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Mesoporous COK-12 Supported Co;0, Composites for
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| A simple batch adsorption experiment has been accomplished for the removal of methylene blue using Co;04/COK-12 catalysts prepared
by impregnation method with varying Co loadings (5-20 wt %). The as prepared catalysts were characterized by X-ray diffraction
analysis, Fourier transform-infrared spectroscopy and nitrogen adsorption-desorption techniques to examine the morphology and the
meso structure of the obtained composites. The effects of various experimental parameters, such as contact time, adsorbate dose, metal

observed that the methylene blue adsorption represents pseudo-second order kinetics model as an appropriate model to represent the

present data.

|
| |
| |
| loading were investigated. Among the series 10 wt % Co30./COK-12 exhibited maximum adsorption capacity of about 27 mg/g. It was |
| |
| |
| |
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INTRODUCTION

Ever since the beginning of mankind, they have been
trying to add colours to the world around them in various ways
such as in textile, paper, leather tanning, plastics and food.
During these processes the dye effluents are being dumped
directly into the environment which constitutes a serious
concern to the eco-system [1]. Hence it is important to remove
the dyes from the effluents. The techniques generally employed
for the removal of pollutants include adsorption, filtration,
membrane separation [2-4], electrochemical destruction [5],
ion-exchange and advanced oxidation technology [6]. Among
these methods adsorption process is a highly efficient and low
cost method with a simple operation process for waste water
treatment [7-12].

Methylene blue (MB) is a cationic basic dye which is
used in textile industries is hazardous and toxic on exposure
to humans. The symptoms on exposure are increasing heart
rate, vomiting, shock, Heinz body formation, cyanosis, jaundice,
quadriplegia and tissue necrosis [13]. Further in aqueous
solutions it is stable towards heat, oxidizing agents and non-
degradable [14]. Due to these reasons methylene blue was
chosen as a model compound for the adsorption studies.

Recently, numerous metal oxide nanoparticles have been
used as adsorbents to remove methylene blue [15-22], but their

main disadvantage is that they mainly exist in the colloidal
form and very difficult to obtain spherical beads of the desired
size for practical applications. Moreover, it is also very difficult
to recover or separate MO, nanoparticles from the solution
after adsorption [23,24]. Suitable ways to circumvent this
problem is to disperse the metal oxide particles onto supports
with high surface area and loading MOy nanoparticles in a
polymer or resin [25,26]. The nanoparticles thus enhance the
surface to volume ratio of the polymers and increase the avail-
able adsorption sites. These methods enhance the mechanical
and chemical stability of the catalysts, which increase the prac-
tical utility and thermal reusability of the adsorbent.
Mesoporous material is one of the materials which offers
possibility of preparing adsorbents that are applicable in many
industrial processes by possessing high surface area, large
adsorption capacity and porous structure making mesoporous
materials as very promising candidates in oil refining, petro
chemistry, organic synthesis and waste treatment [27-30].
Suraja et al. [31] reported the influence of SBA-15 support on
Co;0; catalyst for the adsorption of methylene blue. Hany
et al. [32] reported the adsorption of methylene blue over
C0;0./S10; catalysts. Warang et al. [33] reported for the photo
degradation of methylene blue over Co;0, catalysts synthe-
sized by different techniques. Their disadvantage is that either
the synthesis method or amount adsorbed is less. Recently,
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COK-12 a simpler ordered mesoporous silica reported by
Jammaer et al. [34] is a highly ordered 2D hexagonal meso-
porous silica that is spontaneously formed at room temperature
and at near neutral pH. Further this material has high surface
area as well as ordered cylindrical channels with hexagonal
arrangement with controllable pore size (about 6.9 nm) which
is more than that of SBA-15 [34]. Due to these reasons we are
interested to investigate the behaviour of COK-12 supported
cobalt oxide materials in the adsorption of methylene blue
dye for waste water treatment.

EXPERIMENTAL

Synthesis of materials: All the chemical reagents used
in the experiments were obtained from commercial and used
without further purification. The purity of p123 was 99 % and
the purity of the inorganic precursors was not less than 99 %,
respectively. Polymer template Pluronic P123, sodium silicate,
citric acid, cobalt nitrate hexahydrate, methylene blue and
sodium hydroxide were purchased from M/s Sigma Aldrich.
Hydrochloric acid (35 wt %) was obtained from M/s Lobachemie,
India.

Synthesis of COK-12: Pomm ordered mesoporous silica
(COK-12) has been prepared by self-assembly method as
reported by the Jammar et al. [34] using tri block copolymer
pluronic P123 (EO5PO7EOx, P123) as template and sodium
silicate as SiO, source. In a typical synthesis, 4 g of the tri block
copolymer pluronic P123 was dissolved in 107.5 mL of water.
After a clear solution is obtained 3.684 g citric acid mono-
hydrate and 2.54 g tri sodium citrate were added. The resulting
surfactant solution was stirred for 24 h. To this surfactant
solution 10.4 g sodium silicate solution diluted in 30 g of H,O
was added. The solution was stirred for 5 min at 400 rpm with
a mechanical stirrer and kept at room temperature (293 K)
without agitation for 24 h. The as-synthesized material was
filtered, washed and finally dried at 333 K in hot oven for
12 h. Finally the materials was calcined for 8 h at 573 K and
then for 8 h at 773 K with ramping of 1 K min™ in flow of air.

Synthesis of Co;04/COK-12 catalysts: COK-12 suppor-
ted cobalt metal oxide catalysts were prepared by simple wet
impregnation technique using Co(NOs),-6H,0 as a cobalt oxide
precursor. Briefly, requisite amount of precursor was dissolved
in water and to this COK-12 was added. The mixture was
allowed to complete dryness with occasional stirring on a hot
plate. The dried solid was kept in a hot oven at 373 K for 12 h
and then calcined in air at 723 K for 5 h with ramping of 10 K
min'. The resultant solids were designated as xCC-12 where
‘x” stands for Co;O, weight percentage.

Characterization methods: Powder X-Ray diffraction
(XRD) patterns were recorded on a Ultima IV diffractometer
(M/s. Rigaku Corporation, Japan) with a Ni filter and Cu Kot
radiation source (A = 1.5406 A) operated with a scan speed of
4° min™' and a scan range of 0.7-80° at 40 kV and 20 mA.
Surface area measurements were performed by N, physiso-
rption on a Quadrasorb-SI (M/s. Quantachrome Instruments
Corporation, USA). Prior to the measurement, the catalysts
were degassed under vacuum (10 torr) at 423 K for 3 h to
remove the physisorbed moisture. Surface areas were calcu-
lated using the Brunauer, Emmett and Teller (BET). Pore size

distributions were calculated by using the Barret-Joyner-
Halenda (BJH) method. UV-visible spectra were recorded on
Shimadzu (160A), UV-Visible spectrophotometer using 1 cm
quartz micro cuvettes (800-200 nm). The FT-IR spectra of the
materials were recorded on GX spectrometer (M/s Perkin-
Elmer, Germany) at ambient conditions using KBr discs.

Experimental methods: The adsorption of methylene
blue was carried out by taking a stock solution of concentration
150 mg/L which is prepared by dissolving 150 mg of methylene
blue in 1000 mL of water. In an experiment 50 mg Co;0./
COK-12 composite was added to 20 mL of stock solution under
stirring and stirring was continued for a certain time (2-200
min) at room temperature. The solution was extracted and
subsequently centrifuged at 2000 rpm for 10 min at different
time intervals to separate Co;0./COK-12 composite. The absor-
bance of the supernatant solution was estimated to determine
the residual dye concentration with double beam spectropho-
tometer (HITACHI U 2000 spectrophotometer) before and
after. The amount of adsorption at equilibrium, q. (mg/g), was
calculated by:

— (CO _Ce)v
¢ w
where C, and C. (mg/L) are the liquid-phase concentrations

of dye at initial and equilibrium, respectively. V is the volume
of the solution (L) and W is the mass of dry adsorbent used (g).

RESULTS AND DISCUSSION

Fig. 1 illustrates the XRD patterns of COK-12 and xCC-
12 catalysts prepared by a simple impregnation method. All
the calcined catalysts in the low angle XRD patterns show
three well resolved diffraction peaks corresponding to (100),
(110) and (200) reflections identical to that of COK-12, indi-
cating that the mesoporous structure of COK-12 is retained
even after impregnating with the cobalt oxide but only with
the slight decrease in the intensity of the reflections corres-
ponding to (100). This decrease is due to the decreasing scatter
contrast between pore walls and pore space [35].
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Fig. 1. XRD patterns of low and wide angle patterns of COK-12 and xCC-
12 catalysts
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A broad peak at 15° < 20 < 30° in the wide-angle XRD
patterns of all catalysts is consistent with the amorphous silica
phase [36]. The wide angle XRD patterns of the catalysts with
Co30, loadings show diffraction peaks corresponding to Co;O,
spinal (JCPDS No. 00-042-1467). The diffraction peaks at
20 =31.1°,36.7°,38.2°,44.6°,59.2° and 65.1° confirmed the
crystallized spinal Cos;O, with space group Fd3m [37].

Fig. 2 shows the FT-IR spectra of the various loadings
of cobalt oxide catalysts. The absorption bands at 1090, 807
and 473 cm™ arise from the Si-O-Si stretching vibration. The
absorption band at around 960 cm™ can be assigned to either
Si—OH or Si—O-Si stretching vibrations. The deformation
modes of —OH bonds of adsorbed H,O assigned at around
1630 cm™ [37]. Finally the bands at around 662 and 562 cm™
are assigned to Co-O stretching vibrations of the cobalt oxide
spinal lattice of Co** and Co** ions [38,39]. The N, adsorption-
desorption isotherms of COK-12 and various cobalt oxide
loaded catalysts are displayed in Fig. 3. It can be seen that all
the samples display type IV isotherm with H1 hysteresis loop
characteristic of mesoporous COK-12 and are retained even
after the deposition of cobalt oxide. At a lower relative pressure
the decrease in the intensity of isotherms for cobalt oxide
containing samples compared to the pure support COK-12 is
due to decrease of the mean pore diameter after cobalt depo-
sition. BET surface area and total pore volume has also been
significantly decreased upon cobalt oxide impregnation and
this tendency is greater at higher Co;O,4loadings. The BET
surface area, pore volume and pore diameter are depicted in
Table-1. The pore size distribution of catalysts (inset of Fig.
3) displays narrow pores within the range of 5-15 nm.

Effect of adsorbate concentration: The effect of adsorbate
quantity of the dye using various amounts of methylene blue
solution (25-125 mg/L/20mL) was studied using 0.05 g of
10CC-12 catalyst and the results are shown in Fig. 4. The
equilibrium dye uptake capacity (q.) was found to increase
rapidly with an increase in the dosage of the adsorbate from 0
to 70 and then levelled off and was best when using 70 mg/L
adsorbate. Thus, 70 mg/L of adsorbate was selected as the
optimum adsorbate dosage. As the concentration is increasing

Transmittance (%)
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Fig. 2. FT-IR patterns of xCC-12 catalysts

TABLE-1
BET SURFACE AREA, TOTAL PORE VOLUME AND AVERAGE
PORE DIAMETER OF COK-12 AND xCC-12 CATALYSTS

Co Co (ICP) BET Total pore  Average pore
loading loading surface area volume diameter
(wt %) (wt %) (m%g) (mL/g) (nm)

COK-12 - 410 0.49 7.83
5CC-12 4.84 353 0.53 8.95
10CC-12 9.8 305 0.78 9.05
15CC-12 14.1 272 0.44 7.84
20CC-12 19.2 263 0.423 7.70
3 COK-12
3 700612
5CC-12

5 10 15 20

10CC-12

15CC-12

Volume of N, adsorbed (cc/g)

20CC-12

] L]
0 0.2 0.4 0.6 0.8
Relative pressure (P/P)
Fig. 3. N, adsorption-desorption isotherms of COK-12 and various cobalt
oxide loaded catalysts
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Fig. 4. Effect of adsorbate concentration on methylene blue adsorption.
Reaction conditions: catalyst-0.05 g, methylene blue 20 mL/min,
time - 150 min

from 10 to 70 mg/L the increase in the adsorption is due to
increase in the driving force of the concentration gradient.
Effect of contact time: The effect of contact time on the
adsorption capacity (q,) is studied by varying contact time from
0 to 150 min for 70 mg/L of methylene blue concentration
over 0.05 g of 10CC-12 catalyst and the results are shown in
Fig. 5. Dye uptake increased rapidly for the first 30 min. This
increase may be due to the diffusion of the dye molecules
on to the adsorbent surface. After 30 min they proceeded at a
slower rate and finally attained equilibrium at 60 min after
which the amount of dye adsorbed was negligible. This may
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Fig. 5. Effect of contact time on methylene blue adsorption. Reaction
conditions: catalyst-0.05 g, methylene blue 20 mL/min, Concen-
tration of methylene blue 70 mg/L, time- 150 min

be due to the diffusion of the adsorbed molecules in to the
porous structure of adsorbent. Hence the optimum time for
the removal of the dye is taken as 60 min.

Effect of metal loading: Fig. 6 illustrates the effect of
Co0304 loading varying from 5 to 20 weight % on the adsorption
capacity (q,) for 70 mg/L for 60 min. The adsorption capacity
(qu increases up to 10CC-12 and then levelled off. The increase
in the adsorption is due to the increase in the number of active
sites available for adsorption. Further on increasing the loading
the amount adsorbed levelled off, this might be due to the decre-
ase in the surface area and increase in the cobalt oxide loading.

a (mg/g)

0 5 10 15 20 25
Metal loading (wt %)

Fig. 6. Effect of Co30,4 loading on methylene blue adsorption. Reaction
conditions: catalyst-0.05 g, methylene blue 20 mL/min,
Concentration of methylene blue 70 mg/L, time-1 h

Adsorption kinetics: To examine the controlling mecha-
nism for adsorption process Ho and McKay [40] have proposed
the following equations to find out the pseudo-first-order and
pseudo-second-order mechanisms.

k
lo —q,)=1lo +—1t 1
¢(q,—q,)=logq, 2303 (1)

From the slopes and intercepts of the plot log (q.-q,) versus
t (Fig. 7) the first-order rate constant (k) and the amount
adsorbed when the equilibrium (q.) was reached can be evalu-
ated and the obtained results using eqn. 1 are shown in Table-2.
The correlation coefficients obtained for all samples using the
first-order kinetic model were very high and q. values deviated

2

'2 ¥ L) T 1 L) T ¥
0 20 40 60 80 100 120
Time (min)
Fig. 7. First order kinetic model for batch adsorption of methylene blue

TABLE-2
KINETIC CONSTANTS OF METHYLENE BLUE
ADSORPTION OVER 10CC-12 CATALYST

k q. (mg/g) Q.(mg/g)
First order model k, 0.058 37.75 27
Second order model k, 0.027 28.7 27

k = Rate constant, k, (min™"), k, (g mg” min™),
g. = Amount adsorbed, Q. = Amount adsorbed found

considerably from the experimental ones. These two obser-
vations indicated that the pseudo first-order equation might
not be adequate to describe the mechanism for removal of
methylene blue.

The linear pseudo second-order equation is given as
follows [1]:

t 1 1
=+

q, kzq: q.

From the above equation second order rate constant, k

can be evaluated from the intercept and the slope of the plot

gives the value of q.. Table-2 also lists the computed results

obtained from the second-order rate equation. The computed

results best fit the second order kinetic model and the value of

ge was close to the experimental, this indicate that the adsorp-

tion process here studied belong to a second order (Fig. 8).

Table-3 presents the comparison of adsorption capacities of
10CC-12 catalyst with other mesoporous materials.

t )

5—
4—
>
£ 3-
(o)
£
E
g 27
1_
0 T T T T T T T
0 20 40 60 80 100 120 140 160

Time (min)
Fig. 8. Second order kinetic model for batch adsorption of methylene blue
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TABLE-3

COMPARISON OF THE ADSORPTION CAPACITIES OF 10CC-12

CATALYST WITH OTHER MESOPOROUS MATERIALS

Catalyst Amount adsorbed (mg/g) Reference
SBA-15 10.44 [29]
10 Co;0,/SBA-15 16.66 [29]
Al-SBA-15 38.00 [30]
MCM-41 5.12 [29]
Ni-MCM-41 32.00 [29]
COK-12 10.32 Present study
10CC-12 27.00 Present study
Conclusion

Co03;0, doped COK-12 catalysts prepared by simple

impregnation method were proved to be as an excellent material
for the quantitative removal of methylene blue from aqueous
solution with in no time of less than 30 min. The kinetics of
methylene blue adsorption on to 10CC-12 followed the pseudo-
second-ordermodel. These results indicated that the 10CC-12
could be employed as a low-cost material for the removal of
methylene blue dye from wastewater.
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