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Abstract In this study, Al,03-SiO, and Al,O3-Si0,—CuO nanocomposites with
different amounts of CuO (40, 50 and 60 %) were synthesized by the sol-gel
method and characterized by thermogravimetric and differential thermal analysis,
X-ray diffraction, Fourier transform infrared spectroscopy, field emission scanning
electron microscopy, energy dispersive spectrometry and zeta potential analysis.
The nanocomposites were applied as an adsorbent for removal of methylene blue
(MB) from aqueous solution. The relation between removal percentages with
variables such as adsorbent dosage (0.001, 0.003, 0.005, 0.01 and 0.02 g), adsorbent
type and initial MB concentration (10, 20, 30 and 40 mg/L) was investigated, and
optimized conditions were found to be 0.01 g, 50 % CuO and 10 mg/L, respec-
tively. In this condition, the removal efficiency of MB was 98 %. The resulting zeta
potential showed that the surfaces of Al,03;—SiO,—CuO nanocomposite and of
Al,03-Si0; have negative charges, at —45 and —15 mV, respectively, while that of
CuO has a positive charge of approximately +13 mV.

Keywords Nanocomposites - Sol-gel - Adsorbent - Methylene blue

Introduction

The removal of dye compounds from industrial wastewater is one of the vital
necessities for the survival of human beings, which has attracted much attention. Since
these dyes are stable, toxic and resistant to biodegradation, to prevent their release into
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environment, they must be removed from effluents by different methods such as
coagulation, flocculation, oxidation processes and membrane separation. In spite of
the potential utility of these methods for removal of dyes, many of the aforementioned
routes involve expensive reagents and long interaction times. Therefore, to avoid these
limitations, the use of an efficient method with high removal activity and short
interaction times is of prime interest. Adsorption is an interesting technique for
removal of dyes from wastewater. This technique, due to prominent properties such as
high efficiency, simplicity and reusability, has become one of the most promising
techniques for dye removal from industrial wastewaters [1-24].

Al,053-Si0, mixed oxides are important ceramic materials that, as inorganic
supports, are widely used in catalytic activities [25-32]. The application of these
materials as supports is due to the existence of AlI-O-Si bond structures and SiO,—
Al,Oj3 interfaces. Also, a low thermal conductivity, low dielectric constant, robust
chemical and thermal stability and oxidation resistance are the reasons for using
these particular mixed oxides in industry.

The oxides of transition metals are an important class of semiconductors, which
have wide different applications according to their physical and chemical properties.
Among the transition metal oxides, copper oxide and its composites have potential
applications in electro-oxidation of hydrazine [33], water—gas shift reactions [34],
oxidation of CO [35], hydrogenation of CO, to methanol [36] and synthesis of
diaryl ether [37].

Due to the versatile properties and diverse applications of copper oxide and
Al,03-Si0O,, in this paper, Al,03;-SiO,—~CuO nanocomposites with different
amounts of CuO (40, 50 and 60 %) were synthesized by the sol-gel method and
characterized by Fourier transform infrared (FT-IR) spectroscopy, simultaneous
thermal analysis (STA), X-ray diffraction (XRD), field emission scanning electron
microscopy (FE-SEM), energy dispersive spectrometry (EDS) and zeta potential
analysis. These nanocomposites were used as an adsorbent for the removal of
methylene blue (MB) from aqueous solution. MB is a typical water-soluble cationic
dye and has harmful effects on living organisms in a short period of exposure
(Fig. 1).

Experimental

Materials and the synthesis of nanocomposites

All reagents were purchased from Merck and Aldrich and used without further
purification. Copper nitrate (Cu(NOj3),-3H,0), aluminum nitrate (AI(NO3);-9H,0)

Fig. 1 Chemical structure of N
methylene blue A
+/
(H;C)N SCl' N(CHjy),
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and tetraethylorthosilicate (TEOS) were used as copper, aluminum and silicon
precursors, respectively. Al,03-Si0,—CuO nanocomposites with 40, 50 and 60 wt%
of CuO were synthesized using the sol-gel approach according to Fig. 2. Firstly,
TEOS was diluted in ethanol and water. Then, the necessary amount of HCI1 (37 %)
was added to the mixture and refluxed in 75 °C for 2 h (TEOS:C,HsOH:H,O:HCl
molar ratio was 1:22:13:7.9 x 1074). Afterward, copper nitrate (Cu(NOs3),-3H,0)
and aluminum nitrate (A1(NO3);-9H,0) dissolved in ethanol and water were added
to the mixture and refluxed at 75 °C for another 2 h. The resulting mixture was aged
at room temperature for 24 h and dried in an oven for 24 h at 110 °C. Then, they
were calcined to 500 °C at a heating rate of 8 °C/min and, once 500 °C was
reached, they were kept at this temperature for 5 h. The nominal content of CuO
was 0, 40, 50 and 60 wt%, and the corresponding nanocomposites were denoted as
A1203—Si02, A1203—5102-40 % CuO, A1203—Si02-50 % CuO and A1203—Si02-
60 % CuO, respectively. For comparison, pure CuO nanocomposites were also
prepared with the same procedure. The flow chart of the nanocomposite synthesis is
shown in Fig. 2.

Fig. 2 The flowchart of the
preparation of Al;03-Si0,-CuO TEOS
nanocomposites C,Hs0H + H,0 + HCl
reflux
75 °C
2h

Cu(NO3),.3H,0

Al(NO»);.9H,0 Mix
C,H50H + H,0

reflux

75 °C

2h
Y
aging
24 h, r.t.

drying

24 h, 110 °C

calcining
500 °C

(A1203-Si02-CuO Nanocornposit%
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Characterization

FT-IR spectroscopy was performed using a Jasco FI/IR-3600 FT-IR spectrometer.
The phase and crystallinity were characterized using a Philips x’pert X-ray
diffractometer with Cu-Ka radiation in the 26 range of 10-80 °. Zeta potential
analysis of 60 wt% nanocomposite dispersed in water was achieved using a Malvern
Zetasizer Nano instrument at 25 °C. The morphologies of prepared samples were
investigated FE-SEM. The weight change of composite samples was measured
using a thermogravimetric analysis (TGA)/differential thermal analysis (DTA)
simultaneous thermal analyzer apparatus (METTLER TGA/SDTA 851E) under a
flow of dry air.

Adsorption experiments

The dye removal experiment was conducted at room temperature as batches.
Typically, a stock solution (1 g/L) of MO dye was prepared in deionized water,
then experimental solutions with different initial concentrations (10-40 mg/L)
were obtained by successive dilutions. The required amount of Al,O03-SiO,—CuO
nanocomposite was added into the 10-mL dye solution and stirred for the
predefined time. After that, the suspension was centrifuged and the supernatant
was analyzed by ultraviolet—visible light (UV-Vis) spectroscopy to calculate the
residual dye concentration. The removal of dye percentage (R) was calculated
using equation:
(G —-GC)

R=""""""100 1

where Cj is the initial concentration and C; is the concentration of the dye at time .

STA-50%CuO
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Fig. 3 TGA (a) and DTA (b) patterns of the precursor of Al,03—Si0,-50 % CuO sample
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Results and discussion
Thermal analysis

The TGA/DTA result of the Al,03—Si0,-50 % CuO precursor is shown in Fig. 3a, b.

The process of weight loss can be divided into two steps. The endothermic peak
between 50 and 200 °C on DTA, accompanied by a 12 % weight loss observed in
this first step on the TGA curve, is attributed to the desorption of water and solvent
(that may be physical or chemical adsorption on the interparticle surface of the
sample). The second peak from 200 to 400 °C with a main weight loss of about
28 %, accompanied by an endothermic peak at 370 °C, corresponds to the weight
loss of dehydroxylation caused by breaking of Si~OH and AI-OH bonds and the
calcination of the CuO precursor. The two exothermic peaks at 750-850 and
950-1100 °C on DTA are attributed to the formation of the crystalline phases of
CuAl,O4 and CuAlO,, respectively.

XRD analysis

XRD patterns of the samples prepared before and after heat treatment at 600 °C for
3 h are shown in Fig. 4a—c. According to the XRD analysis in Fig. 4a, no peak for
Al,03-Si0, is observed. This confirms that Al,O3-SiO, has an amorphous phase.
For the precursor of Al,03-Si0,-50 % CuO sample before heating at 600 °C, the

Fig. 4 XRD patterns of the
calcined samples at 600 °C
[A1,03-SiO, (a), the precursor
of Al,05-Si0,-50 % CuO
sample (b), Al,03-Si0,-50 %
CuO (¢)]; the calcined samples
at 500 °C [Al,03-Si0,-40 %
CuO (d), Al,03-Si0,-50 %
CuO (e), Al,03-Si0,-60 %
CuO (f) and 100 % CuO (g)]
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patterns corresponding to the copper nitrate are presented as the partially hydrolyzed
phase of Cu,(OH);(NOj). This phase is confirmed by the patterns appearing at
20 = 12.91°, 25.83°, 32.09°, 33.64°, 34.31°, 36.14°, 58.40°, 60.81° and 62.55° in
Fig. 4b. The observed diffraction peaks after heating at 600 °C with 26 values of
32.5°,35.4°, 38.6° 49.0°, 53.4°, 58.1°, 61.5°, 66.0°, 67.9° and 72.3° correspond to
diffraction from the planes of crystalline CuO (Fig. 4c). These diffraction data are in
good agreement with the Joint Committee on Powder Diffraction Standards
(JCPDS) card of the monoclinic CuO structure (JCPDS 80-1268). But, in this XRD
spectrum, the other diffraction peaks with 26 values of 31.2°, 37.1°, 45.0°, 56.0°,
59.0° and 65.5° can also be attributed to the CuAl,O4 phase having a perovskite
crystal structure (PDF [78-1605]). Since our aim in this study is the formation of
Al,03-Si0,—CuO nanocomposites, we, therefore, decreased the heat treatment to
500 °C. The XRD patterns of the precursor powders calcined in air at 500 °C are
shown in Fig. 4d—g. According to the XRD analyses, all the diffraction lines in these
XRD spectra could be attributed to the CuO phase having a monoclinic structure.

%T
o

3

5

4000 400
Wavenumber (cm™)

%T

8

4000 400
Wavenumber (cm™)

Fig. 5 FT-IR spectra of Al,03-Si0,-50 % CuO sample before (a) and after (b) calcining at 500 °C
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FT-IR analysis

Figure 5a, b presents the FT-IR spectra of Al,03—-Si0,—50 % CuO sample before
(a) and after (b) calcining at 500 °C.

In Fig. 5a, the adsorption peaks at 3448 and 1649 cm™' are attributed to the
stretching vibration and bending vibration of the O—H group for water, respectively.
The absorption at 2465 cm™ ' is because of the existence of CO, molecules in air.
The presence of nitrate ions in the sample is confirmed using a very strong band at
1354 cm™!, which is due to asymmetric NO3~ stretching vibration [38]. The
bending absorption of a Cu—O—H bond at 678 cm ™' and discussed later shows that
the copper species in a dried precursor is mainly present in the form of

Fig. 6 FE-SEM images of the calcined samples at 500 °C (100 % CuO (a), Al,03-Si0,-40 % CuO (b),
Al,03-S10,-50 % CuO (c¢) and Al,03-Si0,-60 % CuO (d)
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Cu,(OH);NO3, which was confirmed by the XRD pattern. The absorption peak of
Al-O stretching vibration in the range of 1000-1200 cm™" could not be resolved
due to its overlap with the absorption peak of Si—O-Si stretching vibration in the
range of 1000-1200 cm™". Also, the peaks between 420 and 550 cm™' correspond
to the Al-O and Cu-O bond vibration [39-43]. The individual peaks corresponding
to Cu-O bond and Al-O bond are obtained only when the sample is calcined at
500 °C. In Fig. 5b, the absorption peaks 480 and 533 cm ™' are attributed to Cu—O
vibration, whereas the peaks obtained at 731 and 815 cm™! indicate AI-O bond
vibrations. There are also bands at 900 and 1095 cm ™" due to the Al-O—Al and Si—
O-Si bond stretching vibration. The stretching vibration and bending vibration of an
O-H group for water appears at 3435 and 1622 cm™", respectively.

FE-SEM images of nanocomposites

Figure 6a—d shows the FE-SEM images of the samples with different compositions
calcined at 500 °C. Recently, we reported that the synthesized Al,O3—SiO, by the
sol-gel method has an amorphous and homogenous structure [44]. According to
Fig. 6, the roughness of the surface in the nanocomposites can be clearly observed
and it is more than that in an Al,03-SiO, specimen. Al,03;—-SiO,—CuO nanocom-
posite surface roughness can be attributed to (1) the insolubility of CuO in a SiO,
matrix, (2) and the crystal growth of CuO in an Al,03-Si0, matrix.

Adsorption efficiency of nanocomposites

In order to characterize the removal activity of synthesized samples, an aqueous
solution of MB as an azo and cationic dye (Fig. 1) was selected and the removal
activity was done with this solution. The effect of adsorbent dosage, concentration
of MB and kind of adsorbent was investigated for optimizing adsorption conditions.

Influence of adsorbent dosage on the removal efficiency of MB

The effect of adsorbent dosage on removal of MB (20 mg/L) was studied with
Al,03-Si0,-50 % CuO nanocomposite as the adsorbent, and the results are shown
in Fig. 7. By increasing the amount of the adsorbent from 0.001 to 0.01 g, the

Fig. 7 The effect of adsorbent 100 ~ 91
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removal efficiency of MB increased from 16 to 91 %. This was due to the active
sites being enhanced with an increased amount of Al,03-Si0,-50 % CuO
nanocomposite. However, with a further increase in adsorbent dosage to 0.02 g,
there is a decrease in the efficiency of MB removal to 74 %. Consequently, a dosage
of 0.01 g was selected as the optimum value.

Influence of initial MB concentration on the removal efficiency of MB

Another important parameter that affects the adsorption of dye is the initial dye
concentration of the solution. As shown in Fig. 8, the percentage of MB removal
decreased from 98 to 64 % with the increase in initial MB concentration from 10 to
40 mg/L. This effect can be explained by a reduction in active sites on the absorbent’s
surface, which leads to a decrease in the percentage of MB removal [45].

Influence of the kind of adsorbent on the removal efficiency of MB

Figure 9 indicates that the amount of CuO in the nanocomposites influences the
adsorption efficiency of MB. The highest adsorption was obtained for the Al,Os;-
Si0,-50 % CuO nanocomposite (98 %). The high adsorption may be due to the
abundant availability of active sites on the nanocomposite’s surface. By increasing
the amount of the CuO to 60 %, these sites were gradually decreased; therefore, the
adsorbent became less efficient.

Zeta potential

The surface charge of an adsorbent is a one of the important parameters in the
adsorption process. In order to confirm the adsorption results, the structures of the
nanocomposites were studied by determination of zeta potential. The surfaces of
Al,03-Si0,-50 % CuO and Al,O3-SiO, have negative charges of —45 and
—15 mV, respectively, while that of CuO has a positive charge about +13 mV. The
high adsorption of MB using Al,03;-Si0,-50 % CuO can be attributed to its more
negative surface charge.

Fig. 8 The effect of initial MB 98
concentration on the removal 100 ¢
ffici f MB
efficiency o s} 74 70
e 64
= 60Ff
>
2
5 40
o~
20 -
0
10 20 30 40

Concentration of MB (mg/L)
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Fig. 9 The effect of the kind of 98
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Adsorption Kkinetics

The pseudo-first order kinetic and pseudo-second order kinetic models were tested
for examining the mechanism of adsorption.
A linear form of the pseudo-first order kinetic model [Eq. (2)] is given by:

log(1 — q,/q.) = —ki1/2.303 2)

where ¢., g, and k; are the adsorbed MB at equilibrium (mg/g), the amount of the
adsorbed MB at time ¢ (mg/g) and the equilibrium rate constant of pseudo-first order
kinetics (1/min), respectively.

The pseudo-second order kinetic model [Eq. (3)] is described by:

t/a = 1/kq: + t/q. (3)

where k, is the equilibrium rate constant of the pseudo-second order model (g/
mg min).

To understand the applicability of the above kinetics models, linear plots of
log(1—gq,/q.) versus contact time (¢), and t/q, versus contact time (f) are plotted
(Figs. 10, 11).

According to Fig. 11, the linear fit between the #/g, versus contact time (#) and
calculated R? for the pseudo-second order kinetics model show that the MB removal
kinetics can be approximated as pseudo-second order kinetics.

Fig. 10 Linear fit of
experimental data obtained
using the pseudo-first order
model (m,gs = 0.01 g,

Co =10 mg/L, V = 10 mL,
natural pH, T = rt)

log (1-q/q.)

! y

0
(% 20 40 60 S0Ne 10

0.5 t (min)
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Fig. 11 Linear fit of 12 ¢
experimental data obtained 10
using the pseudo-second order R?=0.990
model (m,gs = 0.01 g, _ 8
Co =10 mg/L, V=10 mL, g 6
natural pH, T = rt) 4
2
O L L L L J
0 20 40 60 80 100
t (min)

Adsorption isotherms

The relation between the mass of the MB adsorbed onto adsorbent and liquid phase
of the MB concentration can be investigated by the adsorption isotherm. In this
study, the Langmuir [Eq. (4)] and Freundlich [Eq. (5)] isotherms were adopted to
describe the adsorption behaviors of MB onto a nanocomposite.

The Langmuir isotherm is given as:

Ce/qe - 1/qmaka + (1/Qmax)ce (4)

The Freundlich isotherm can be expressed by:

logq. = log ks + (1/n)logC. (5)
Fig. 12 Linear fit of experimental 3r
data obtained using the Langmuir 251
isotherm (Cy = 10 mg/L, natural R?=0.997
pH, T = 1t) @ 2t
o> 1.5
l b
0.5 |
0 1 1 1 1 ]
0 2 4 6 8 10
C, (mg/L)
Fig. 13 Linear fit of 1.2
experimental data obtained
lo R2=0.823

using the Freundlich isotherm
(b; Cyp = 10 mg/L, natural pH,
T =rt)

log q,

s

-0.04 0.16 036 056 076 096 1.16
log C,
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In the above equations, g, is the maximal sorption capacity at equilibrium (mg/
2); ki is the Langmuir constant related to the affinity of the binding sites and energy
of adsorption (L/g); k¢ is the Freundlich constant (L/mg), which indicates the
relative adsorption capacity of the adsorbent; n is the heterogeneity factor and is
known as the Freundlich coefficient. The linear plots of C,/q, versus C, and logg,
versus logC, are plotted in (Figs. 12, 13), respectively.

The R* values show that the MB removal isotherm using a nanocomposite
follows the Langmuir isotherm.

Conclusion

Al,053-Si0,—CuO nanocomposites with different amounts of CuO (40, 50 and
60 %) were synthesized by the sol—gel method. These nanocomposites were used as
adsorbents for the removal of methylene blue from aqueous solution. The
nanocomposite with 50 % of CuO was chosen as an effective adsorbent. The
optimum dosage and dye concentration were found to be 0.01 g and 10 mg/L,
respectively. The kinetic data fit well with the pseudo-second order model according
to the adsorption kinetics and the isotherm adsorption data fit well with the
Langmuir model.
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