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Zirconium oxide nanoparticles were prepared by precipitation from different organic acid precursors (oxalic, tartaric, citric,
succinic, malic, maleic and malonic) and ignition at 750 °C. The as-prepared samples were charac-terized by XRD, FT-IR,
UV-Vis and HR-TEM techniques. XRD proved the crystalline monoclinic structure of the samples with average crystal sizes
ranged from 7.1 nm (for citrate) to 35.1 nm (for maleic) precursor. The FT-IR spectra of the nanooxides showed the

characteristic bands due to von, SoH and vzr.o at 3444, 1633 and 498 cm_l, respectively. The UV—-Vis spectra proved the
semiconductor nature of the samples with optical energy gap ranging from 1.80 to 4.30 eV. One of the prepared samples was

tested as catalyst for the photodegradation of Orange G dye in wastewater samples in presence of H,O, where 100% removal

XRD of the dye was obtained after about 180 min.
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Photocatalytic degradation
Orange G dye
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1. Introduction

In recent years zirconium oxides play an important role in applied
chemistry due to their vast applications such as semiconductors [1], al-
kylation of aromatic compounds[2], oxidation of dimethyl sulfide [3],
biodiesel applications [4], biological applications [5], glaze applications [6],
purification of oils [7] and photocatalytic degradation of organic pollutants
such as dyes and 2,4-dichlorophenol [8,9]. Almost every industrial dye
process involves a solution of a dye in water, in which the fabrics are dipped
or washed. After dying a batch of fabric, it's cheaper to dump the used water —
dye effluent — than to clean and reuse the water in the factory. So dye
factories across the world are dumping millions of tons of dye effluent into
rivers. Dyes are so prob-lematic because the families of chemical compounds
that make good dyes are also toxic to humans or are considered deadly
poisons [10]. Photocatalytic degradation of dyes from aqueous solution is
considered one of the most effective methods for water treatment especially
using nanosized metal oxides as catalysts [11,12]. Among of these oxides zir-
conium oxide possess high catalytic activity toward organic pollutants due to
its high surface area, crystallinity, different morphologies and easily
separation of electron hole pairs which are necessary for generat-ing free
radicals which decompose the organic pollutants [13,14]. There are various
methods for preparing zirconium oxides such as sol gel, hy-drothermal, flame
spray and chemical vapor deposition [15—-18]. Using
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inexpensive organic acids in preparing nanooxides via precipitation — ignition
method is considered excellent effective economic procedure and produce
nanosized oxides characterized by their small crystal size and different
morphologies [19]. To the best of our knowledge there are no papers in
studying the effect of different inexpensive organic acids in the preparation of
nanosized zirconium oxide. In this paper we study the effect of different
inexpensive organic acids (oxalic, tartaric, citric, succinic, malic, maleic and
malonic) on both of crystal size and morphology of nanosized zirconium
oxides and one of the syn-thesized oxides was tested as a catalyst for
photocatalytic degradation of Orange G dye from aqueous solutions.

2. Experimental
2.1. Chemicals

All chemicals used in the present study were of the highest quality
(Merck, Aldrich or Fluka) and were used without further purification. Freshly
bidistilled water was used whenever water is necessary.

2.2. Synthesis of zirconium oxide nanoparticles

Zirconium oxide nanoparticles (Z1-Z7) were prepared via the pre-
cipitation of 50 ml of 0.1 M zirconyloxychloride using drop by drop ad-dition
of 50 ml of 0.2 M of different organic acids viz. oxalic (Z1), tartaric (Z2),
citric (Z3), succinic (Z4), malic (Z5), maleic (Z6) and malonic (Z7)
respectively, in 1: 2 M ratio. The mixtures were stirred for 1 h. and the
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Table 1
Elemental analysis and FT-IR of samples Z1-Z7 prepared using oxalic, tartaric, citric, succinic, malic, maleic and malonic acids, respectively before ignition.
- - . -1
Sample Precipitant Precipitated form (M wt) Elemental analysis FT-IR (cm )
C% Calc (found) H% Calc (found) YOH e vzro w_c ScH
Z1 Oxalic [ZrC40g]-H20 17.9 (18.2) 0.70 (0.86) 3221.25 1628.26 547.54 - -
(285) 436.10
Z2 Tartaric [ZrCgHg012]-H20 24.80 (25.5) 2.06 (2.34) 3410.42 1739.94 551.60 - 1137.80-
(405) 481.41 684.04
Z3 Citric [ZrC12H12014]-H20 30.57 (31.12) 2.54 (2.82) 3408.48 1670.30 606.10 - 1276.55-
(489) 474.92 810.78
Z4 Succinic [2rCgHgOg]-H20 29.72 (30.34) 2.47 (2.59) 3207.62 1693.80 544.82 - 1201.64-
(341) 480.87 637.45
Z5 Malic [ZrCgHe010]-H20 27.04 (27.34) 1.69 (1.82) 3415.85 1629.12 577.13 - 1202.36-
(373) 475.18 663.90
Z6 Maleic [ZrCgH408]-H20 30.01 (30.21) 1.25 (1.37) 3377.84 1674.26 579.85 1577.96 1213.37-
(337) 490.67 648.58
z7 Malonic [ZrCgH408]-H20 24.41 (24.81) 1.36 (1.42) 3396.92 1559.31 650.00 - 1171.72-
(313) 463.99 955.07

precipitates formed were filtered, washed thoroughly using bidistilled water,
air dried then ignited at 750 °C for 5 h to produce the correspond-ing
zirconium oxide nanoparticles.

2.3. Physical measurements

FT-IR spectra of both of the precipitated and ignited samples were

recorded on a Nicolet iSio FT-IR spectrophotometer in the 4000— 400 cm_l
region using KBr disk technique (Chemistry department, Faculty of science,
Benha University, Egypt). Electronic absorption spectra of the prepared
nanooxides were recorded on a Jasco (V-530) UV-Vis spectrophotometer
(Chemistry department, Faculty of Science, Benha University, Egypt).
Thermogravimetric analyses (TG) for the or-ganic precursors were recorded
on Shimadzu TA-60 WS thermal analy-sis (Micro analytical unit, Menofia
University, Egypt). Elemental analysis for C and H of the nanooxides were
carried out using Elementer

Vario EL 1l Carlo Erba 1108 instrument (The Regional Center for Mycology
and Biotechnology, Al-Azhar University, Cairo, Egypt). X-ray powder
diffraction (XRD) were recorded on a 18 kW diffractometer (Bruker; model

D8 Advance) with monochromated Cu K, radiation () 1.54178 A (Central
metallurgical research institute, Helwan, Egypt). The HR-TEM images of the
prepared zirconium oxides were taken on a transmission electron microscope
(JEOL; model 1200 EX) at an accelerator voltage of 220 kV (Egyptian
Petroleum Research Insti-tute, Cairo, Egypt).

2.4. Photocatalytic activity measurements

The photocatalytic degradation of 20 ppm Orange G dye aqueous so-
lution was performed using the smallest crystal sized zirconium oxide (Z3)
sample (prepared from citric acid). For a typical photocatalytic ex-periment,
100 mg of Z3 photocatalyst was added to 25 ml of 20 ppm
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Fig. 1. Thermal analysis of samples Z1-Z4 prepared using (A) oxalic (B) tartaric (C) citric (D) succinic acids before ignition.
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Fig. 2. Thermal analysis of samples Z5—Z7 prepared using (A) malic (B) maleic (C) malonic acids before ignition.
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Scheme 1. Mechanism of formation of ZrO nanoparticles (Z1-Z7) using (A) oxalic (B) tartaric (C) citric (D) succinic (E) malic (F) maleic (G) malonic.
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Fig. 3. XRD of samples Z1-Z4 prepared using (A) oxalic (B) tartaric (C) citric (D) succinic acids.

aqueous dye solution which was kept in dark for 6 h to allow the system to arc lamp (Thoshiba, SHLS-002) (» = 365 nm). After recovering the cat-alyst
reach an adsorption desorption equilibrium then 2 ml of 0.5 M hydro-gen by centrifugation, the light absorption of the clear solution was measured at
peroxide solution was added. The degradation process was investi-gated in a 485 nm (\max for Orange G dye) at different time intervals using a UV—Vis

Pyrex beaker under the UV illumination using a 250 W xenon spectrophotometer.
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Fig. 4. XRD of samples Z5-Z7 prepared using (A) malic (B) maleic (C) malonic acids.
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3. Results and discussion
3.1. Elemental (C and H) and thermal (TGA) analysis

Results of the elemental analysis (C and H), Table 1, show satisfacto-ry
agreement with the proposed structure confirming the molecular weight of
samples. Inspection of TG curves (Figs. 1 and 2) shows that the organic acid
salt precursors of zirconium degrade thermally through three main steps; the
first within the temperature range 50—100 °C due to the removal of physically
adsorbed water molecules. The second step within the temperature range
120-150 °C is due to the removal of water of crystallization along with the
evolution of CO, gases evolving from the organic precursors in the beginning
of their thermal decomposition as a final step. The later led to the formation of
zirconium oxides nano-particles (Z1-27) at 700, 627, 630, 648, 747, 648 and
680 °C, for samples prepared from oxalic, tartaric, citric, succinic, malic,
maleic and malonic acids, respectively (Scheme 1). So, all the samples were
ignited at 750 °C to ensure complete degradation of organic moiety, to
produce the corre-sponding zirconium nanooxides.

3.2. X-ray diffraction (XRD) studies

The crystalline structures of zirconium oxides samples (Z1-Z7) were
characterized using XRD as clarified in Figs. 3 and 4. The diffraction pat-tern
of all samples includes not only the peak positions but also their relative
intensities which can be perfectly indexed into the monoclinic type phase of
zirconium oxide with cell constants: a = 5.1501 A, b = 5.2077 A and ¢ =
5.3171 A (space group P21/c, JCPDS card 01-088-

A B

\
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4000 38003400 3000 2600 2200 1800 1400 1000 600
1

Wavelength (Cm™ )

Fig. 6. FT-IR of samples Z1-Z7 prepared using (A) oxalic (B) tartaric (C) citric (D) succinic
(E) malic (F) maleic (G) malonic acids before ignition.

2390). The obtained data are in agreement with those published earlier by
Yashima et al. [20]. No characteristic peaks of other impurity phases were
appeared, indicating that the prepared samples are of high purity. The average
crystal size was estimated using the Debye—Scherrer for-mula [21]:

D ¥4 0:93=pcossg

where ), B, 9g are the X-ray wavelength, the full width at half maximum
(FWHM) of the diffraction peak and the Bragg diffraction angle, respec-
tively. From the X-ray diffraction data, the estimated average crystal size of
zirconium oxide nanoparticles (Z1-Z7), prepared using different or-ganic
acids; oxalic, tartaric, citric, succinic, malic, maleic and malonic

50 nm

—

Fig. 5. HR-TEM of samples Z1-Z7 prepared using (A) oxalic (B) tartaric (C) citric (D) succinic (E) malic (F) maleic (G) malonic acids.
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Fig. 7. FT-IR of samples Z1-Z7 prepared using (A) oxalic (B) tartaric (C) citric (D) succinic
(E) malic (F) maleic (G) malonic acids.

as precipitants were found to be 9.9, 8.3, 7.1, 11.3, 7.3, 35.6 and 26.0 nm,
respectively. So; the average crystal size increases in the order Z3 (Citric) b
Z5 (Malic) b Z2 (Tartaric) b Z1 (Oxalic) b Z4 (Succinic) b Z7 (Malonic) b
Z6 (Maleic) indicating the importance of organic acids in controlling the
crystal size of nanooxides.

3.3. HR-TEM studies

The morphologies and microstructures of the as-prepared samples were
investigated with HR-TEM (c.f. Fig. 5). The images reveal that the products
consist of cubical particles with some irregular shapes of aver-age sizes of 9.5
and 37.6 nm for Z1 and Z6, spherical particles with the average size 8.7 and
7.7 nm for the nanoparticle Z2 and Z3 and spheri-cal-cubical particles with
the average size 13.3, 7.5 and 28 nm for Z4, Z5 and Z7, respectively. All
images are appeared to be of high crystallin-ity. The previously discussed
data showed that the choice of organic pre-cipitants has an effective role on
both crystal size and morphology of the prepared nanooxides.

3.4. FT-IR studies

The Fourier transform infrared (FT-IR) spectra of the oxide nanopar-ticles
were scanned and compared to those of the organic precursors be-fore
ignition, (c.f. Figs. 6 and 7). The spectra of the latter showed the vibrational
frequencies of the functional groups (voH, vc_o, vzno, vc_c and scH) as
shown in Table 1 which disappeared after ignition. In the spectra of the
nanooxides, the broad band within the range 3436—3456 cm ! is due the
stretching vibration of the O\\H group of physically adsorbedl water molecule
on the surface. The strong absorp-tion bands near 1633 cm ~ are assigned to
HWOWH bending vibrations mode. The IR spectra of transition metal oxides
are expected to exhibit {he characteristic absorption bands in the shortwave
region around 500 cm ~ due to M\\O stretching frequencies. The IR bands
within the range 529-498 cm_1 for all samples could be attributed to the

stretching vibration of the Zr\\O of zirconium atoms in the tetragonal
environment of the O atom [22].
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Fig. 8. Optical energy gap of samples Z1-Z7 prepared using (A) oxalic (B) tartaric (C) citric (D) succinic (E) malic (F) maleic (G) malonic acids.
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3.5. Optical properties of zirconium oxide nanoparticles

UV-Vis absorption spectra of the prepared zirconium oxides were carried
out in nujoll mull in order to determine their optical energy gap. The optical

energy gaps (Eg) can be calculated using the following equation:

3zhub" a K ho-Eyg

where « is the absorption coefficient, K is a constant, Eg is the band gap and n
is an integer equals either 2 for a direct allowed transition or 1/2 for an
indirect allowed transition. For the prepared zirconium oxide nanoparticles,

direct allowed transitions are the predominant and hence (« h v) 2 are plotted

versus hv, as shown in Fig. 8. The extrapola-tion of each graph to (« h 0)2 =0
gives the direct optical energy gaps (Eg) which were found to be 4.30, 1.80,
2.70, 3.00, 2.70, 2.80 and 2.90 eV for the nanooxides Z1 to Z7, respectively.
These values proved that the prepared zirconium oxides nanoparticles are
semiconductors and are in an excellent agreement with the reported data [23].

3.6. Photocatalytic activity of zirconium oxide nanoparticles

The photodegradation efficiency of selected zirconium oxide nano-particle
(sample Z3; prepared from citric acid as organic precursor) was tested using
Orange G (OG) as model. 25 ml solution containing the OG dye (20 ppm) and
the nanoparticle oxide (100 mg) was photo irradiated by UV light at different
conditions, namely; (UV + H205 + Z3), (UV + H205), (UV only), (UV +
Z3). At periodic in-tervals of time, aliquots of the sample were withdrawn and
the

absorption spectra were recorded. Clearly, the absorbance decreases (c.f. Fig.
9; A, B, C and D, respectively) and the photodegradation effi-ciency increases
(reaching a plateau) as a function of time. The results showed that the
maximum percent of degradation of OG dye was 100% after 270 min in case
of (UV + Hy0y) (Fig. 9B), 19% after 210 min in case of UV only (Fig. 9C)
and 23% after 180 min in case of (UV + Z3) (Fig. 9D) while, almost 100.00%
of the dye was decomposed under UV illumination in the presence of
hydrogen peroxide and Z3 cat-alyst within 180 min (as shown in Fig.9E)
indicating the very high effi-ciency of Z3 compared with others cited in
literature [24].

The mechanism of photodegradation process in the presence of UV only,

(Z3 + UV) and (UV + Z3 + Hy0») has been showed in Scheme 2. After the

dye absorbs UV-light only, the excited Orange G reduces O to O_z', which
in turn reacts with a proton (from the autoprotolysis of the solvent water) to
generate OOH". In total, the cationic dye radical is degraded to CO», H>O and

mineral acids via intermediate. They also explained OOH" and OH., which are
important for the complete degra-dation of the orange G dye [24].
Photocatalytic degradation of Orange G dye in the presence of (Z3 + UV)
usually includes the separation of electron hole pairs and the subsequent
reduction—oxidation reactions under UV—-light irradiation, electrons and holes
are generated on the surface of zirconium oxide. The electrons scavenged by
the adsorbed molecular oxygen species, and the holes trapped by water or
adsorbed Orange G molecules. Then Orange G dye is degraded directly by the
ef-fect of photogenerated oxidants [24]. Adding hydrogen peroxide in the
presence of Z3 and UV increases the photodegradation rate of Orange G dye
because the direct decomposition of hydrogen peroxide under UV light
generate OHe, which directly oxidize Orange G dye as shown in Scheme 2. It
is noteworthy that the advantage of using nanosized
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Fig. 9. Photocatalytic degradation of OG dye (A) using (UV + H202 + Z3), (B) using (UV + H202), (C) using (UV only), (D) using (UV + Z3) (E) Complete de-colorization of OG dye after 180 min
using (UV + H202 + Z3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Scheme 2. Proposed reactions for the photodegradation of OG dye in the presence of UV only, (Z3 + UV) and (UV + Z3 + H20).

zirconium oxide in the degradation of Orange G dye over other oxides is that
they are nonpoisonous, insoluble in water, highly surface area and reusability
performance [24].

The photocatalytic degradation of Orange G dye over other zirconi-um
oxide samples (Z1, Z2, Z4, Z5, Z6 and Z7) at the optimum conditions (UV +
Catalyst + H>O» for 180 min) was in the following order; Z5 (97.20%) N Z2
(96.17%) N Z1 (95.98%) N Z4 (95.47%) N Z7 (95.26%) N Z6 (94.89%).

4. Conclusion

Different inexpensive organic acids were used as precursors for the
preparation of zirconium oxide nanoparticles (Z1-Z7) via precipitation —
ignition route with average crystal size and optical energy gap of (9.9 nm,
4.30 eV), (8.3 nm, 1.80 eV), (7.1 nm, 2.70 eV), (11.3 nm, 3.00 eV), (7.3 nm,
2.70 eV), (35.6 nm, 2.80 eV) and (26.0 nm, 2.90 eV) using oxalic, tartaric,
citric, succinic, malic, maleic and malonic acids, respectively. All the
prepared oxides give the main peaks of FT-IR bands around 498, 3444 and

1633 cm_1 which are assigned to Zr\\O stretching, OH stretching and H\O\H
bending vibrations, respectively. The UV photocatalytic degradation of
Orange G dye over the as-prepared zirconium oxide (Z3), in presence of
hydro-gen peroxide, showed the highest percent of degradation (100%) within
180 min.
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