chemical treatment is costly and compli-
cated, and it produces toxic by-products [3,7].

Several adsorption processes have been investi-
gated as viable alternative technologies for treating
dye effluents, including the use of the following:
(i) activated carbon-based materials, (ii) biosorbents,
and (iii) inorganic materials. These alternatives are
attractive because of their simple design, ease of oper-
ation, and relatively high efficiency [5]. Research on
activated carbon-based materials [8-10] has led to the
testing of other low-cost adsorbents. Recently, various
biosorbents, including chitosan [11], hyacinth roots
[12], sawdust [13,14], oil palm trunk fiber [15], rice
straw [16,17], orange peel [18], hen feathers [19], algae
[20], fungus [21], dead leaves of the plane tree [22],
cellulose [23], wood [24], waste materials [25-29],
degreased coffee beans [5], ginger waste [6], and other
materials have been studied. These biosorbents are
often discarded or burned, which is potentially less
expensive, and are usually available in large amounts.
In contrast, inorganic materials, a glossary of MG
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removal by inorganic materials is given in Table 1,
including silica/alumina [30], bentonite [31,32], mont-
morillonite/sepiolite for adsorption of methyl green
[33], AMP clay [34], silica gel [35], zeolite [36], mag-
netic particles [37], ash [38,39], iron humate [40], and
talc [41], all have large surface areas and mechanical
stability and have also been used to remove MG from
aqueous solutions.

However, most studies of this subject to date have
not reported on changes in the structure of MG as a
member of the triphenylmethane dye family with a
behavior of pH-dependent transformation, which is
altered by changes in microenvironmental conditions
such as the pH, the presence of ions (buffer concentra-
tion), and the type of solvent media [35,41-43]. The
chemical structure of MG varies according to the solu-
tion pH. As shown in Fig. 1, chromatic MG™ (Fig. 1(b),
Amax = 618 nm Apax = 618 nm) has a positive and an
increased solubility in the pH range from 3.5 to 5.0,
but it changes to a carbinol base (Fig. 1(c)) at >pH 8.0.
Under highly acidic conditions (pH < 2.0), MG is pro-
tonated to MGH?" (Fig. 1(a), Amax = 255 nm). The deep
green color exhibited in the pH range from 3.5 to 5.0
changes to cyan at pH values < 2.0, and at pH val-
ues > 8.0, MG is colorless. Because inorganic clays
spontaneously increase the pH to the range of 9.0-10.0
in aqueous solution, the effects of alkaline conditioning
on MG removal by inorganic clays could be important.
In addition, Samiey and Toosi [42,43] recently investi-
gated MG alkaline fading and successfully applied sil-
ica gel to the MG removal process at pH < 7.0 [35].

Recently, we demonstrated MG removal by talc
[41], which is considered a form of MG alkaline
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Fig. 1. Chemical structures of (a) MGH?*, (b) chromatic MG?,

and (c) carbinol base.
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Table 1
Elemental analysis (%) of talc observed by X-ray (XRF)
spectrometer in this study

MgO SiO, ALO; Fe,O; CaO H,O Ignition loss

31.84 60.02 1.90 0.13 022 0.08 581

fading. To measure the MG concentration, an acetate
buffer (pH 4.6) was used, with an absorbance calcu-
lated at 618 nm of MG showing that a maximum
absorbance was used, meaning that the soluble carbi-
nol base should not be considered as a removal per-
centage because it was not removed by talc. Talc is
the most common silicate material, with an ideal
chemical formula of MgzSisO,9(OH), [44,45]. Its use in
the MG removal from aqueous solutions has been
reported beyond adsorption isotherms. The specific
goals of this study were the following: (i) to evaluate
the adsorption kinetics and thermodynamics for three
initial MG concentrations (5, 10, and 20 mg/L) and
temperatures (293, 303, and 313 K) and (ii) to investi-
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was used in all experiments. The stock MG solution
(1,000 mg/L) was prepared by dissolving MG in DI
water. The experimental solutions were achieved by
diluting the MG dye stock solution with DI water in
accurate proportions to obtain various initial
concentrations [6].

2.2. Measurement of MG concentrations with consideration
of MG structural change [41]

To calculate the exact amount of MG, the acetate
buffer was used to adjust the pH of the MG solution.
The acetate buffer (pH 4.6) caused MGH?* and carbi-
nol base to form MG", with equilibrium reached after
2 h. Each sample (3 mL) was then placed into the ace-
tate buffer solution (pH 4.6, 3 mL) for spectrophoto-
metric measurements at a wavelength of 618 nm. The
results were used to calculate MG recovery (%) using
the following equation.

MG recovery is considered the amount of
chromatic MG* produced from MGH?*" and carbinol

MG recovery (%) = [abs. intensity of sample at618 nm in acetate buffer (pH 4.6)
x dilution factor]/[abs. intensity of fresh MG solution (5 mg/L) at618 nm| (1

gate the feasibility of MG solution flushing by packing
talc in the flushing column. The results of this study
appear to be useful in the development of processes
for MG treatment with inorganic clays.

2. Materials and methods
2.1. Talc and chemicals

All chemicals used in this study were used as
received. The cationic dye, MG oxalate (Color Index:
Basic Green 4, Classification Number: 42,000, chemical
formula = C52H54N4012, MW. = 92700, imax =618 nm),
was supplied by Sigma-Aldrich (USA). The talc
(SP-3000 product; average particle diameter = 2.5 um;
measured Brunauer, Emmett, and Teller surface
area = 13.92 m?/g; density = 0.32 g/cm’, supplied by
Dawon Chemical, Seoul, Korea) composition was
characterized according to the manufacturer as shown
in Table 1. HCl and NaOH standard solutions (1.0
and 0.1 M) were purchased from DAE JUNG Chemi-
cals (Shiheung, Korea) to adjust the pH of the
samples. An acetate buffer solution (pH 4.6) was
purchased from Fluka (USA). Double-distilled
deionized water (DI water) with a resistance > 18 mQ

base by changing the pH to 4.6. This study was
focused on pH > 8.0 because of the basic property of
talc in aqueous solution. For MG alkaline fading in
basic conditions, the precipitated carbinol base (con-
sidered as the removal fraction) and suspended carbi-
nol base (not considered as a removal fraction) were
separated to calculate the MG removal efficiency.

2.3. Kinetic and thermodynamic studies

The adsorption kinetics of MG removal by talc was
investigated using batch tests. MG solutions (5, 10,
and 20 mg/L, 40 mL) were mixed with 0.01 g of talc
in 100 mL-brown bottles. To maintain the reaction
temperature, the conical tubes were kept in a water
bath with constant agitation (293, 303, and 313 K). At
appropriate time intervals, samples were collected
from the supernatants after centrifugation, and each
sample (1 mL) was then placed in the acetate buffer
solution (pH 4.6, 1 mL). After 2 h, they were analyzed
at 618 nm using a UV-vis spectrophotometer (Scinco,
S-3100, Korea). All of the tests were conducted in trip-
licate to obtain averages of the measurements. Nega-
tive control tests without talc were conducted
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simultaneously to ensure that the adsorption was by
talc and not by the containers [17].

2.4. Column experiment [46]

Column flushing experiments were performed
with 15 mm x 140 mm columns (Kontes, USA) con-
taining 0.00, 0.10, or 0.20 g of talc mixed well with
sand (20-30 mesh, Jumunjin, Korea), corresponding to
a bulk volume (10 mL) measured using a 100-mL cali-
brated cylinder. After packing the mechanically mixed
talc and sand into the column, fine sand (2 mL bulk
volume) was distributed evenly at the top of column
to inhibit talc leakage. The pore volume of the sand in
the column was 6 mL. Initially, 10 pore volumes of DI
water were pushed through the column with the pack
of talc mixed with sand in an upward direction at a
flow rate of 1 mL/min, to wet the mixture and avoid
floatation of the talc and to saturate inside the column.
Then, the MG solution (50 mg/L) was pumped in an
upward direction through the column at a flow rate of
1 mL/min. At 6-min intervals, samples were taken
and measured at an absorbance intensity of 618 nm.
In case of 0.2 g of talc with sand, the test was inter-
rupted after 12 h and then continued again to observe
the talc’s MG removal characteristics in detail. During
the column tests, the flow rate was controlled by a
digital pump (Masterflex” L/S®, Cole-Parmer Instru-
ment, USA).

3. Results and discussion

3.1. Preliminary information for measurement of MG
concentrations

The absorbance values of MG" cations could be
assigned three distinct peaks at 317, 427, and 618 nm.
As the pH increased beyond 6, these three peaks dis-
appeared, and another peak formed at 255 nm. This
last peak was induced by alkali fading of a colorless
solution from which 46.9% of the MG was precipitated
as a white powder at the end of drying. The remain-
ing 50.6% was considered to be a soluble carbinol base
(Fig. 1) [41]. The break of the conjugated double-bonds
in the center of the MG* molecules reduces the spread
of the z orbital, implying a decrease in the delocaliza-
tion of the electron. Thus, this causes the disappear-
ance of the band at 618 nm with a considerable
decrease in the other bands in the visible part of the
spectrum [43]. After all, we corrected the MG concen-
tration after determining the MG recovery ratio for the
removal experiment. The MG recovery ratio was
determined to be 80.32% under alkaline conditions.
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3.2. Adsorption kinetics

To select the optimum operating conditions for the
full-scale batch process, kinetics information was
needed [22]. MG removal by talc was investigated for
the initial MG concentrations (5, 10, and 20 mg/L)
and temperatures (293, 303, and 313 K) (Fig. 2). The
selected amount of talc (0.01 g) was associated with
the maximum removal capacity observed in the low
talc loading range. As the temperature rose, the time
required to reach equilibrium decreased. This was
notable at the 20 mg/L initial MG concentration: the
time required to reach equilibrium decreased from 720
to 540 to 60 min for temperatures of 293, 303, and
313 K, respectively. In all cases, most of the MG was
adsorbed onto talc rapidly within 10 min. The remain-
der was slowly removed as carbinol base by precipita-
tion. This may be due to the mass transfer between
the MG molecules and talc sheets associated with an
increased surface activity and kinetic energy of the
solute molecules [47]. Interestingly, as the temperature
increased at an initial MG concentration of 20 mg/L,
the final MG concentration reached at equilibrium
increased from 1.17 to 2.94 to 590 mg/L. This is
related to carbinol base molecules being dispersed to
greater degrees at higher temperatures.

The sorption data, characterized by Lagergren
pseudo-first-order kinetics, are based on the followed
equation [48]:

d
=k -9 @
t

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

k
log(q, —q,) = log, — ﬁ 1 o

where k; is the pseudo-first-order rate constant
(min~") and g, and g, are the amounts of MG adsorbed
(mg/g) at equilibrium and at time t (min), respec-
tively.

Ho’s pseudo-second-order model can be expressed
as [49,50] follows:

t1

where k, (g/mg min) is the rate constant of the
pseudo-second-order kinetic plot. Fig. 3 shows the
kinetic ~plots for the pseudo-first-order and



(a)
20 + 5 mg/L of initial MG concentration
\ O 10 mg/L of initial MG concentration

—_ —W— 20 mg/L of initial MG concentration
=

=

o

£

=

c

2

=

©

j

=

f=

[

o

c

o

o

o

=

0 200 400

Time (min)

Y.-C. Lee et al. | Desalination and Water Treatment 56 (2015) 1918-1928

20
+ 5 mg/L of initial MG concentration
- | O+ 10 mg/L of initial MG concentration
d | '— 20 mg/L of initial MG concentration
o
£
c
]
=]
©
-
-
c
[
o
c
o
o
]
=

400
Time (min)

+ 5 mg/L of initial MG concentration

| O

MG concentration (mg/L)

10 mg/L of initial MG concentration
| —W— 20 mg/L of initial MG concentration

T
0 200

Fig. 2. Adsorption kinetics of MG
concentration: 5, 10, and 20 mg/L.

removal by talc loading

pseudo-second-order models as functions of
temperature (293, 303, and 313 K). The kinetic con-
stants obtained by linear regression are summarized
in Table 2. We could analyze the kinetic constants
with pseudo-first-order and pseudo-second-order
models. The coefficient of determination (R* value) of
the pseudo-second-order model is higher than that of
the pseudo-first-order model. This indicates that MG
adsorption by talc is better fitted with the pseudo-
second-order model than with the pseudo-first-order
model. It also indicates that the interaction between
each solute is stronger than that between MG
molecules and talc sheets. These findings agree with
previously reported results [6,19].

The Reichenberg equation [51] was applied to
determine whether MG adsorption at pH 8.0 obeyed a
film- or intraparticle-diffusion mechanism. The equa-
tion was analyzed in the following way.

T T
400 600

Time (min)

(0.01 g/40 mL) at 293 K (a), 303 K (b), and 313 K (c), initial

B, = —2.303log(1 — F) — 0.4977

F=0Q/Qo 5)
where F is a mathematical function, that is, the frac-
tional attainment of equilibrium at time ¢, Q; is the
amount of adsorbate uptake at time t, and Q, is the
maximum equilibrium uptake at an infinite time. By
plotting B; vs. time, the film- and particle-diffusion-
controlled mechanism is distinguished [52]: If the gra-
phic line of the plot is a straight line passing through
the origin, the adsorption rate is governed by particle
diffusion, but if not, it is preferred by film diffusion.
The plots of all of the concentrations of MG were
nearly linear and did not pass through the origin at
293 K (Fig. 4(a)), indicating that the MG adsorption
process was film-diffusion controlled. Fig. 4(b) shows
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Fig. 3. Thermodynamic study of MG with talc, pseudo-first-order (a, ¢, and e) and pseudo-second-order (b, d, and f)
models for temperature (293, 303, and 313 K), initial MG concentration: 5, 10, and 20 mg/L, talc concentration: 0.01
g/40 mL. Lines do not fit data and used only to guide the eye.
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Table 2
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Adsorption kinetic parameters for MG (5, 10, and 20 mg/L) with talc (0.01 g/40 mL) according to temperature (293, 303,

and 313 K)

Pseudo-first-order Pseudo-second-order

Temperature (K) Initial MG Concentration (mg/L) ki (min™") R? k; (g/mg min) RZ
293 K 5 222 %1073 0.863 1.72 x 1072 0.932
10 295 x 1073 0.806 1.33 x 107° 0.956
20 335 x%x107° 0.725 8.48 x 107 0.946
303 K 5 1.29 x 107° 0.593 6.78 x 107* 0.766
10 1.16 x 1072 0.730 249 x 107 0.858
20 255 x 1072 0.958 407 x 107* 0.984
313K 5 1.55 x 1072 0.483 8.11 x 107 0.704
10 1.42 x 1073 0.592 3.04 x 107* 0.768
20 1.59 x 107° 0.638 1.68 x 1074 0.782

Note: All data were calculated after considering MG recovery, and carbinol base is the soluble portion without precipitation.

(a) 0.0
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Fig. 4. Plots of B; vs. time (min) (a) and log (1 —F) vs. time (min) for MG adsorption by talc at 293 K, initial MG concen-

tration: 5, 10, and 20 mg/L, talc concentration: 0.01 g/40 mL.

straight lines for log (1—F) vs. time, indicating that
MG adsorption onto talc occurs through internal
transport, which agrees with reports in the literature
[6,19].

3.3. Adsorption thermodynamics

In environmental engineering practice, both energy
and entropy parameters need to be considered [22].
To determine whether the reactions will proceed spon-
taneously or not, Gibb’s energy and entropy factors
need to be checked. If Gibb’s energy change (AG®) is
negative, the reaction process will occur spontane-

ously. From information in the literature, we know
that the related thermodynamic parameters of the
adsorption system are enthalpy change (AH®), entropy
change (AS°), and the equilibrium constant (K). The
relationships among these parameters are described
by the following equations:

AG® = AH® — TAS®
AG® = —RT'InK (6)

where K (L/mol) is the equilibrium constant of
adsorption, R is the gas constant (8.314 J/mol K), and
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Fig. 5. Arrhenius plot of MG with talc, initial MG concen-
tration: 20 mg/L, talc concentration: 0.01 g/40 mL.

T is the solution temperature in Kelvin (K). The
enthalpy (AH®) of MG adsorption by talc is deter-
mined by the following equation [34,50]:

AH® = E, — RT 7)
The activation energy (E,) for MG adsorption by talc
is calculated from the Arrhenius equation.

E,
Ink=InA—-—
n n RT

()
where A is the Arrhenius frequency factor and k is
the rate constant. Fig. 5 displays the Arrhenius equa-
tion for an initial MG concentration of 20 mg/L,
which was selected because the kinetic results at this
concentration were observed to be distinctly different
from those at other concentrations. As shown in
Table 3, whenever a differential energy change occurs
in a system, the AH® value is a beneficial parameter
to determine whether this reaction is an endothermic
or exothermic. A positive value of AH® indicates that
the interaction of MG is endothermic in nature. Fur-
thermore, positive AS® value indicates an increase in
the number of degrees of freedom, resulting in MG

Table 3
Thermodynamic parameters for MG with talc (0.01 g/40 mL)
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molecules being randomly adsorbed onto talc sheets.
Overall, as the temperature increases, AG® decreases,
indicating that a higher temperature is energetically
favorable. Thus, the reaction will occur spontane-
ously, which is consistent with reports in the litera-
ture [11, 31, 32]. The activation energy (E,) obtained
from the linear Arrhenius equation (Fig. 5), which is
y = —3.94x + 2047 ( = 0.992), is calculated to be
2.09 kJ/mol. When the value of the activation energy
(E;) is 8-16 KkJ/mol, the adsorption process is fol-
lowed by chemical ion exchange, but when
E, < 8 KJ/mol, the adsorption process is physical in
nature. When E, > 16 kJ/mol, particle diffusion gov-
erns [31,38]. Thus, the adsorption of MG by talc may
involve both an activated process and a physical
sorption. Physical adsorption, which usually occurs
at room temperature, is a faster process than chemi-
cal adsorption [10].

3.4. Preliminary column flushing without pH control of the
initial MG solution

To study the practical feasibility of MG removal in
a continuous mode prior to industrial applications, a
column flushing study is essential [53]. Although many
efforts in batch modes of MG removal using low-cost
materials had been reported, associated column studies
have been rarely demonstrated yet. Based on the batch
mode results, column tests were conducted for MG
removal in a continuous mode [6, 46]. The break-
through curve points were determined to be at 10, 20,
and 45 min for 0.0, 0.1, and 0.2 g of talc load,
respectively (Fig. 6). In the presence of talc, the time
for the effluent to achieve the initial MG concentration
(50 mg/L) by MG flushing was delayed. This can be
explained when pH > 8.0 because the removal
mechanism is related to adsorption on talc, and an
alkaline pH is induced by talc in aqueous media. In
case of the talc load of 0.1 g, the final effluent MG con-
centration was approximately 37 mg/L and remained
constant for several hours. In continuous MG solution
flushing, the effluent MG concentration approached
but did not reach 50 mg/L because of the alkaline
fading phenomenon. Thus, the intensity at 618 nm of

Temperature (K) E, (kJ/mol)

AH® (kJ/mol)

AS® (k] /mol K) AG® (KJ/mol)

293 2.09 35.192
303 35.276
313 35.359

1.195 —315.245
1.189 —325.206
1.180 —334.424
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Fig. 6. MG solution flushing of talc packing in the column.

effluent MG solution in acetate buffer (pH 4.6) indi-
cated that nearly 100% was recovered, given the cor-
rection of MG recovery efficiency. This finding
indicates that the final effluent is not removed by the
flushing process in the column. On the other hand, the
MG solution reached a concentration of 20 mg/L at
0.2 g talc load after 60 pore volumes of flushing. Only
2 mg of MG were removed before 40 pore volumes of
flushing. The final MG recovery efficiency of the efflu-
ent observed at 618 nm was 90% by acetate buffer,
meaning that approximately 10% precipitated as carbi-
nol base, while the MG recovery efficiency observed at
617 nm was almost 100% after 140 pore volumes of a
12-h run. The removal of MG is dependent on the talc
load, although tests at higher talc levels were not suc-
cessful, due to clogging of clay in the column. The
higher adsorption is due to the increase in the surface
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area of talc, which makes binding sites available for
MG removal [54].

3.5. Proposed sorption mechanism

MG was removed by adsorption of a carbinol base
onto talc and not by precipitation, as indicated in
Fig. 7. In general, pristine talc usually exhibits many
stacked plate-like structures (Fig. 7(a)). Because MG is
composed of precipitated and soluble carbinol base at
pH values > 8.0 [41], after MG adsorption onto talc
sheet surfaces, the morphology of the talc becomes
more blurred and tough, which is due to the adsorbed
carbinol base molecules (Fig. 7(b)). For the precipitated
carbinol base ranging from 10 to 20 pm (Fig. 7(c)),
those morphologies were not observed. These findings
indicate that the carbinol base and the surface of talc
interacted via van der Waals forces, weak hydrogen
bonding, and steric effects. Therefore, the adsorption
mechanism is suggested. After changing MG™ to a car-
binol base, carbinol base molecules are adsorbed onto
the talc surface. As a result, suspended carbinol base
molecules are not removed at pH > 8.0. This remains
as a topic for additional research. Samiey and Toosi
avoided MG removal experiments by silica gel at
pH > 8.0 because of the MG alkaline fading phenome-
non [35].

In examination of talc regeneration, two washings
of MG-contaminated talc (1 g) by ethanol (200 mL)
resulted in easy desorption. After drying the talc, the
MG removal capacity was almost to the same as that of
pristine talc. In addition, Scanning Electron Microscopy
(SEM) micrograph results were not noticeably different
(data not shown). However, the removal capacity of the
talc was slightly decreased by residual MG molecules
on the talc, most likely because a small fraction of MG
was chemisorbed onto talc.

Fig. 7. SEM micrographs of (a) pristine talc, (b) MG adsorbed onto talc at pH > 8.0, and (c) precipitated carbinol base by

adjustment with NaOH in the absence of talc.
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4. Conclusions

This study demonstrated that adsorption kinetics
for MG onto talc followed a pseudo-second-order
model. This indicates that the interaction with each
solute was stronger than the interaction of MG mole-
cules with talc sheets. Thermodynamically, MG
adsorption onto talc was spontaneous and endother-
mic in nature and increased with the randomness of
adsorbed species. Furthermore, tests conducted in con-
tinuous column mode demonstrated the feasibility of
continuous MG removal by talc. However, MG
removal by talc is still challenging at pH > 8.0, which
is the case when a soluble carbinol base is produced
using inorganic clays. Thus, we are currently studying
dynamic adsorption using a larger-scale, fixed bed
that is practical for controlling the final pH at <8.0.
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