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ABSTRACT

In this work, at first, nano ZrO, and Fe;04/ZrO, nanocomposite were prepared by sol-gel and co-precipitation methods,
respectively. Then, Ag nanoparticles (Ag NPs) were mixed with them in environmentally friendly and mild conditions using
C. cyanus flower extract as a reducing and stabilizing agent. The synthesized nanocomposites were characterized by FT-IR,
XRD, FE-SEM, EDS, and VSM techniques. The experimental results confirmed formation of the Ag nanoparticles with the
30-90 nm diameter on the surface of supports at room temperature within a few minutes. After that, the catalytic activity of the
prepared nanocomposites in reduction of 4-nitrophenol (4-NP) and methyl orange (MO) have been studied and our results showed
that they have following sequence: Ag/ZrO, > Ag/Fe304/ZrO, > ZrO, > ZrO, (550 °C) > Fe3;04/ZrO,. Finally, the magnetically
recoverable Ag/Fe;04/ZrO; nanocomposite could be reused three times without a considerable decrease in its catalytic activity.
Observed results were presented here and the probable catalytic mechanism was discussed.
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1. Introduction Between them, the application of aqueous extract of the
plants, as nontoxic reducing and stabilizing agents, is a
new technique for green synthesis of the MNPs under
mild conditions [20,21].

However, immobilization of the MNPs on a supports
surface, significantly decreases their agglomeration, this
also causes to increase the catalytic activity of
nanoparticles and simplify their separation process.
Recently both organic supports like biowasts and
inorganic supports such as bentonite, zeolite, silica,
alumina and metal oxides have been used extensively
for immobilization of the MNPs on their surface
[22,23]. Zirconia (ZrO,) as an inorganic oxide possesses
unique properties such as a chemical inertness, suitable
thermal stability, and good mechanical, electrical and
optical properties and it has been widely used as a
support, catalyst, photocatalyst, etc. [24,25]. Herein,

The removal of organic pollutants from wastewater is
one of the most problems of human living system [1-6].
A number of practical techniques such as advanced
oxidation processes (AOPs), biological degradation and
adsorption have been reported to remove these
contaminants [7-15]. In current decade, the reduction
process, in the presence of NaBHs and metal
nanoparticles (MNPs) or nanocomposites, is reported as
an effective method for the elimination of toxic
nitroarene compounds and azo dyes from water [16,17].
Consequently, development of different physical and
chemical methods for synthesis of the MNPs with large
surface area attracted considerable attention in recent
years due to their higher reactivity in comparison to the
particulate metal counterpart [18,19].

*Corresponding author. first, nano ZrO, and Fe304/ZrO, nanocomposite were
E-mail addresses: a.rostami@qom.ac.ir, prepared by sol-gel and co-precipitation methods,
a.rostamil27@yahoo.com (A. Rostami-Vartooni) respectively. These nanocomposites were prepared as
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supports for immobilization of Ag nanoparticles
(Ag NPs). The Ag NPs were immobilized on the
prepared supports in environmentally friendly and mild
conditions using the cornflower extract as a reducing
and stabilizing agent to prepare Ag/ZrO, and
Ag/Fe;04/ZrO; nanocomposites.

Cornflower (Centaurea cyanus) as a beneficial
weed and well-known herbal medicine has both
tonic and stimulant properties. This plant was
historically used for its blue pigment (protocyanin).
C. cyanus in treating conjunctivitis, for washing of
tried eyes and as an ingredient in herbal bags.
The antioxidant, antitumor and antibacterial activities of
this plant extract are contributed to the presence
of the phytochemical constituents such as
n-hexadecanoic acid and linoleic acid [26,27]. Based on
our literature survey, there is no report on the
biosynthesis of metal nanocomposites using C. cyanus
extract. Prepared nanocomposites were characterized
using physical and chemical methods such as FT-IR,
XRD, FE-SEM, EDS, and VSM techniques. Finally, the
catalytic reduction of two organic pollutants (4-NP and
MO) was carried out with ZrO,, Fe;04/ZrO,, Ag/ZrO,,
and Ag/Fe;04/ZrO, nanocomposites. The observed
results and probable catalytic mechanism are presented
and discussed here.

2. Experimental
2.1. Chemical substances and instruments

All chemical substances used in this work were obtained
from  Merck KGaA, Darmstadt, Germany.
The C. cyanus plant was collected from the
Isfahan Province, Iran (Vartoon village). Fourier
transform infrared (FT-IR) spectra were recorded on a
Nicolet 370 FT/IR spectrometer (Thermo Nicolet, USA)
using KBr pellets. For the phase identification and
characterization of crystal structure of the prepared
nanocomposites, a  Philips  PW3040  X-ray
diffractometer (Cu Ka 1.5405 A) was used.
Spectrophotometric absorption measurements in the
wavelength ranges of 200—750 nm was carried out on a
double-beam spectrophotometer (Hitachi, U-2900).
FE-scanning electron microscopy (FE-SEM) is another
commonly used method of characterization which was
performed on a Cam scan MV2300. Energy-dispersive
X-ray spectroscopy (EDS) was used for evaluation of
the chemical composition of the prepared ZrO,
nanocomposites. Vibrating sample magnetometer
(VSM) measurement was measured using a SQUID
magnetometer at 298 K (Quantum Design MPMS XL)
in the magnetic field intensity (H) range of —8500 to
+8500 Oe.
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2.2. Preparation of extract

15 g of dried flowers of C. cyanus plant was mixed in
100 mL distilled water and heated at 60 °C for 25 min.
Afterwards, the filtered extract was used for reduction
of Ag" ions to Ag NPs on the surface of supports.

2.3. Preparation of ZrO; NPs

A solution of 0.3 mL distilled water and 0.3 mL HCI
(37% w/w) was added dropwise to a homogeneous
mixture of 2 g ZrCly and 5 mL n-propanol under
vigorous stirring and refluxed at 80 °C for 2 h. Then, the
pH of resulted Zr(OPr)s solution was adjusted to 8 by
addition of 1.5 M NaOH solution. Finally, the produced
ZrO, NPs was washed with distilled water and dried in a
furnace at 80 °C.

2.4. Preparation of Fe304/ZrO; nanocomposite

A solution of 5.2 g FeCl; and 2 g FeCl, in 25 mL HCI
(1 M) was degassed with N, gas for 15 min and added
dropwise into the vigorous stirred NaOH solution
(250 mL, 1.5 M) at 80 °C. The prepared Fe;O4
nanoparticles were separated from the solution and
washed with water four times. The resulting Fe;O,
nanoparticles was added into the freshly prepared
solution of 1.0 M in ZrCls and 0.23 M in HCIO4, and the
pH value of the mixture was adjusted to 8.0 by addition
of 2 M NaOH within 1 h. Finally, the formed
Fes04/ZrO; NPs (2 : 5 w/w) were washed with distilled
water and dried in an oven at 80 °C [28].

2.5. Preparation of Ag/ZrO; nanocomposite

A solution of 0.1 M AgNO; (25 mL) was added to a
mixture of 2 g ZrO, NPs dispersed in 50 mL of the
C. cyanus flower extract. This mixture was stirred for
15 min at room temperature until the white color of the
ZrO, NPs changes to dark color, indicating the
formation of Ag NPs on its surface. Finally, the prepared
Ag/ZrO, nanocomposite was filtered and washed with
distilled water.

2.6. Preparation of Ag/Fe;04/ZrO; nanocomposite

2.0 g Fe304/ZrO, was dispersed in the 50 mL of the
prepared C. cyanus extract under stirring. Then, 25 mL
of AgNO; solution (0.1 M) was added to this mixture
and stirred at room temperature for 15 min under
continuous  stirring.  Finally, the  produced
Ag/Fe304/Z1r0, was filtered and washed with distilled
water.

2.7. Reduction
nanocomposites

of MO and 4-NP by ZrO;

The catalytic reduction of MO and 4-NP as organic
pollutants was carried out using as-prepared ZrO-
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nanocomposites. Typically, freshly prepared NaBH4
solution (30 mL, 5.3 x 10 M) was added to a solution
that contained MO (30 mL, 3 x 10> M) and different
amounts of the ZrO, nanocomposites as catalysts. Then,
the mixture was stirred at room temperature and the
reduction process was monitored by UV—Vis absorption
analysis at certain intervals. In the reduction process
of 4-NP, 30 mL of freshly prepared NaBH4 solution
(4.4 x 102 M) was added to 30 mL of 4-NP solution
(2.5 x 10 M) in the presence of 3 or 6 mg catalysts at
room temperature.

3. Results and Discussion
3.1. Characterization of C. cyanus extract

The presence of organic compounds with hydroxyl and
carbonyl functional groups in the flower of C. cyanus
plant as reducing and stabilizing agents are confirmed
by FT-IR and UV-Vis techniques. The phenolic
constituents in the flower of C. cyanus show a broad
absorption band at 3380 cm™! and some absorptions at
1030-1335 cm™ in FT-IR spectrum (Fig. 1a) [29,30].
Also, CH3 or CH; units, C=C and C=0 bands show the
absorption signals at about 2927, 1635-1735 and 1420
cm!, respectively [31,32]. The maximum absorption
bands at 267 and 336 nm in the UV-Vis spectrum of
C. cyanus flower extract (Fig. 1b) are assigned to
n — * and n — ©* transitions which can be related to
the presence of C=0 and C=C bonds.
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Fig. 1. FT-IR (a) and UV-Vis (b) spectra of C. cyanus.
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3.2.  Characterization of nano zirconia and its

nanocomposites

FT-IR spectra obtained for the ZrO, NPs and
its nanocomposites have been shown in Fig. 2.
The absorption bands at about 450-750 cm’,
1300-1400 cm™ and 1550-1650 cm™' are related to the
Zr—0-Zr, Zr—0O and Zr—OH bonds, respectively [33-36].
Fe—O vibrations are appeared at the range of 430-700
cm’! for Fe;04 nanocomposites [37,38]. A broad peak
has produced at the range of 3426-3450 cm™! by the
stretching vibration of OH groups on the surface of ZrO,
nanocomposites [39]. According to this figure, the
functional groups on nano ZrO, and Fe;04/ZrO,
nanocomposite have not changed after the
immobilization of Ag NPs.

The XRD patterns obtained for the nano zirconia and its
nanocomposites have been shown in Fig. 3.
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Fig. 2. FT-IR spectra of as-prepared ZrO, NPs (a), ZrO, NPs
annealed at 550 °C (b), Ag/ZrO, (¢) Fe;04/ZrO; (d) and
Ag/Fe;04/Z10; (e).
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Fig. 3. XRD patterns of as-prepared ZrO, NPs (a), ZrO, NPs annealed at 550 °C (b), Ag/ZrO; (c) Fe;04/ZrO, (d) and

Ag/Fe;04/Z10; (e).

It is clear that the as-prepared ZrO, NPs indicates
amorphous nature whereas its calcined form (at 550 °C)
is in the crystalline state which shows the diffraction
peaks at 30.5°, 35.4°, 50.7°, 60.3°, 63.5° and 74.5°
relating to the (101), (110), (112), (211), (202) and (220)
reflections of tetragonal phase of zirconia nanoparticles,
respectively [40-43]. The characteristic peaks at about
20 =30.8°, 35.9°, 57.3° and 63.1° in the XRD patterns
of Fe;04/ZrO; and Ag/Fe;04/ZrO; nanocomposites
(Figs. 3d and 3e) are related to the (220), (311), (511)
and (440) planes of the cubic spinel phase of the
magnetite compound [44,45]. The formation of Ag NPs
is approved by characteristic peaks in the XRD patterns
of Ag nanocomposites (Figs. 3¢ and 3e) at about
20 =38.3°, 44.3°, 64.7° and 77.6° corresponding to the
(111), (200), (220) and (311) reflections [46,47]. The
average crystallite sizes of Ag NPs on ZrO, NPs,
Z1r0,(550) and Fe304/ZrO, which are estimated using
the Debye Scherrer equation [48,49] are about 22, 40
and 45 nm, respectively.

The morphology of the as-prepared nano ZrO», Ag/ZrO»
and Ag/Fe;04/ZrO, were investigated by FE-SEM
(Figs. 4 and 5). As can be seen in these figures, the
spherical Ag NPs with 30-90 nm diameter were
immobilized on the surface of as-prepared ZrO, NPs
and its Fe3Os nanocomposite. The particle size
distributions of AgNPs are found to be close to the
average grain sizes calculated by the Debye Scherrer
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equation. The presence of Zr, O, Ag or Fe elements in
Ag/7ZrO, and Ag/Fe;04/ZrO, were confirmed by EDS
(Fig. 6).

To evaluate the magnetic properties of Ag/Fe304/ZrO,
nanocomposite, the VSM magnetization curve was
applied. The hysteresis loop obtained using a
magnetometer at 298 K is shown in Fig. 7. The
saturation magnetization (Ms) value of this
nanocomposite at saturation point of the hysteresis loop
was about 10 emug™'. The hysteresis loop confirms the
soft magnetic nature of the synthesized nanocomposite
which can be simply magnetized and demagnetized. The
Ag/Fe304/ZrO; has the paramagnetic behavior and its
Ms value is enough for magnetic separation of
nanocomposite from the reaction mixture by applying
an external magnetic field.

3.3. Catalytic ability evaluation of ZrO, NPs and its
nanocomposites

In this work, the reduction process of MO and 4-NP in
the presence of NaBH4 were evaluated using ZrO, NPs
and its FesOs4 nanocomposite before and after
immobilization of Ag NPs. As depicted in Fig. 8, the
intensity of UV-Vis bands at 493 and 400 nm
disappeared within 7.5 and 9 min for aqueous solutions
of MO (3 x 10° M, 30 mL) and 4-NP (2.5 x 103 M,
30 mL), respectively. With disappearance of the peak
at 400 nm in UV—Vis spectrum of 4-NP, a new peak at
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Fig. 6. EDS spectra of as-prepared ZrO, NPs (a), Ag/ZrO, (b)
and Ag/Fes04/Z1O; (c).

about 300 nm appeared, this clearly indicated the
formation of 4-aminophenol [50]. Table 1 shows the
complete reduction times of MO and 4-NP in different
conditions. Without any catalyst and NaBH4, the
reduction performance was slow. The addition of higher
amount of the catalysts and NaBH4 leads to the higher
increase in reduction of selected organic dyes.
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Fig. 7. Typical VSM of Ag/Fe;04/Z1rO; nanocomposite.

The catalytic activity of the formed nanocomposites was
found as the following sequence: Ag NPs/ZrO, >
Ag/Fe304/Zr0, > ZrO, NPs > ZrO, NPs (550 °C) >
Fe304/Zr0;. This trend shows the amount of dye
molecules adsorption on the catalyst surface and
electron transfer from the BH4™ to the pollutant since the
rate-limiting step depends on the various factors such as
the size of nanoparticles, structure and surface network
of the catalysts (Scheme 1). The prepared Ag
nanocomposites are much more reactive than
unmodified ZrO, NPs and Fe;04/ZrO; with Ag NPs,
because the electron transfer process takes place on the
Ag NPs surface [51]. In this study, ZrO, NPs or
Fe;04/ZrO, as supports prevents the Ag NPs
aggregation in the reaction mixture, this leads to higher
activity of the synthesized catalysts. The magnetically
recoverable Ag/Fe;04/ZrO; has better catalytic activity
in the reduction process of pollutants than previously
reported catalysts in literature [52-54].

3.4. Investigation of catalyst recyclability

At the end of reduction reaction, the Ag/Fe;04/ZrO,
catalyst was removed from reaction suspension using an
external magnetic field, washed with distilled water and
dried in the furnace at 80 °C. The recyclability and
stability of the recovered Ag/Fe;04/ZrO; catalyst were
evaluated in the reduction of MO on the same conditions
explained in the section 2.7. The catalyst was reused in
further 3 cycles and the reaction times were 7.5, 8 and 8
min after one, two and three catalytic runs, respectively.
No significant decrease in the reduction times confirms
good stability of the formed nanocomposite under the
reaction conditions.

4. Conclusions

In this investigation, successful preparation of ZrO, NPs
and ZrO,/Fe;04 nanocomposite was performed via
sol-gel and co-precipitation methods. The aqueous
C. cyanus flower extract was used for the reduction of
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Fig. 8. UV-vis spectra of reduction process for MO (a) and 4-NP (b) in the presence of Ag/Fe;04/ZrO; nanocomposite (3 mg)
at several intervals: dye concentration 3 x 10> M (MO) and 2.5 x 10> M (4-NP), NaBH, concentration 5.3 x 10~ M (MO) and
88 x 10°*M (4-NP).

Table 1. Reaction times for the reduction of MO (3 x 10 M) and 4-NP (2.5 x 10-*M) in different conditions at room temperature.

Compound [NaBH4] (M) Catalyst (mg) Time (min)
MO 5.3 %103 - 65
53 %107 710, (3) 25
5.3 %107 ZrO; annealed at 550 °C (3) 33.5
- Ag/Zr0O; (3) 120*
53 %107 Ag/710; (3) 5
53 %107 Ag/ZrO, (6) 4
5.3 x103 Fe3;04/Z1r0; (3) 37
5.3 x103 Ag/Fe;04/Z10; (3) 7.5
53 %107 Ag/Fe;04/Z1rO; (6) 5.5
4-NP 4.4 %1072 - 100
4.4 x10? 7102 (3) 35.5
- Ag/Zr0O; (3) 120?
4.4 %1072 Ag/710; (3) 8.5
4.4 %107 Ag/Zr0O; (6) 6
4.4 %102 Fe;04/Z1rO; (3) 50
4.4 %1072 Ag/Fe;04/Z10: (3) 16
8.8 x 1072 Ag/Fe3;04/210; (3) 9

aNo reaction.
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silver ions and stabilization of the formed Ag NPs on the
surfaces of ZrO, nanocomposites. The synthesized
nanocomposites were characterized by different
techniques and used in the reduction of MO and 4-NP at
room temperature. The as-prepared Ag/Fe;04/Zr0O; as a
magnetically recoverable and stable catalyst with high
activity in the reduction process can be reused for
several cycles without a significant decrease in its
catalytic ability.
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