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ABSTRACT

Single and well-crystalline Co3O4 phase imbedded in an amorphous SiO2 matrix has been
obtained by novel aqueous solution method. The structural and morphological properties are
investigated using X-ray diffraction, Fourier transform infrared spectrometer, and N2 adsorp-
tion–desorption techniques. The apparent crystallite size for Co3O4 was found to be about
13.5 nm, which elucidates the rule of poly ethylene glycol in preventing particle’s agglomera-
tion; moreover, the pours structure of the composite enhances its adsorption ability. Co3O4/
SiO2 has a high ability to absorb methylene blue from an aqueous solution. The removal
percent of Methelene blue (MB) by Co3O4/SiO2 has reached 95.7%. The effect of various exper-
imental parameters, such as initial dye concentration, contact time, and dose were investi-
gated. Co3O4/SiO2 nanocomposite shows high adsorption capacity of 53.87mg g−1, which is
larger than the adsorption capacity of MB on other materials. Both of Langmuir and Freund-
lich models were used to analyze the equilibrium adsorption data. The pseudo-second-order
model was found to be the most appropriate model to represent the present data. Co3O4/SiO2

nanocomposite material is proposed as a potential adsorbent for water treatment.
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1. Introduction

One of the important applications of metal oxide/
silica nanocomposites is employing them in the field
of catalysis. For instance, silica-supported cobalt has
been reported as an excellent catalyst [1–3]. Moreover,

these nanocomposites have excellent surface proper-
ties making them potential humidity sensor materials
[4]. Silica is commonly used as a supporting material
because of its ability to prevent the core nanoparticles
from leaching in an acid environment [5], inhibit the
growth of the core nanoparticles, and stabilize their
crystalline structure [6], increase their thermal stability
[7,8], and enhance the void fraction [4,9].
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Large surface/volume ratio with decreasing
particle size in nanocomposites makes them highly
reactive catalysts. Co/SiO2 catalyst does not require
long activation treatments prior to use and it is stable
under process cycles [10]. Co/SiO2 is used as a cata-
lyst in many reactions and chemical process such as
heterogeneous autoxidation of α-pinene into valuable
oxygenated derivatives [1], Fischer–Tropsch synthesis
[11], and aerobic epoxidation of olefins [12]. Besides
the wide range of applications of dyes and pigments
in many fields such as the textiles, paper, plastics,
leather, food, and cosmetic industry, they may on the
other hand reduce light penetration and photosynthe-
sis when they present in wastewater. Moreover, dyes
are considered as one of the sources of pollution and
eutrophication.

Biodegradation [13], flocculation–coagulation [14],
chemical oxidation [15], and adsorption [16] are the
main techniques that can be used for treatment of
wastewater containing dyes. Adsorption has been
found to be the most effective and economic alternative
with high potential for the removal and recovery of
dyes from wastewater [17,18]. Methylene blue (MB) has
wide applications, which include coloring paper,
dyeing cottons, wools, and coating for paper stock [18].

In this paper, Co3O4/SiO2 nanocomposite has been
prepared by novel aqueous solution method. The
sample was characterized by X-ray diffraction (XRD),
Fourier transform infrared spectrometer (FTIR), and
N2 adsorption–desorption techniques. Removing of
MB from an aqueous solution by Co3O4/SiO2 nano-
composite was investigated. The kinetics and adsorp-
tion equilibrium of the basic dye were discussed. The
results show that Co3O4/SiO2 nanocomposite is an
effective adsorbent for removing the dye.

2. Experimental procedures and techniques

2.1. Sample preparation

2.1.1. Materials

Cobalt(II) chloride (CoCl2·6H2O) was used as a
source of Co, sodium silicate (Na2SiO3·9H2O) was
used as a source of SiO2, poly ethylene glycol (PEG,
C2H5O(C2H4O)nOC2H5) was used as a capping agent,
sodium hydroxide (NaOH) was used as a pH adjustor,
and doubly distilled water (H2O) was used as solvent.

MB has a molecular weight of 319.9 gmol−1, which
corresponds to MB hydrochloride. The structure of
MB is as follows:

2.1.2. Procedure

To obtain powder Co3O4/SiO2 nanocomposite,
NaOH solution (10%) was added to an aqueous
solution of CoCl2·6H2O with continuous stirring. The
stirring speed was fixed at about 1,500 rpm. The mix-
ture was kept for 30min at room temperature with
pH of about 12. PEG (2ml, 10%) was added dropwise
to this solution for preventing particle’s agglomera-
tion. An aqueous solution with a calculated amount of
Na2SiO3·9H2O was added such as to control the ratio
of Co:SiO2 at the desired weight ratio (25 wt.%). The
mixture was dissolved ultrasonically. The suspension
was repeatedly washed, filtered for several times, and
dried at 80˚C in a drying oven for 24 h. The dried
powder was then calcined at 400˚C for 3 h. The main
synthesis steps are further illustrated in Fig. 1.

2.2. Sample characterizations

The obtained phase was examined by powder
XRD (Philips PW1700 diffractometer, Netherlands).

Aq. solution of 
CoCl2·6H2O
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PEG
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Fig. 1. Preparation scheme for Co3O4/SiO2 nanocomposite.
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Diffraction patterns were obtained using Cu-Kα radia-
tion (λ = 0.15418 nm) and a graphite monochromator in
the 2θ range from 10˚ to 80˚. XRD patterns are fitted
and analyzed using pseudo-Lorentzian line shape, as
described elsewhere [4,8]. Infrared spectra were
measured in the range 4,000–400 cm−1 using a FTIR
(JASCO-480 Plus, Japan).

The specific surface area, pore volume, and pore
size distribution of the sample were measured by
nitrogen adsorption–desorption technique (NOVA-
3200, USA).

2.3. Batch adsorption experiments

Each batch for adsorption study was carried out
by contacting the Co3O4/SiO2 nanocomposite material
with MB in 100ml stopper conical flask. The experi-
ments were conducted at room temperature (25 ±
0.1˚C) and normal pH to determine the effects of
adsorbent dosage, contact time, and initial concentra-
tion on the adsorption of MB. Each experiment was
conducted in a mechanical shaker at 120 rpm. The
samples were filtered through Whatman filter paper
(No. 41) and the MB concentration was determined in
the filtrate. The residual MB concentrations were
measured using a UV-vis spectrophotometer (Jasco,
V-530, Japan) at 665 nm (λmax of MB). All experiments
were carried out in triplicate and the mean of the
quantitative results were used for further calculations.
To calculate the mean value, the percent relative stan-
dard deviation for the results was obtained, and the
data were discarded if its value for a given sample
was greater than 5%.

2.3.1. Effect of contact time

The optimum time was carried out by conducting
batch adsorption experiments with an initial MB con-
centration of 20mg L−1, 0.8 g L−1 adsorbent dosage,
and at different time periods of 5, 10, 15, 20, 30, 40,
and 60min.

2.3.2. Effect of adsorbent dosage

The adsorbent dosage varied from 5 to 50mg using
a fixed volume of 50mL of 20mg L−1 of MB solution
at the equilibration time.

2.3.3. Adsorption isotherms

Isotherms were measured by varying the initial
MB concentrations at the optimum conditions. Differ-
ent adsorption models were used for comparison with
the experimental data.

3. Results and discussion

Cobalt chloride was converted into cobalt hydroxide
using sodium hydroxide. Silica hydrogels were
prepared by hydrolysis of sodium silicate sol. The
hydrolysis and condensation reactions occurred during
hydrogel formation are as follows [19]:

Hydolysis:

CoCl2 þ 2NaOH ! CoðOHÞ2 þ 2NaCl (1)

Na2SiO3 þ 3H2O ! SiðOHÞ4 þ 2NaOH (2)

Calcination:

3CoðOHÞ2 þ
1

2
O2 �!400 �C

Co3O4 þ 3H2O (3)

SiðOHÞ4 �!400 �C
SiO2 þ 2H2O (4)

3.1. X-ray diffraction

Fig. 2 shows the XRD pattern of the nanocomposite
after thermal annealing at 400˚C for 3 h. The diffrac-
tion peaks reveal the formation of a spinel type fcc
crystalline lattice of Co3O4 nanoparticles (JCPDS card
# 78-1970). In addition, the peaks are broad implying
the nanoscale particle size. The weak and broad peak
at 2θ ≈ 16˚ in the XRD pattern was ascribed to SiO2

phase (JCPDS card # 86-0681). No other diffraction
peaks corresponding to silica matrix were observed
indicating that silica presents in the amorphous form.
The apparent crystallite size was calculated using
Debye–Scherrer formula (Eq. (5)).

PSXRD ¼ k k
b cos h

(5)

where k is constant equals 0.9, λ is wavelength of the
radiation, β is the full width at half maximum
intensity in radians, and θ is the Bragg angle.

500

400

300

200

100

0

 I
nt

en
si

ty
 (

co
nu

ts
)

8070605040302010
2  (degrees)

 (
4 

4 
0)

 (
5 

1 
1)

 (
4 

0 
0)

 (3 1 1)

 (
2 

2 
0)

 (
1 

1 
1)

 (
2 

2 
2)

= Co3O4

= SiO2

Fig. 2. XRD pattern of Co3O4/SiO2 nanocomposite.
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The apparent crystallite size for Co3O4 was found
to be about 13.5 nm, which elucidates the rule of PEG
in preventing the particles from agglomeration. Similar
results were previously obtained when using ethylene
glycol and citric acid as capping agents [4]. The lattice
constant (a) and the cell volume (V) were calculated
using a least squares refinement program [20], show-

ing that Co3O4 has a = 8.071 Å
´
and V = 525.75 Å

´ 3.

3.2. FTIR spectra

Fig. 3 shows the FTIR spectrum of Co3O4/SiO2

nanocomposite, calcined at 400˚C for 3 h. It is obvious
that the absorption bands at 3,440 and 1,635 cm−1

belong to stretching and bending vibrational modes of
O–H of molecular water. These two bands may be
attributed, respectively, to stretching and bending
vibrational modes of O–H of the Si–OH stretching of
surface silanol hydrogen bond to molecular water
[21,22]. The strong IR absorption bands at 1,090 and
800 cm−1 agree well with the SiO2 bond structure. The
band at 1,090 cm−1 can be assigned to the asymmetric
stretching vibration of the bond Si–O–Si in the SiO4

tetrahedron. The band at 800 cm−1 is corresponding to
the vibration of the Si–O–Si symmetric stretch. The
band at 460 cm−1 is associated with the stretching
vibration of Si–O–Si mode. The absorption band at
660 cm−1 is related to the vibrations of CoIII–O bonds
in Co3O4. This band was alternatively assigned to be
associated with the Co–O stretching in Si–O–Co
network by other authors [7,8]. The band at 560 cm−1

that also associated with the Co–O stretching is also
confirmed.

3.3. N2 adsorption–desorption technique

Fig. 4 shows the N2 adsorption–desorption isotherm
for Co3O4/SiO2 nanocomposite, calcined at 400˚C for 3
h. The isotherms can be classified; according to the

IUPAC [23], as type IV that characterizes a mesoporos
material which has a high energy of adsorption. The
specific surface area (SBET, 23.7 m

2 g−1) was obtained
from the N2 adsorption–desorption data. The equiva-
lent spherical particle size (PSBET) of the composite
expressed in nanometers was estimated assuming
spherical shape of the particles and by using Eq. (6)
as [4]:

PSBET ¼ 6000

SBET qB
(6)

where ρB is the density of bulk composite in g cm−3

calculated using the weight ratio of each phase in the
sample. The obtained PSBET value was found to be
83.8 nm.

Average pore width (Pw) was estimated using
Eq. (7) as [4]:

Pw ¼ 4Vp

SBET
(7)

where Vp is the pore volume. The Pw value was
5.4 nm. Porosity is a measure of the void spaces in the
material, and it is a fraction of the volume of voids
over the total volume. The void fraction (or porosity)
of the silica particles (ε) was calculated using Eq. (8)
as [4,9]:

e ¼ Vp

Vp þ 1=qapp
(8)

where Vp is the pore volume (cm3 g−1) and ρapp is the
apparent density (g cm−3) of silica particles. For the
present silica matrix, ε was found to be 0.08.
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Fig. 3. FTIR spectrum of Co3O4/SiO2 nanocomposite.
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3.4. MB removal by Co3O4/SiO2 nanocomposite

The removal percent (R) was calculated using
Eq. (9) as [24]:

R ¼ Ci � Cf

Ci
� 100 (9)

where Ci and Cf are the concentrations of MB in initial
and final solutions, respectively. The amount of MB
adsorbed Q (mg g−1) was calculated from the mass
balance equation as given by Eq. (10) [16]:

Q ¼ Ci � Cf

W
(10)

where W is the mass of Co3O4/SiO2 sample used in
grams.

3.4.1. Effect of adsorbent dosage

The adsorbent dosage in solution plays an impor-
tant role in the dye uptake as well as in the percent-
age of color removal. The effect of different dosages
on MB removal was carried out. The results are
shown in Fig. 5(A) for the following parameters: time
60min, MB concentration 20mg L−1, 50 mL solution,
constant temperature, and normal pH. It is obvious
that the MB removal percentage increases with
increasing Co3O4/SiO2 dose. Increasing the adsorbent
dose serves to increase the surface area and the num-
ber of active sites for adsorption. The removal percent
of MB for 20mg L−1 reached 95.7% using 40mg of
Co3O4/SiO2 (0.8 g L−1 as optimum dose). Therefore, a
40mg (0.8 g L−1) sample was used in the rest of
experiments as an optimum dose.

3.4.2. Effect of contact time

The effect of contact time on adsorption of MB
onto Co3O4/SiO2 was studied at a dose of 40mg, MB

concentration 20mg L−1, 50 mL volume, constant
temperature, and normal pH. The results are shown
in Fig. 5(B) (left vs. bottom). It is apparent that the
adsorption gradually increases with increasing the
contact time. The time requires to reach equilibrium is
30min. The initial rapid increase in the removal rate is
due to the effect of functional groups on the surface of
adsorbent. The porous nature of Co3O4/SiO2 nano-
composite play an important role in the adsorption
process, where the adsorption of MB was thought to
take place probably via surface adsorption until the
surface functional sites were fully occupied, thereafter;
MB molecules diffuse into the pores of the adsorbents
facilitating further adsorption. Similar features were
observed for these nanocomposites in case of water
vapor adsorption [4].

3.4.3. Effect of MB concentration

The data presented in Fig. 5(B) (left vs. top) shows
the effect of MB concentration on the adsorption
process. The concentration of MB was varied from 5
to 30mg L−1 at the optimum parameters (40mg
adsorbent dose and 30min contact time), constant
temperature, and normal pH. The results are
presented in Fig. 5(B) (left vs. top), and indicate that
the adsorption of MB at the beginning was 96.5%. The
adsorption increases with increasing the MB concen-
tration from 2 to 10mg L−1, and becomes constant
with increasing MB concentration further. This behav-
ior was attributed to the fact that, initially, all binding
sites on the adsorbent surface were vacant leading to
MB adsorption on the surface of adsorbent. With
further increase of MB concentration, the adsorption
of MB slightly increases in account to the few active
sites available on the surface, and after that MB
molecules diffuse into the pores of the adsorbent for
further adsorption.
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3.4.4. Adsorption isotherms

Several mathematical models have been used to
describe equilibrium states for the adsorption of dyes
on solid surfaces. Freundlich and Langmuir models
are frequently utilized to describe the experimental
data.

3.4.4.1. Freundlich isotherm. Freundlich isotherm
gives the relationship between equilibrium liquid and
solid phase capacity based on the multilayer adsorp-
tion (heterogeneous surface). This isotherm is derived
assuming that the adsorption sites are distributed
exponentially with respect to the heat of adsorption
and is given by Eq. (11) as [17,25]:

logQ ¼ log KF þ 1

n
log Ce (11)

where Ce is the equilibrium concentration of the MB
in the solution (mg L−1), KF and n are Freundlich
constants. The dimensionless constant n is an indica-
tion of how favorable the adsorption process, whereas
KF is the adsorption capacity of the adsorbent.

Fig. 6(A) shows a plot of log Q vs. log Ce, where a
straight line is obtained. The values of n and KF were
found to be 0.813 and 587.89 mg g−1 (Lmg−1)1/n,
respectively, as displayed in Table 1.

3.4.4.2. Langmuir isotherm. The Langmuir model, on
the other hand, assumes that the adsorption occurs on
a homogenous surface and no interaction between
adsorbates in the plane of the surface. Langmuir
isotherm is formulated by Eq. (12) as [17,25]:

Ce

Q
¼ 1

Qmax KL
þ Ce

Qmax
(12)

where Qmax is the maximum adsorption capacity
(mg g−1) and KL is a Langmuir constant related to the
affinity of the binding sites and energy of adsorption
(Lmg−1). Linear relation of Ce/Q vs. Ce was obtained,
as shown in Fig. 6(B). Qmax of 53.87mg g−1 or 1.665 ×
10−4 mol g−1 and KL of 8.39 Lmg−1 were obtained from
the intercept and slope, respectively. The MB maxi-
mum adsorption capacity of Co3O4/SiO2 nanocompos-
ite is 53.87mg g−1, which is larger than the adsorption
capacity of MB on coir pith carbon (5.87mg g−1) [17],
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mordenite zeolite (25.59 mg g−1 or 8.0 × 10−5 mol g−1)
[26], carbon nanotubes (35.0 mg g−1) [27], mordenite
nanocrystals (38.38 mg g−1 or 1.2 × 10−4 mol g−1) [26],
and Fe3O4/graphene nanocomposite (45.27mg g−1)
[28] at 298 K. The results indicate that Co3O4/SiO2

nanocomposite is an excellent adsorbent and can be
used to remove dyes from aqueous solutions. The
coefficients of determination R2 (0.937) of the Lang-
muir equation demonstrate that the adsorption of MB
onto Co3O4/SiO2 follows the Langmuir’s model. The
dimensionless equilibrium parameter (RL), is calcu-
lated using Eq. (13) as [29]:

RL ¼ 1

1þ CmaxKL
(13)

where Cmax is the maximum initial concentration of
MB (mg L−1). RL values between 0 and 1 indicate
favorable adsorption. The RL value here was found to
be 3.97 × 10−3.

Alternative sorption isotherm models, such as
Tempkin and Harkin–Jura models, have been checked
for the sake of comparison. The Tempkin model is
expressed by Eq. (14) as [30]:

Qe ¼ RT

2:303BT
logKT þ RT

2:303BT
logCe (14)

where R is the universal gas constant (8.314 J mol−1 K−1),
T is the absolute solution temperature (K), BT is the
Tempkin constant related to heat of sorption
(J mol−1), and KT is the Tempkin isotherm constant

(L g−1). The linear relation obtained by plotting Qe vs.
log Ce is shown in Fig. 6(C). BT and KT are obtained to
be 26.36 J mol−1 and 51.58 L g−1, respectively.

The Harkin–Jura model represented by Eq. (15)
[30] has also been applied for these data

1

Q2
e

¼ BHJ

AHJ
� 1

AHJ
logCe (15)

where AHJ and BHJ are Harkins–Jura constants. The
results are shown in Fig. 6(D). The correlation coeffi-
cient for Freundlich isotherm (R2 = 0.999) was the
highest in comparison to the Langmuir, Temkin, and
Harkins–Jura isotherms, which indicate that the Fre-
undlich isotherm best represents the equilibrium
adsorption of MB on Co3O4/SiO2 nanocomposite.

3.4.5. Kinetic studies

The adsorption kinetics describes the rate of MB
uptake on the nanocomposites, and this rate
consequently controls the equilibrium time. The
pseudo-first-order kinetic model of Lagergren may be
represented by Eq. (16) as [24,27,28,31]:

log ðQe �QtÞ ¼ logQe � K1

2:303
t (16)

where Qe and Qt are the amounts of MB in the
solution (mg g−1) at equilibrium and a time t, respec-
tively. K1 is the rate constant of pseudo-first-order
adsorption (min−1) and t is the time of adsorption
(min). Fig. 7(A) shows a plot of log (Qe−Qt) vs. t. Lin-
ear fitting of the experimental data gave K1 = 0.03035
min−1 and Qe = 6.23mg g−1.

The pseudo-second-order equation based on
adsorption equilibrium capacity can be expressed by
Eq. (17) as [24,27,31]:

t

Qt
¼ 1

K2 Q2
e

þ 1

Qe
t (17)

where K2 is the rate constant of pseudo-second-
order adsorption (g mg−1 min−1). A linear relation was
obtained when t/Qt is plotted against t, as shown in
Fig. 7(B). The K2 was calculated as 0.01034 gmg−1 min−1,
and the Qe value was 25.42mg g−1, which is very close
to the experimental value of 25mg g−1. The pseudo-sec-
ond-order kinetic equation best describes the sorption
kinetics. These results support the chemisorptions of
MB on Co3O4/SiO2 nanocomposite [17].

Other kinetic models, such as intraparticle
diffusion and Elovich models have been further

Table 1
Fitting parameters for isotherm and kinetic models data

Model Parameters R2

Freundlich KF=587.89mg g−1

(Lmg−1)1/n
0.999

n = 0.813
Langmuir KL = 8.39 Lmg−1 0.951

Qmax = 53.87 mg g−1

RL = 3.97 × 10−3

Tempkin KT = 51.58 L g−1 0.914
BT = 26.36 J mol−1

Harkin–Jura AHJ = 258.61mg3 g−2 L−1 0.830
BHJ = −0.58mg L−1

Pseudo-first-order K1 = 0.03min−1 0.907
Qe = 6.23mg g−1

Pseudo-second-order K2 = 0.01 gmg−1 min−1 0.997
Qe = 25.42mg g−1

Intraparticle diffusion KD = 0.63mg g−1 min1/2 0.879
D = 19.01mg g−1

Simple Elovich KE = 16.32mg g−1 min−1 0.823
β = 9.70 gmg−1
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checked. The intraparticle diffusion model which
elucidates the diffusion mechanism is expressed by
Eq. (18) as [24,27]:

Qt ¼ KD t1=2 þD (18)

where KD is the intraparticle diffusion rate constant
(mg g−1 min1/2) and the intercept D gives an idea
about the thickness of the boundary layer. Plotting of
Qt vs. t1/2 gives straight line as shown in Fig. 7(C).
Linear fitting of the present data gives KD = 0.63248
mg g−1 and D = 19.008, respectively.

The simple Elovich model is expressed by Eq. (19)
in the form [24]:

Qt ¼ KE þ b
2:303

log t (19)

where KE represents the rate of chemisorption at zero
coverage (mg g−1 min−1) and β is related to the extent
of surface coverage and activation energy for

chemisorption (gmg−1). When Qt is plotted against
log t, a linear relation is obtained as shown in
Fig. 7(D). KE = 16.321mg g−1 min−1 and β = 9.701 gmg−1

were obtained from the intercept and slope of the line.
All of the former parameters are re-summarized in
Table 1. Among of all above models, the pseudo-sec-
ond-order model is found to be the most appropriate
model that can represent the experimental data.

3.4.6. Pore diffusion coefficient

The pore diffusion coefficient (Dp) can be calcu-
lated using Eq. (20) [26] assuming spherical geometry
for the adsorbent as:

Dp ¼ 0:03 r2

t1=2
(20)

where r is the adsorbent particle diameter (cm) and
t1/2 is the time for half adsorption (s). The r value is
calculated from PSXRD assuming spherical particle
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Fig. 7. Kinetic plots: (A) pseudo-first-order, (B) pseudo-second-order, (C) intraparticle diffusion, and (D) simple Elovich
models for MB adsorption on Co3O4/SiO2 nanocomposite. The solid lines are the linear fits.
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shape (r = 6.75 × 10−7 cm). The t1/2 is calculated from
the rate constant of the second-order model (K2) and
the initial concentration (Ci) of MB (25mg g−1) as t1/2
= 1/K2 Ci. For MB, a Dp value of 0.569 × 10−16 cm2 s−1

was obtained. The removal of MB by Co3O4/SiO2

nanocomposite is little affected by pore diffusion
process because of the Dp value is very small than the
range of 10−11 – 10−13 cm2 s−1 [17,32,33].

4. Conclusion

Co3O4/SiO2 nanocomposite has been prepared by
novel aqueous solution method. XRD and FTIR data
indicate the formation of pure nanocrystalline Co3O4

phase imbedded in an amorphous SiO2 matrix. The
removal of MB from aqueous solution by Co3O4/SiO2

nanocomposite has been investigated under different
experimental conditions in batch model. The obtained
nanocomposite shows a good efficiency and high
adsorption capacity for removal of MB from aqueous
solutions. The removal percent of MB by Co3O4/SiO2

has reached 95.7% and the adsorption capacity was
53.87mg g−1, which is larger than the adsorption
capacity of MB on other materials. The kinetic of the
adsorption process was best described by a pseudo-
second-order rate equation. The calculated Qe value
based on the second-order model is in good agree-
ment with the experimental one, supporting the
chemisorption process.
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