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a b s t r a c t

We report the microwave-hydrothermal ionic liquid (MHIL) synthesis and photocatalytic property over
phenol of ZnFe2O4 nanoparticles. Zn(CH3COO)2·2H2O and Fe(NO3)3·9H2O were used as the zinc and iron
sources, respectively, in the presence of CO(NH2)2 and the ionic liquid 1-n-butyl-3-methyl imidazolium
tetrafluoroborate ([BMIM][BF4]). Deionized water was used as a solvent. The ionic liquid [BMIM][BF4] and
vailable online 12 June 2009
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microwave heating temperature have significant influences on the crystal phase of the product. Different
dosages of [BMIM][BF4] or microwave heating temperature could lead to the formation of different prod-
ucts such as ZnFe2O4 and �-FeOOH. The MHIL method has the advantages such as simplicity, rapidness
and energy saving. The ZnFe2O4 nanoparticles prepared by the MHIL method exhibit high photocatalytic
activity for the degradation of phenol, which was up to 73% within 360 min. The TOC measurement

ocata
nFe2O4

henol
confirmed the good phot

. Introduction

The fabrication of spinel-structured ferrite nanoparticles has
een intensively investigated in recent years due to their unique
hysical and chemical properties, as well as technological appli-
ations in ferrofluids [1], high-density magnetic recording media
2], biomedicine [3], and radar-absorbent materials [4]. Particularly,
inc ferrite (ZnFe2O4) nanoparticles have aroused much interest
wing to their potential applications in gas sensor and semicon-
uctor photocatalysis because of their markedly different magnetic
roperties from those of their bulk counterpart [5]. It has been
eported that ZnFe2O4 exhibits different properties with the change
n particle size [6–10]. Several methods have been used for the
reparation of ZnFe2O4 nanoparticles such as ball-milling tech-
ique, co-precipitation, aerogel and hydrothermal method [11–14].
owever, some methods encounter problems such as the formation
f the undesirable phase, the requirement of complicated equip-

ent or time-consuming caused by multiple steps, etc. Therefore,

t is intriguing to develop inexpensive, facile and fast methods for
he preparation of single-phase zinc ferrite nanoparticles.

∗ Corresponding author at: State Key Laboratory of High Performance Ceramics
nd Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of
ciences, 1295 Ding-Xi Road, Shanghai 200050, PR China. Tel.: +86 21 52412616;
ax: +86 21 52413122.

E-mail address: y.j.zhu@mail.sic.ac.cn (Y.-J. Zhu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.06.019
lytic efficiency of ZnFe2O4 nanoparticles.
© 2009 Elsevier B.V. All rights reserved.

In recent years, the microwave-hydrothermal (MH) method
has been rapidly developed due to rapid heating, faster kinetics,
homogeneity, higher yield, better reproducibility, and energy sav-
ing compared with the conventional hydrothermal (CH) method
[15–17]. Moreover, the MH method also enables chemical reactions
to occur in the elevated-temperature and pressurized closed sys-
tem in a short preparation time of minutes-level rather than days.
Due to the excellent microwave absorbing ability, room tempera-
ture ionic liquids (RTILs) combined with microwave heating have
been applied in nanomaterials synthesis [18–21]. The addition of
a small quantity of an ionic liquid to a reaction solvent can greatly
increase the heating rate. However, to the best of our knowledge, the
synthesis of ZnFe2O4 nanoparticles by a microwave-hydrothermal
ionic liquid (MHIL) method has not been reported.

Photocatalysis is a subject of current interest related to its appli-
cation in effluent decontamination. Photocatalytic degradation of
organic pollutants is becoming one of the most promising green
chemistry technologies [22–24]. In most of the industries, phenolic
compounds are widely used and have become common pollutants
in waste water bodies. The phenolic compounds are quite stable
and remain in the environment for a long period of time. Due to
their toxicity and carcinogenic character, they are dangerous to the
ecosystem in water bodies and human health [25]. A representa-

tive of this class of compounds is phenol. Sources of phenol include
the process or waste solutions in chemical process industries, agri-
culture production, etc. [26,27]. Hence, the study on photocatalytic
degradation of phenol in aqueous system is very important and
significant.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:y.j.zhu@mail.sic.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.06.019
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In this work, we report the MHIL method for the preparation of
nFe2O4 nanoparticles. The MHIL method has the advantages such
s simplicity, rapidness and energy saving. The ionic liquid and reac-
ion temperature have significant effects on the crystal phase of the
roduct. Furthermore, ZnFe2O4 nanoparticles prepared by the MHIL
ethod exhibit high photocatalytic activity for the degradation of

henol.

. Materials and methods

.1. Preparation of ZnFe2O4 nanoparticles

In a typical synthetic procedure, 0.110 g Zn(CH3COO)2·2H2O,
.202 g Fe(NO3)3·9H2O, 0.08 g urea and 0.5 mL [BMIM][BF4] were
dded into 25 mL deionized water under magnetic stirring. The
esultant solution was loaded into a 60-mL Teflon autoclave, sealed,

icrowave-heated to 160 ◦C and kept at this temperature for
0 min. The microwave oven used for sample preparation was a
icrowave-hydrothermal synthesis system (MDS-6, Sineo, Shang-

ai, China). After cooled to room temperature, the product was
ollected and washed by centrifugation–redispersion cycles with
eionized water. Please refer to Table 1 for the detailed preparation
onditions for typical samples.

.2. Photocatalytic activity measurements

The photocatalytic reactor consisted of two parts: a 70 mL quartz
ube and a high-pressure Hg lamp. The Hg lamp was positioned
arallel to the quartz tube. In all experiments, the photocatalytic
eaction temperature was kept at about 35 ◦C. The reaction sus-
ension was prepared by adding the sample (20 mg) into 50 mL of
phenol solution (20 mg L−1). The suspension was sonicated for

5 min and then stirred in the dark for 30 min to ensure an adsorp-
ion/desorption equilibrium prior to UV irradiation. The suspension
as then irradiated using UV light under continuous stirring. Ana-

ytical samples were taken out from the reaction suspension after
arious reaction times and centrifuged at 10,000 rpm for 5 min to
emove the particles.

.3. Characterization of samples

The prepared samples were characterized using X-ray powder
iffraction (XRD, Rigaku D/max 2550 V, Cu K� � = 1.54178 Å), trans-
ission electron microscopy (TEM, JEOL JEM-2100F), selected-area

lectron diffraction (SAED), high-resolution transmission electron
icroscopy (HRTEM) and energy dispersive spectroscopy (EDS).
he photocatalytic reactions were carried out under irradiation of a
00 W high-pressure Hg lamp (GGZ300, Shanghai Yaming Lighting)
ith a maximum emission at about 365 nm. The phenol concentra-

ions were analyzed using a UV–vis spectrophotometer (UV-2300,
echcomp) at a wavelength of 270 nm. The total organic carbon

able 1
xperimental parameters for the preparation of typical samples by microwave-hydrother

ample no. Solution

0.110 g Zn(CH3COO)2·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)2

0.110 g Zn(CH3COO)2·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)2

0.110 g Zn(CH3COO)2·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)2

0.110 g Zn(CH3COO)2 ·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)

0.110 g Zn(CH3COO)2·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)2

0.110 g Zn(CH3COO)2 ·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)

0.110 g Zn(CH3COO)2·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)2

0.110 g Zn(CH3COO)2·2H2O + 0.202 g Fe(NO3)3·9H2O + 0.08 g CO(NH2)2
Fig. 1. XRD patterns of samples 1 (a), 2 (b), 3 (c), and 4 (d).

(TOC) was determined using a Vario EL Elemental Analyzer (Ger-
many).

3. Results and discussion

The detailed preparation conditions and procedures for the sam-
ples are described in Section 2, and the preparation conditions for
some typical samples are listed in Table 1.

Fig. 1a shows the XRD pattern of sample 1 prepared by MHIL
method at 160 ◦C for 30 min, from which one can see that the
product is a single phase of well-crystalline ZnFe2O4 with a spinel
structure (JCPDS No. 73-1943). However, in the absence of ionic
liquid ([BMIM][BF4]), a mixture of ZnO and �-Fe2O3 (sample 2) is
obtained, as shown in Fig. 1b. These results show that [BMIM][BF4]
has a significant effect on the crystal phase of the product, and
[BMIM][BF4] facilitates the formation of ZnFe2O4.

Fig. 2a shows TEM micrograph of ZnFe2O4 nanoparticles (sam-
ple 1). Fig. 2b shows a typical HRTEM micrograph with clear lattice
fringes of an individual ZnFe2O4 nanoparticle (sample 1). The spac-
ing d = 0.298 nm of fringes matches that of the (2 2 0) planes of
spinel ZnFe2O4. The corresponding SAED pattern is shown in Fig. 2c.
The nearest three spots in the SAED pattern can be indexed to (2 2̄ 0),
(4 0 0) and (2 2 0) planes of ZnFe2O4, which is consistent with the
HRTEM observation. The corresponding EDS spectrum (Fig. 2d) con-
firms that the nanoparticle consists of Zn, Fe and O. The Cu peak
is originated from the copper sample holder. Fig. 2e–g shows the
HRTEM micrograph, the corresponding SAED pattern and EDS spec-

trum of another ZnFe2O4 individual nanoparticle (sample 1). The
spacing d = 0.489 nm of fringes in Fig. 2f matches that of the (1 1 1)
planes of spinel ZnFe2O4. The nearest three spots in the SAED pat-
tern of Fig. 2f can be indexed to (1 1 1̄), (2 2 0) and (1 1 1) planes
of ZnFe2O4. The EDS spectrum (Fig. 2g) confirms that the nanopar-

mal method at various temperatures for 30 min.

T [◦C] Product pH

+ 25 ml H2O + 0.5 ml [BMIM]BF4 160 ZnFe2O4 4.15

+ 25 ml H2O 160 ZnO + �-Fe2O3 6.57

+ 25 ml H2O + 1 ml [BMIM]BF4 160 �-FeOOH 4.23

2 + 25 ml H2O + 2 ml [BMIM]BF4 160 �-FeOOH 4.01

+ 25 ml H2O + 0.5 ml [BMIM]BF4 200 ZnFe2O4 4.04

2 + 25 ml H2O + 0.5 ml [BMIM]BF4 120 �-FeOOH 4.04

+ 25 ml H2O + 1 ml [BMIM]BF4 120 �-FeOOH 3.70

+ 25 ml H2O + 2 ml [BMIM]BF4 120 �-FeOOH 3.49
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(sample 2), the pH value (6.57) is much higher than those of other
solutions with the addition of [BMIM][BF4], indicating that the
presence of [BMIM][BF4] significantly lowers the pH value of the
reaction system. This may explain the formation of sample 2.
ig. 2. TEM micrographs of sample 1 (a), HRTEM micrograph of an individual ZnFe2

d), HRTEM micrograph of another individual ZnFe2O4 nanoparticle (sample 1) (e) a

icle consists of Zn, Fe and O. These experimental results indicate
hat well-crystalline ZnFe2O4 nanoparticles can be prepared by the

HIL method.
By controlling the dosage of [BMIM][BF4] added into the reac-

ion solution, the crystal phase of the product can be controlled. As
iscussed above, in the absence of [BMIM][BF4] (Table 1, sample 2,
ig. 1b), a mixture of ZnO and �-Fe2O3 is obtained. When 0.5 mL of
BMIM][BF4] is added (Table 1, sample 1, Fig. 1a), the product is a
ingle phase of ZnFe2O4. However, when the dosage of [BMIM][BF4]
ncreases to 1 mL (Table 1, sample 3, Fig. 1c), the product is �-FeOOH
JCPDS No. 75-1594). Similar result to sample 3 is obtained when the
osage of [BMIM][BF4] is 2 mL (Table 1, sample 4, Fig. 1d). Therefore,
he optimum dosage of [BMIM][BF4] for the production of ZnFe2O4
anoparticles is 0.5 mL.

The microwave heating temperature also has a significant influ-
nce on the crystal phase of the final product. When the microwave
eating temperature is 200 ◦C (Table 1, sample 5), the product still
onsists of ZnFe2O4 (Fig. 3a). However, when the microwave heat-
ng temperature is 120 ◦C (Table 1, sample 6), �-FeOOH is obtained
Fig. 3b). In addition, we also investigated the effects of different
osages of [BMIM][BF4] at 120 ◦C on the product. However, the
roduct is still �-FeOOH when the dosage of [BMIM][BF4] is 1 or
mL (Table 1, samples 7 and 8, Fig. 3c and d). Therefore, the opti-
um temperatures for the production of ZnFe2O4 are above 160 ◦C.

A possible explanation for the formation of different products is
roposed. In the solution, the zinc ion exists mainly as [Zn(OH)4]2−.
he ionic liquid [BMIM][BF4] consists of cation [BMIM]+ and anion

− + 2−
BF4] , [BMIM] can combine with [Zn(OH)4] through the elec-
rostatic interaction. The butyl group of [BMIM]+ is hydrophobic.
o the zinc ion locates in a relatively hydrophobic condition due to
he coordination between [Zn(OH)4]2− and [BMIM]+. The relatively
arge size and hydrophobicity of [BMIM]+ ions which are surround-
noparticle (sample 1) (b) and its corresponding SAED pattern (c) and EDS spectrum
corresponding SAED pattern (f) and EDS spectrum (g).

ing [Zn(OH)4]2− make the hydrolyzation of zinc ions more difficult.
So only the ferric ions hydrolyze to form �-FeOOH.

However, if the dosage of [BMIM][BF4] is not enough, the coor-
dination between [Zn(OH)4]2− and [BMIM]+ is weakened at a high
temperature. Hence, ZnFe2O4 forms by the co-precipitation of the
zinc and ferric ions (samples 1 and 5).

In addition, we have measured the pH values of the final solu-
tions after the preparation of all the above samples, and the results
are listed in Table 1. One can see that in the absence of [BMIM][BF4]
Fig. 3. XRD patterns of samples 5 (a), 6 (b), 7 (c) and 8 (d).
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Fig. 4. (a) and (b) UV–vis absorption spectra of phenol solution in the presence of
ZnFe2O4 nanoparticles (sample 1) before and after UV irradiation: (a) before UV
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rradiation, and (b) under UV irradiation for 360 min. (c)–(e) The degradation rate of
henol over different as-prepared photocatalysts: (c) ZnFe2O4 nanoparticles (sample
), (d) in the absence of a photocatalyst, and (e) commercial TiO2 (P25).

ZnFe2O4 has been successfully used as the heterogeneous cata-
yst for the oxidative dehydrogenation of n-butane to butene [28]
nd its use as a photocatalyst for phenol degradation has also been
eported [8,29]. In order to evaluate the photocatalytic activity
f as-prepared ZnFe2O4 nanoparticles (sample 1), the comparison
xperiments were performed. A suspension composed of 20 mg of
nFe2O4 nanoparticles and 50 mL of phenol solution (20 mg L−1)
as placed in a 70 mL quartz tube and irradiated with UV light
nder continuous stirring. At different time intervals, analytical
amples were withdrawn from the quartz tube and the phenol con-
entration was analyzed using a UV–vis spectrophotometer at a
avelength of 270 nm. Fig. 4a and b shows the UV–vis absorption

pectra of phenol solution in the presence of ZnFe2O4 nanoparticles
efore and after UV irradiation for 360 min, from which one can see
hat the concentration of phenol decreases obviously after UV irra-
iation. Fig. 4c shows the degradation rate of phenol over ZnFe2O4
anoparticles, from which one can see that the degradation per-
entage of phenol increases rapidly with increasing UV irradiation
ime, and reaches 73% in a time period of 360 min. The TOC mea-
urement indicates that there is still 38% TOC remained after UV
rradiation for 360 min. It has been reported that the products such
s hydroquinone, catechol and benzoquinone were mainly detected
uring the UV irradiation [8]. However, the TOC measurement
onfirms that the ZnFe2O4 nanoparticles has an effective photocat-
lytic activity despite the formation of byproducts. Fig. 4d shows
he degradation rate of phenol without adding the photocatalyst,

rom which one can see that phenol begins to degrade only after
V irradiation for 120 min and reaches only 29% in a time period
f 360 min. It is obvious that as-prepared ZnFe2O4 nanoparticles
xhibit a much better photocatalytic activity over phenol. We also
Materials 171 (2009) 431–435

investigated the photocatalytic activity of commercial TiO2 (P25,
Degussa, Germany) as a reference (Fig. 4e). One can see from Fig. 4e
that the photocatalytic activity of ZnFe2O4 nanoparticles is higher
than that of P25 before 180 min, but lower than that of P25 after
240 min. These results indicate that the ZnFe2O4 nanoparticles pre-
pared by the MHIL method exhibit high photocatalytic activity over
phenol.

4. Conclusions

We have successfully synthesized ZnFe2O4 nanoparticles via the
MHIL method. The ionic liquid [BMIM][BF4] and microwave heat-
ing temperature have significant influences on the crystal phase of
the product. ZnFe2O4 nanoparticles can be obtained at appropriate
dosage of [BMIM][BF4]. The optimum microwave heating temper-
atures for the production of ZnFe2O4 are above 160 ◦C. The MHIL
method is a simple, fast and energy-saving route for the production
of ZnFe2O4 nanoparticles. And the ZnFe2O4 nanoparticles prepared
by the MHIL method exhibit high photocatalytic activity for the
degradation of phenol.
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