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Abstract

The adsorption kinetics of a cationic dye, methylene blue (MB), onto the silica nano-sheets derived from vermiculite via acid leaching was
investigated in aqueous solution in a batch system with respect to contact time, initial dye concentration, pH, and temperature. Experimental
results have shown that increasing initial dye concentration favors the adsorption while the acidic pH and temperature go against the adsorption.
Experimental data related to the adsorption of MB on the silica nano-sheets under different conditions were applied to the pseudo-first-order
equation, the pseudo-second-order equation and the intraparticle diffusion equation, and the rate constants of first-order adsorption (k;), the rate
constants of second-order adsorption (k;) and intraparticle diffusion rate constants (ki,) were calculated, respectively. The experimental data
fitted very well the pseudo-second-order kinetic model. The activation energy of system (E,) was calculated as 3.42 kJ/mol. The thermodynamics
parameters of activation such as Gibbs free energy, enthalpy, entropy were also evaluated and found that AG*, AH*, and AS* are 65.95 (71.63,
77.45)kJ/mol, 0.984 (0.776, 0.568) kJ/mol, and —0.222 (—0.223, —0.224) kJ/(K mol) at 20 (45, 70) °C, respectively. The desorption of the dye on

the silica nano-sheets using ethanol was also investigated primarily.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Removal; Adsorption; Methylene blue; Silica nano-sheets; Vermiculite

1. Introduction

Many industrial processes use different synthetic chemical
dyes for various purposes. Some frequent users of these chem-
icals include paper and pulp manufacturing, dyeing of cloth,
leather treatment, printing, etc. Most of the used solutions con-
taining such dyes are discarded as effluents. Since some of
these dyes are toxic in nature, their removal from the industrial
effluents is a major environmental problem [1]. Conventional
methods for the removal of dyes in effluents include physi-
cal, chemical, and biological processes [2]. Physical adsorption
is generally considered to be an effective method for quickly
lowering the concentration of dissolved dyes in an effluent.
A considerable amount of work has also been reported in the
literatures regarding the adsorption of some dyes on various
adsorbent surfaces such as activated carbon [3-7], silica [8-11],
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clay [12-18], natural polymers [19-23], synthetic polymers
[24-27], waste materials [28-31], inorganic nanocomposites
[32-34], MCM [35,36], various nanotubes [37-39], glass fiber
[40], alumina [41], and so on.

The mica-type silicate of vermiculite possesses a layered
structure. Each layer of vermiculite consists of octahedrally
coordinated cations (typically Mg, Al, and Fe) sandwiched by
tetrahedrally coordinated cations (typically Si and Al). The iso-
morphous substitution of Si** by AI** leads to a net negative
surface charge that is compensated by an interlayer of exchange-
able hydrated cations (Ca>*, Mg+, Cu?*, Na*, and H*) [42].
Adjoining layers are held together by a combination of electro-
static and van der Waals forces. The general chemical formula
for vermiculite is (Mg, Fe, Al)3[(Al, Si)4019]J(OH)>2M,-rnH,0,
where M is an exchangeable cation and x is the number of
equivalents of exchangeable cations present.

The preparation of the porous silica nano-sheets via acid
leaching of vermiculite was reported [43-46] and the maxi-
mum value of surface area of 672 m?/g with total pore volume
of 0.44 mL/g was achieved in the optimum leaching conditions
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Table 1

Composition of the crude vermiculite (%)

SiOy 41.20
Al, O3 12.68
MgO 24.22
Fe, 03 4.06
CaO 0.96
H,0 3.00
Loss on ignition 6.71

[44]. It is similar to the porous silica gel. However, it is cheaper
than the porous silica gel because of the abundant resources of
vermiculite and the simple preparation method. So it is expected
to be used as low-cost adsorbents for the treatment of the waste
waters. In the present work, the adsorption properties of the
porous silica nano-sheets via acid leaching of vermiculite were
first investigated with the cationic dye methylene blue (MB) as
target pollutant from aqueous solution as a function of stirring
speed, contact time, initial dye concentration, pH and temper-
ature. The experimental data were analyzed using pseudo-first-
and second-order kinetics models, and intraparticle diffusion
models.

2. Experimental
2.1. Materials

Vermiculite used was purchased from Xinjiang, China, with
the composition as in Table 1. Methylene blue (MB) (CI: 52015;
chemical formula: C;¢H1gCIN3S; molecular weight: 319.86;
maximum wavelength: 662nm) supplied by Merck, was not
purified prior to use.

2.2. Silica nano-sheets

Vermiculite was pretreated with hydrochloric acid according
to areported patent [43]. To a 1-L polypropylene beaker contain-
ing 800 mL of a 2-M HClI solution was added 25 g of 250-mesh
crude vermiculite at room temperature. The resulting slurry was

magnetically stirred for 12 h. The product was separated by fil-
tration and then washed thoroughly with distilled water several
times until the filtrate had a pH value of 7.0. After the washing,
the silica nano-sheets obtained were stored as aqueous suspen-
sion for the further use. Part of the aqueous suspension was
dried and the white powder obtained was used for the analysis
and characterization (Fig. 1).

2.3. Adsorption

All of the MB solution was prepared with distilled water.
10mL silica nano-sheets suspension (including 0.23 g silica
nano-sheets) was shaken with 90 mL of dye solution of known
initial concentration at desired pH and temperature at 150 rpm
for 180 min. The pH of the solution was adjusted with 0.1N
HCI or 0.1N NaOH by using a Model 3C Digital pH-meter
with a combined pH electrode. The pH-meter was standard-
ized with NBS buffers before every measurement. A constant
bath was used to keep the temperature constant. At the end of
the adsorption period, the solution was centrifuged for 10 min
at 15,000 rpm. After centrifugation, the dye concentration in the
supernatant solution was analyzed using a UV spectrophotome-
ter (Shimadzu UV-260) by monitoring the absorbance changes
at a wavelength of maximum absorbance (662 nm). The samples
were pipetted from the reaction medium by the aid of a very thin
point micropipette, which prevented the transition to the solu-
tion of the silica nano-sheet samples. Preliminary experiments
showed that the effect of the separation time on the amount of
adsorbed dye was negligible.

The amounts of dye adsorbed on silica nano-sheets at any
time, t, were calculated from the concentrations in solutions
before and after adsorption. At any time, the amount of MB
adsorbed (mol/g) (g;), onto silica nano-sheets was calculated
from the mass balance equation as follows:

_ V(Co—Co)

W 6]

qr

where ¢g; is the amount of adsorbed dye on silica nano-sheets
at any time (mmol/g); Cy and C, are the initial and equilibrium

(a) vermiculite

(b) silica nano-sheets

Fig. 1. Photos of (a) vermiculite and (b) silica nano-sheets.
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Fig. 2. X-ray diffraction of vermiculite and silica nano-sheets.

liquid-phase concentrations of MB (mmol/L), respectively; V'is
the volume of MB solution, and W is the mass of silica nano-
sheets sample used (g) [47,48]. The Ag;% of all the determined
values was <3.0%.

2.4. Desorption

10 mL silica nano-sheets suspension (including 0.23 g sil-
ica nano-sheets) was stirred with 90mL of dye solution at
150rpm for 180min. The initial dye concentration and pH

1B

(a) vermiculite

were 22.39mg/L and 5.5, respectively. At the end of the
adsorption period, the solution was centrifuged for 10 min at
15,000 rpm. The dye-adsorbed silica nano-sheets were dried
with IR lamp.

0.1 g of the dried product was added into 100 mL ethanol or
water/ethanol solutions with certain v/v ratios with different pH
values. The mixtures were stirred at 150 rpm for 60 min. Then
the supernatant solutions were analyzed using UV spectropho-
tometer.

2.5. Analysis and characterization

The XRD patterns were recorded in the range of 26 = 10-80°
by step scanning with a Shimadzu XRD-6000 X-ray diffrac-
tometer. Nickel-filter Cu Ka radiation (A=0.15418 nm) was
used with a generator voltage of 40kV and a current of 30 mA.
The morphology of the silica nano-sheets was characterized with
a JEM-1200 EX/S transmission electron microscope (TEM).
The silica nano-sheets suspended colloid solution was deposited
on a copper grid covered with a perforated carbon film. The
surface morphologies of the silica nano-sheets were character-
ized with a Philips XL-20 scanning electron microscope (SEM)
(Philips Co., The Netherlands). The Zeta potentials of the sil-
ica nano-sheets at different pH values were determined with
Zetasizer Nano ZS (Malvern Instruments Ltd., UK).

(b) silica nano-sheets

Fig. 3. SEM images.
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The concentration of the dye was determined using a
UV-vis recording spectrophotometer-260 (UV-260, Shimadzu
Co., Japan) at an absorbance wavelength of 662 nm.

3. Results and discussion
3.1. Silica nano-sheets

Fig. 2 shows XRD of vermiculite before and after the acid
treatment. The raw vermiculite yielded diffraction peaks at
20=3.5°,7.3°,and 8.7°. The diffraction peaks at 20 =7.3° (00 1,
d=1.2nm) represented the interlayer spacing of VMT sample
while the peaks at 3.5° and 8.7° were probably resulted from
the impurities within vermiculite [49,50]. After a contact time
of 12 h with 2.0 M HC, the peak corresponding to a layer gap of

*?

Fig. 4. TEM images of silica nano-sheets.
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Fig. 5. FT-IR spectra of vermiculite and silica nano-sheets.

1.2 nm was missing. This indicated that the silicate was delam-
inated and the platelets of vermiculite were less than tens cells
or layers of single crystals [43]. The SEM (Fig. 3) and TEM
(Fig. 4) in this work directly confirmed this, too. After being
delaminated, the silica nano-sheets (Fig. 3) showed ordered
layered structures compared with the pristine vermiculite. The
terrace structure of the silica nano-sheets was observed by TEM
(Fig. 4). The grayish region represented the mono-layered silica
nano-sheets and the darker region represented the multi-layered
terrace structures.

In the FTIR spectrum of pristine VMT (Fig. 5), the peaks at
487, 674, 813, and 1000 cm~! can be ascribed to Si—0, Al-O,
Al—O—H, and Si—O vibrations, respectively [51,52]. The peaks
at 1635 and 3420 cm ™! are assigned to hydration HOH and —OH
vibrations. The peak at 1440 cm™! may come from the NH4*
cations in the interlayer of the clay [44]. As shown in Fig. 5,
it is evidenced that acid treatment led to some changes in the
FTIR spectrum of vermiculite. The peak corresponding to —OH
groups shifted to a higher wave number (from original ~3420
to ~3439 cm’l), and the peak due to Si—O at 1000 cm~! also
shifted to ~1090 cm™!, while the Al-O vibration peak almost
disappeared and Al-O—H vibration peak became sharp. The
phenomena were believed to be resulted from that the acid treat-
ment process made the hydroxyl groups within the interlayers
exposed “out” (on the surface of the delaminated vermiculite
sheets), and the acid treatment of vermiculite made the cleav-
age of some Al—O bonds of the AI-O octahedron of vermiculite
and formed Al-O—H groups. In addition, the peak at 1440 cm ™!
disappeared, indicating that NH4* had been exchanged during
the acid treatment.

The effects of pH value on the zeta potentials of the silica
nano-sheets are illustrated in Fig. 6. In the studied pH range,
the silica nano-sheets showed the negative zeta potential. This
indicated that the surfaces of the silica nano-sheets were negative
charged in the pH range. Continuously increasing the pH value to
the basic condition, its absolute value increased. Moreover, the
absolute values of the zeta potential kept <5mV in the acidic
solution. And the absolute values increased quickly with the
increasing pH value in the basic solutions.
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3.2. Adsorption rate

3.2.1. Effect of contact time and initial dye concentration

The initial concentration provides an important driving force
to overcome all mass transfer resistances of the dye between
the aqueous and solid phases. The effect of concentration on
contact time was also investigated as a function of initial dye
concentration. The effect of initial dye concentration and contact
time on the removal rate of MB by the silica nano-sheets is shown
in Fig. 7(a). As shown, the adsorption increases with increasing
initial dye concentration. The removal of dye depends on the
concentration of the dye. Again, adsorption increased with an
increase in contact time. The equilibrium was attained at 90 min.

The amount of MB adsorbed at equilibrium increases from
6.88 to 11.77 mg/g by increasing the initial MB concentration
from 15.99 to 28.79 mg/L with the adsorption condition of initial
pH 7 and 20 °C. The results show that dye uptake is rapid for the
first 15 min and slower and slower and finally attains saturation
within about 90 min. Compared with the adsorption of MB on
the pristine vermiculite (Fig. 7(b)), the silica nano-sheets had
the higher adsorption capacities and the faster adsorption rate.

3.2.2. Effect of pH

Effect of pH on the removal rate of MB by the silica nano-
sheets is shown in Fig. 8. As the pH increased, the removal rate
decreased. The pH value of the dye solution plays an impor-
tant role in the whole adsorption process and particularly on
the adsorption capacity. It was found that the adsorption capac-
ity increased with the increasing pH values in the investigated
range. And the highest pH value was selected as pH 7 to avoid
the breakage of the silica nano-sheets. As shown in Fig. 6, the
negative charged surface revealed and the negative charge den-
sity increased with the increasing pH value. So the adsorption
capacity increased with the increasing pH value.

3.2.3. Effect of temperature

Fig. 9 exhibits contact time versus adsorbed amount graph at
different temperatures. The initial pH was selected as 7 in order
to avoid the impossible breakage of the silica nano-sheets at
higher temperatures. The equilibrium adsorption capacity of MB

15 4

-20 -

Zeta Potential (mV)

-25 4

d v T T T v T
2 4 6 8 10
pH

Fig. 6. Zeta potentials of the silica nano-sheets.
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Fig. 7. Effect of contact time and initial dye concentration on adsorption of MB
from aqueous solutions (20 °C, pH 5.5).

onto the silica nano-sheets was found to decrease with increasing
temperature, decreasing from 9.38 mg/g at 20 °C to 9.32 mg/g
at 70 °C indicating that the dye adsorption on the adsorbent was
favored at lower temperatures. And the adsorption equilibrium
was attained slowly with the higher temperature.
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Fig. 8. Effect of contact time and initial pH on the removal rate of MB onto
silica nano-sheets from aqueous solutions (20 °C, Cp: 22.39 mg/L).
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Fig. 9. Effect of contact time and temperature on the removal rate of MB onto
silica nano-sheets from aqueous solutions (Cp: 22.39 mg/L, pH 5.5).

3.3. Langmuir equilibrium isotherm

The Langmuir equation can be represented as follows:
C _1. G
x/m kb b

where C. is the equilibrium concentration of MB remaining in
the solution and x/m is the quantity of MB adsorbed per unit
weight of the silica nano-sheets. The Langmuir constants are
called adsorption capacity (b) and bonding energy constant (k).
The Langmuir line for MB is shown in Fig. 10 (points: experi-
mental data; line: Langmuir model). The adsorption capacity (b)
and bonding energy constant (k) were found to be 12.66 mg/g and
0.057 L/mg, calculated from the Langmuir model line, respec-
tively. The Langmuir model effectively describes the sorption
data with R? values of 0.998. It showed that the adsorption of MB
by the silica nano-sheets fits the Langmuir equilibrium isotherm
perfectly.

@

3.4. Adsorption kinetics

3.4.1. The pseudo-first-order kinetic model
The pseudo-first-order kinetic model has been widely used
to predict dye adsorption kinetics. A linear form of pseudo-first-
order model was described by Taty-Costodes [53]:

log geq — kptt

lo Q)= ——

2(geq — q1) 2303

where g; is the amount adsorbed at time ¢ (mg/g), and kpf is
the equilibrium rate constant of pseudo-first-order adsorption

3

Table 2
Adsorption kinetic parameters of methylene blue onto silica nano-sheets
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Fig. 10. Langmuir isotherm plots for the adsorption of MB on the silica nano-
sheets. Contact time, 24 h; temperature, 20 °C.

(min~1). The values of log(geq — gr) were calculated from the
kinetic data.

The calculated geq, kpf, and the corresponding linear regres-
sion correlation coefficient r% values are shown in Table 2. It was
observed that the rate constant kpr increased first with an increase
in temperature and then decreased. It was also observed that cor-
relation coefficients were lower for all temperatures. This shows
no applicability of the pseudo-first-order model in predicting the
kinetics of the MB adsorption onto the silica nano-sheets.

3.4.2. The pseudo-second-order kinetic model

The kinetic data were further analyzed using Ho’s pseudo-
second-order kinetics, represented in Ref. [54]:

I _ % + - )
qr kpsqeq deq

where ks is the rate constant of second-order adsorption
(g/mgmin). The values were calculated from the kinetic data
(Fig. 9). A plot between t/q versus ¢ gives the value of
the constants kps (g/mgmin) and also geq (mg/g) can be
calculated.

The curves of the plots of t/g; versus ¢ were given in Fig. 11
and the calculated geq, kps, and the corresponding linear regres-
sion correlation coefficient r3 values are summarized in Table 2.
The linear plots of t/g; versus t show good agreement between
experimental and calculated geq values. The correlation coeffi-
cients for the second-order kinetics model (r%) are greater than

T (°C) Pseudo-first-order Pseudo-second-order Intraparticle diffusion

kpr (min™h)  ge* (mgly)  r? qc° (mglg) ks (g/mgmin) gt (mgle) i kia (mg/g min'’2) c 2
20 0.014 9.38 0.967 9.38 0.248 9.38 0.999 0.023 9.09 0.981
45 0.026 9.34 0.808 9.35 0.272 9.34 0.999 0.022 9.08 0.964
70 0.024 9.32 0.967 9.34 0.305 9.32 0.999 0.022 9.05 0.976

4 Experimental.
b Calculated.
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Fig. 11. Second-order kinetic equation for adsorption of MB onto silica nano-
sheets at different temperatures (Co: 0.070 mol/L, pH 5.5).

0.999, indicating the applicability of this kinetics equation and
the second-order nature of the adsorption process of MB onto
the silica nano-sheets.

3.4.3. Intraparticle diffusion

The adsorbate species are most probably transported from the
bulk of the solution into the solid phase through an intraparticle
diffusion process, which is often the rate-limiting step in many
adsorption processes. The possibility of intraparticle diffusion
was explored by using the intraparticle diffusion model [55]:

&)

where C is the intercept and kjq is the intraparticle diffusion
rate constant (mol/g min'/?). Plots between t/q versus ¢ were
given in Fig. 12. The values kiq, C, and the corresponding linear
regression correlation coefficient r% values are given in Table 2.
The intraparticle rate constants calculated from Fig. 12 are 0.023,
0.022, and 0.022 mg/g min'/? at 20, 45, and 70 °C, respectively.

qr = kiat'? 4+ C
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Fig. 12. Intraparticle diffusion plots for MB onto silica nano-sheets (Cp:
22.39mg/L, pH 5.5).
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Fig. 13. Arrhenius plots for adsorption of MB (Cp: 0.070 mol/L, pH 5.5).

From Table 2, it is observed that kjq decreased slightly with the
increasing temperature.

3.4.4. Activation of the thermodynamic parameters

The k» values of the second-order kinetic equation for
adsorption of MB onto silica nano-sheets at different tem-
peratures (Cop: 0.070mol/L (22.39mg/L), pH 5.5) were
calculated to be 7.94 x 10* (20°C), 8.73 x 10* (45°C), and
9.75 x 10* g/(mol min) (70 °C), from the data in Fig. 13, respec-
tively. The thermodynamic parameters including the Arrhenius
activation energy (E,), activation free energy change (AG¥),
activation enthalpy change (AH*), and activation entropy
change (AS*) can be calculated by using the following equations
[55]:

E,
Inky=InA - — 6
nk; =In RT (6)
ks TK *
In k = @)
h
AG#* = —RT In K% ®)
AH% = E, — RT (&)
AH % —AG*
ASk=——— (10)

where A is the Arrhenius factor, kg and h are Boltz-
mann’s constant (1.38 x 10723 J/K) and Planck’s constant
(6.626 x 1073 T 5), R is the gas constant (8.3145 J/mol K), and
K* is the equilibrium constant at temperature 7. A linear plot of
In ky versus 1/T for the adsorption of MB onto the silica nano-
sheets is constructed to generate the E, value from the slope
(Fig. 13). The E, value was calculated to be 3.42 kJ/mol with a
linear regression coefficient of 0.996. Thus, the values of AG*,
AH*, and AS* are 65.95 (71.63, 77.45) kJ/mol, 0.984 (0.776,
0.568) kJ/mol, and —0.222 (—0.223, —0.224) kJ/(K mol) at 20
(45, 70) °C, respectively.

The low AH* values for the adsorption of MB with the silica
nano-sheets give a clear evidence that the interactions between
MB and the surface hydroxyl groups of the silica nano-sheets
may be weak. On the other hand, the positive values of E;,
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Table 3
The desorption results

pH values  Desorption percentage (%)

H,O/EtOH=1:1 H,O/EtOH=1:3 H,O/EtOH=1:5 EtOH
1.5 30.24 31.85 34.82 44.26
5.5 29.49 30.11 32.47 43.35
9.0 28.13 28.50 30.11 41.74

AG*, and AH* indicate the presence of an energy barrier in
the adsorption process. The positive values for these parameters
are quite common because the activated complex in the transition
state is in an excited form. The negative values of AS* suggest
decreased randomness at the solid/solution interface and no sig-
nificant changes occur in the internal structure of the adsorbent
through the adsorption of MB onto the silica nano-sheets.

3.5. Desorption

The adsorption capacity under the experiment was found
to be 8.05mg/g. The desorption ratio (%), the ratio of the
weight of dye desorbed and the weight of dye adsorbed, of the
MB-adsorbed silica nano-sheets with ethanol or water/ethanol
solutions with certain v/v ratios at different pH values were given
in Table 3. It showed that ethanol could be used for the regener-
ation of the silica nano-sheets and the higher acidity of ethanol
favored the desorption.

4. Conclusions

The present study shows that the silica nano-sheets derived
from vermiculite via acid leaching process are efficient adsor-
bent for the removal of cationic dye from aqueous solution.

(1) The maximum adsorption capacity was found to be
11.77 mg/g for MB.

(2) The adsorption of MB by the silica nano-sheets fits the
Langmuir equilibrium isotherm perfectly.

(3) The kinetics of the cationic dye adsorption on the silica
nano-sheets follows the pseudo-second-order model.

(4) And ethanol was found to be an efficient desorption agent
for the dye adsorbed.

The silica nano-sheets are also expected to be used as substi-
tute of porous silica gel for other molecules and ions.
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