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Abstract: In thiswork, zinc oxide powders were obtained by two different tech-
niques: hydro- and solvothermal synthesis starting from Zn(NO3), and
Zn(CH3COO0),, respectively. The influence of synthetic procedure on the struc-
tural, microstructural, thermal and photocatalytic properties of the prepared
ZnO powders was investigated. Both ZnO samples were further annealed under
moderate conditions (300 °C) to avoid grain growth and to remove traces of
impurities. In all four cases, single-phase hexagonal ZnO was confirmed by
X-ray powder diffraction. The morphologies of prepared ZnO powders were
different and they varied from rounded nanograins to microrods. All prepared
samples showed higher photocatalytic efficiency in the degradation of the tex-
tile azo dye Reactive Orange 16 (RO16) than commercial ZnO. In addition, the
non-annealed samples had better photocatalytic properties than the commercial
Degussa P25 TiO, powder.
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INTRODUCTION

Zinc oxide, ZnO, can be used in alarge number of areas, since it is an inex-
pensive, chemically stable, easy to prepare and non-toxic material. ZnO has the
ability to form awide range of nanostructures: nanowires, nanorings, nanohoney-
combs, nanorods, nanofibers, nanospheres, etc. Such ZnO nanopowders have
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1434 SIMOVIC et al.

initiated numerous studies,1:2 and one of the many potential ZnO applications is
in the ecological field.

Today most of water resources are polluted, and the contamination is cons-
tantly increasing due to rapid population growth, industrialization and urbaniza-
tion. The wastewaters of the textile industries are the most polluting of all indus-
trial sectors. Advanced oxidation processes are of interest for the effective oxi-
dation of diverse organics and dyes. Among them, heterogeneous photocatalysis
has become an important technology for the total mineralization of various orga-
nic pollutants, including reactive organic dyes.3

Most of the photocatalytic studies applied synthetic or commercial TiO; as
the catalyst. However, the well-known employment of TiO2 is not economic for
large-scale water treatment and therefore attention has been drawn to the search
for appropriate alternatives. Between many other semiconductors, ZnO appears
to be a highly promising photocatalyst because it is one of the most important
wide-band-gap materials with a direct band gap energy of 3.3 €V at room tempe-
rature, which corresponds to emission in the UV region.! In the last decades, the
preparation fine ZnO nanopowders has attracted great interest. The great advan-
tage of ZnO is that it absorbs a larger part of the solar spectrum than TiO». For
this reason, ZnO is very suitable for photocatalytic degradation in the presence of
both UV4 and visible light.5 For example, the photodegradation of Acid Brown
14 was studied by Sakthivel et al.> using ZnO irradiated with solar light. It is
found that the photodegradation efficiency decreased with increasing initial dye
concentration and optimum catalyst loading was 250 mg in 100 mL. Akyol et al.6
studied the photocatalytic decolorization of Remazol Red by ZnO under UV
light. Pandurangan et al.” realized the photodegradation of Basic Yellow Aura-
mine O using ZnO exposed to solar radiation.

Studies that compared the efficiency of different catalysts for a particular
dye under identical conditions are scarce.>6.89 For example, Daneshvar et al.8
reported that ZnO is a suitable alternative to TiO, for the degradation of Acid red
14 azo dye. It was aso found that the photodegradation mechanism of the dye by
ZnO was similar to that by Ti05.8.°

To the best of our knowledge, there are only three studies in which the
photodegradation of RO16 dye by ZnO was attempted. In the first case, a ZnO
suspension,10 in the second one ZnO plates,11 and in the third one ZnO coated
thin film12 were used. However, although many details were clarified, in all cases
commercial ZnO was used as a catalyst, but only oncell was it ball milled before
the preparation of the corresponding plates.

In this work, hydro- and solvothermally prepared ZnO powders were com-
pared with commercia ZnO and Degussa P25 TiO» for their efficiency in the
photodegradation of RO16 azo dye in agueous solution, using imitated sunlight
illumination.
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EXPERIMENTAL
Materials

All the reagents: poly(vinyl pyrrolidone), zinc acetate dihydrate, zinc nitrate hexahydrate
(al Sigma Aldrich), ethylene glycol (Carlo Erba) and sodium hydroxide (p.a.) were of anal-
ytical grade and used without further purification. The textile dye, C.l. Reactive Orange 16,
was obtained from Bezema as a gift.

Solvothermal method (ST-ZnO)

To prepare the precursor, 1.80 g of poly(vinyl pyrrolidone) (PVP) was dissolved in 75
mL of ethylene glycol (EG) and then 3.60 g of solid Zn(CH3;COO),-2H,0 was slowly added
into the solution. The resulting mixture was stirred for several minutes, followed by the
addition of 1.80 g of solid NaOH. An aiquot of 65 mL of the mixture was treated solvother-
mally using a Teflon®-lined stainless steel autoclave (V = 75 mL) at 120 °C for 18 h under
autogenous pressure. After spontaneous cooling to room temperature, the white precipitate at
the bottom of the autoclave was washed with distilled water and alcohol, and dried at 100 °C
for 3 h. One part of the product was additionally heated at 300 °C for 2 h in order to
investigate the influence of annealing (sample ST-ZnO-a). The mass loss during annealing
was 1.9 mas. %.

Hydrothermal method (HT-ZnO)

To prepare the precursor, 50 mL of Zn(NOs3),-6H,0 (0.5 mol dm-3) was added dropwise
into 50 mL of NaOH solution (0.5 mol dm™3) during 30 min under intensive stirring. The
precursor mixture was further treated in the same way as described above. The mass loss
during annealing was 2.7 mas. %. The annealed product was labeled as HT-ZnO-a.

Characterization techniques

X-Ray diffraction (XRD) patterns were collected over the range 20° < 20 < 90° on an Ita
Structures APD2000 X-ray diffractometer using CuKa radiation (A = 1.5418 A). Thermo-
gravimetric analysis (TG) was realized using an SDT Q600 instrument (TA Instruments) up to
700 °C under a dynamic air atmosphere (heating rate: 20 °C min1, flow rate: 100 mL min‘1).
The presence of impurities was checked by Fourier transform infrared (FTIR) spectroscopy on
a Bomem MB-100, Hartmann Braun FTIR spectrophotometer (range: 4000-400 cml) using
the KBr pellet technique. The size and morphology of the prepared particles were character-
ized using field emission scanning electron microscopy (FESEM, Tescan Mira X3).

Irradiation experiments

Photodegradation was performed using an open double-wall flask (volume 100 mL) in a
dark chamber equipped with an Osram Ultra-Vitalux 300 W lamp, which produces radiation
similar to the radiation of natural sunlight. The lamp was placed 50 cm away from the surface
of the dye solution. Constant mixing of the solution was insured using a magnetic stirrer,
while constant temperature was maintained by circulating the water through the wall of the
reactor. The photodegradation of RO16 dye was studied by mixing 25 mL of an aqueous
solution containing dye (50 mg dm3) and the prepared ZnO samples (50 mg) as a catalyst.
The solution was then stirred to keep the suspension homogenous and left in the dark for 90
min to achieve adsorption equilibrium. Subsequently, the lamp was switched on and after 30
and 60 min of irradiation, the solution (3 mL) was sampled. The residual concentration of dye
was determined using a UV—-Vis spectrophotometer (Shimadzu 1700) after centrifugation of
the solution. The absorption spectra and rate of photodegradation were observed in terms of
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1436 SIMOVIC et al.

the absorbance change at the peak maximum of the dye (Amna = 492.5 nm). The commercial
ZnO (Orka) and Degussa P25 TiO, powders were treated in the same way for comparison.

RESULTS AND DISCUSSION
X-Ray powder diffraction, TG and FTIR analysis

The XRD patterns of all prepared samples (Fig. 1) are readily indexed to the
hexagonal ZnO phase (wurtzite type structure, JCPDS card 80-0075, a = 3.2539
A, ¢ = 5.2098 A). No impurities could be detected, meaning that single-phase
ZnO powders were obtained using both synthetic routes. The average crystalite
sizes of ZnO powders were calculated using the Scherrer formula.l3 The solvo-
thermally prepared samples had a much smaller crystalite size (Table ) com-
pared to the hydrothermally prepared ones and the commercial ZnO. This could
be attributed to the aready recognized role of PVP in controlling the size and
shape of ZnO grains.14 The dight increase in the unit cell parameters and crys-
tallite sizes after annealing at 300 °C were observed in both cases. Very likely,
these small changes in lattice parameters could be related to the changes in the
particle sizes.15
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TABLE I. Structural and microstructural properties of the prepared ZnO materials, <D>
calculated by the Scherrer formula using 13 well-defined ZnO diffraction maxima

Unit cell parameters and volume

The average crystallite

Sample a,cl/A VIA3 size, <D>/nm
ST-ZnO a = 3.2550(1), ¢ =5.2107(2), V = 47.812(3) 16.7(2)
ST-ZnO-a a=3.2571(1), ¢ = 5.2215(2), V = 47.971(3) 21.1(3)
HT-ZnO a = 3.2452(1), ¢ = 5.1980(4), V = 47.407(3) 71.7(5)
HT-ZnO-a a=3.2556(1), ¢ = 5.2143(2), V = 47.861(3) 75.0(5)
Commercia ZnO  a = 3.2491(1), ¢ = 5.2028(2), V = 47.570(3) 94.6(1)

The TG curves are shown in Fig. 2. The annealed HT-ZnO-a sample (Fig. 2,
curve e€) and commercial ZnO (Fig. 2, curve d) showed almost negligible mass
loss (less than 1.0 mas. %), probably due to their slightly hygroscopic nature. The
ST-ZnO-asample (Fig. 2, curve ¢) showed alittle greater mass loss (about 2 mas.
%) that could be ascribed to the better HoO adsorption due to nanosize effects.
As expected for the non-annealed samples (Fig. 2, curves a and b), a higher total
mass loss (about 3.0 mas. %) was obtained. In the case of the HT-ZnO sample
(Fig. 2, curve a), an abrupt loss at about 250 °C very likely corresponds to the
decomposition of Zn(NO3),.16
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Fig. 2. TG curves of: a) HT-ZnO, b) ST-ZnO, c) ST-ZnO-a, d) commercia ZnO
and €) HT-ZnO-a.

The ST-ZnO (Fig 2, curve b) sample is similar to HT-ZnO, but the process
has no clearly distinguished steps or therma effects. Considering this result, the
mass loss could be attributed to the simultaneous decomposition of traces of
acetate ions and PVP.17.18

Considering the FTIR spectra (Fig. 3), the intensive band at around 480
cm1 is characteristic for Zn-O stretching vibrations.1® The bands at 2850 and
2920 cm1 correspond to the v(CHy) vibrations. The bands at around 1640 and
1400 cm1 could be attributed to the asymmetrical and symmetrical stretching of
the COO groups, respectively. The appearance of these bands supports the pre-
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sence of acetate groups, although residual PVP could not be totally excluded.
However, these bands also existed in the spectrum of the commercial ZnO and
agree with the corresponding literature data, 20 i.e., the commercial and the herein
described ZnO have identical FTIR spectra. The broad bands centered at about
3440 cmL could be attributed to the v(OH) vibrations that arise from the slightly
hygroscopic nature of ZnO and the consequential surface adsorption of ambient
water.20 According to the mass loss during annealing of the ST-ZnO sample, the
percentage of hygroscopic H20O was lower than 2 mas. %.

Q_V/VQ
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m Fig. 3. FTIR spectra of: @ ST-ZnO, b)

4000 3500 3000 2500 2000 1500 1000 500 ST-ZnO-a, ¢) HT-ZnO, d) HT-ZnO-a
v/em™! and €) commercial ZnO.

Transmittance, %

The bands due to the N-O stretch at 1515-1560 cm2 in the spectrum of the
HT-ZnO sample disappeared after annealing, meaning that the residua nitrate
ions were easily decomposed at 300 °C, which confirmed the TG results. Regard-
ing the results of XRD analysis and the mass loss during annealing, the content
of impurities in the as-prepared HT-ZnO sampl e should be less than 3 mas. %.

Morphology of the nanostructures

The morphologies of the prepared ZnO powders were very different. The
commercia ZnO (Fig. 4, a) consisted of hexagonal prisms of different sizes, with
diameters between 50 and 500 nm and lengths from 100 to 700 nm.

The HT-ZnO and HT-ZnO-a particles shown in Fig. 4, b and ¢, were very
similar in size and morphology. Both samples consisted of hexagona shaped
rods with diameters of up to 800 nm and the lengths up to several micrometers,
but HT-ZnO-a had more uniformly distributed dimensions. Identical, sometimes
hollowed rods were obtained previously when water was used as the medium.4 In
addition, there was a small amount of web-like nanofibers in HT-ZnO, and a
small quantity of nanograins in the HT-ZnO-a sample. Thus, in both cases, a
bimodal grain size distribution with a great predominance of rods was observed.
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Fig. 4. FESEM images of: a8 commercia ZnO, b) HT-ZnO rods, ¢) HT-ZnO-arods,
d) ST-ZnO nanopowder and €) ST-ZnO-a nanopowder.

The ST-ZnO and ST-ZnO-a particles (Fig. 4, d and €) were also related. Pre-
cisaly, they consisted of small (<50 nm), rounded nanograins, creating very loos-
ely packed aggregates. PVP played an important role in controlling the size and
shape of the ZnO particles during the synthesis. Here, PVP together with EG,
limited the growth of the ZnO particles probably along al crystal planes, causing
the uniformity in size and approximately spherical shape of the particles.2!

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



1440 SIMOVIC et al.

Photodegradation of RO16 dye

Asshown in Fig. 5, al the prepared ZnO materials had a higher efficiency in
the photodegradation of RO16 dye than the commercia ZnO. The results also
indicated that non-annealed samples of ZnO had a higher photocatalytic effi-
ciency than Degussa P25 TiO», which is the standard material in the field of pho-
tocatalytic reactions. After 30 min, the effectivenesses of the solvothermally pre-
pared samples and commercial ZnO were approximately the same. However, the
efficiency of commercial ZnO markedly decreased after 60 min, whereas the as-
prepared samples were more efficient, resulting in almost complete degradation
of RO16 dye. In total, the ST-ZnO nanoparticles were slightly more efficient than
the HT-ZnO rods, probably due to the smaller size and higher active surface area.
In addition, the smaller sizes of the crystallites in the ST-ZnO samples, inherently
meaning a higher number of defects, should be taken into account. Nevertheless,
none of these factors had a significant influence on the photodegradation process,
as shown by very similar efficiencies of all samples.
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Fig. 5. Therate of photodegradation of RO16. The inset shows the activity
between 35 and 60 min.
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The order of decreasing activity was ST-ZnO > HT-ZnO > Degussa P25
TiO2 > ST-ZnO-a> HT-ZnO-a> commercial ZnO. A negligible decrease of pho-
tocatalytic activity was observed after annealing; this could be assigned to the
increasing of crystallite sizes and changes in porosity.

A comparison with three already mentioned papers!®-12 was difficult, since
Dhodapkar et al.10 reported the results of RO16 degradation using natural sun-
light, while in the other two studies,11.12 a UV lamp was used and the ZnO cat-
alyst was in the form of a stationary layer. Moreover, different dye concentrations
and doses of the photocatalysts were applied. Generaly, it is challenging to com-
pare the efficiency of photocatalysts because the published studies were, as a
rule, performed under different conditions, which had to be taken into account.22:23
For these reasons, in this paper, the efficiency of the photocatalysts prepared under
the same conditions was compared in order to select a better procedure for future
research.

CONCLUSIONS

Two ZnO powders with diverse morphologies were prepared by the hydro-
thermal and solvothermal methods. The phase purity of the samples was con-
firmed by XRD analysis, although a small amount of residual NO3~ groups was
detected by FTIR analysis in the as-prepared HT-ZnO sample. These impurities
were easily removed by annealing at 300 °C for 2 h. In summary: a) all prepared
ZnO samples had a high efficiency for the photodegradation of RO16 textile dye;
b) both non-annealed samples were more active than commercial ZnO, especialy
when the concentration of the dye was low; ¢) both non-annealed samples had a
dightly higher efficiency than the commercial Degussa P25 TiOy; d) the solvo-
thermally prepared, non-annealed ZnO particles were found to be the most effi-
cient photocatalysts, exhibiting slightly higher activity than the hydrothermally
as-prepared rods; e) application of the surfactant PVP was directly related to
small crystallite and particle sizes, and for this reason, it is recommended the use
of this polymer in future studies for this application; f) the photocatalytic activity
of the ZnO materials depended much neither on the crystallite and particle size
nor on the morphology; g) the presence of impurities in the as-prepared samples
and their further annealing had only a minor influence on their photocatalytic
activity. Therefore, the photocatalytic degradation of textile dyes and textile
effluent assisted with ZnO materials might be an economic, environmentally
friendly and efficient method for water treatment.
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U3BOJ
XUJOPO- U COJIBOTEPMAJTHO ITPUITPEMJBEH ZnO U FbETOB KATAJIUTHYKHU YTUIIAJ
HA ®OTOJETPAJALINIY BEOJE REACTIVE ORANGE 16

BOJAHA CUMOBUR', ATEKCAHZIAP TOJIYBOBUR?, UBAHA BEJBKOBUE®, IEJAH TTOJIETU, JEJIEHA
3IPABKOBUE’, IYIIAH MUJUH® 1 AHBEJTUKA BJEJIAJALL

1Hﬂcmuu7ym 30 MyNTUGUCYUTTTUHAPHA UCTUPAMUBArA, YHUBep3utueil y beoipagy, Knesa Buwecnasa,
11030 Beoipag, ZHHcmumym 3a Qusuxy, Yuueep3suitieii y Beoipagy, ITpeipesuua 118, 11080 Beoipag-
3emyn. *The Netherlands Organization for Applied Scientific Research — TNO, De Rondom 1, Eindhoven, The
Netherlands, *Kameqgpa 3a omwity u Heopiancky xemujy, TexHoTOUWKO~MeTATYPUWKY PAKYITLET],
Ynugepsuiuein y beoipagy, Kapneiujesa 4, 11120 Beoipag, u SHnosauuonu uenmap TexHonomxo—
memanypwxol paxyniiewmia, Ynusep3uieii y beoipagy, Kapneiujesa 4, 11120 Beoipag
Y oBOM pafly, IpaxoBH LIUHK-OKCHJA CHHTETHCAHHU Cy Ha [jBa pPa3IvuuUTa HAYMHA: XUAPO-
Y CONBOTEPMAJHOM CHHTe30M mosnasehu, uctum pegom, of Zn(NO3), u Zn(CH3C00),. Oda
TaKO IPUITPEMIbEHA Y30PKa Cy MOTOM KapeHa Ha Onarum ycnosuma (300 °C) ma Ou ce usberao
pacT 3pHa ¥ Ja O ce YKJIOHWIN TparoBd Heurcroha. McnurtaH je yTunaj HauMHa CHHTE3e Ha
CTPYKTypHA, MUKPOCTPYKTYpHA, TEpMHUKa U (OTOKATAIUTHYKA CBOjCTBA JOOHjeHUX MpaxoBa
ZnO. Penparenckom nudpaxivjomM rmpaxa noTepheHo je MpUCYyCTBO camo jenHe dase, XxeKkcaro-
HanHor ZnO y cBa 4eTHpH y3opka. Mopdonoruje nodujenux npaxosa ZnO duse cy pasnuuute
W BapupaJse Cy Ofi HaHO3pHa NpUOMKHO cepHOr obnuka 10 MUKpomwTanuha. CBU npunpem-
Jb€HH Y30pLH NO0Ka3yjy Behy doTokaTanuTHuky eduxacHocT Hero ¢adpuuku ZnO y perpa-
Iaudju KoMepuujanHe TeKCTUnHe a30 Ooje Reactive Orange 16. Takohe, HexapeHH y3opLH
MUMajy Hewto Dospa hoToKaTanUTHYKa CBojcTBa Hero dadpuuku TiO, npax Degussa P25.

(TTpumisero 20. Maja, pesupupaHno 14. jyna, mpuxsaheno 17. jyna 2014)
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