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Oxide zinc-cerium system ZnO-CeQO, was modified by mechanochemical method. The
change of dispersion, crystal and surface structure of the compositions is observed after
mechanochemical modification. It is found mechanochemical treatment (MChT) accom-
panied by increasing of photocatalytic activity ZnO/CeQO, in the photodegradation proc-
ess of dye solution safranin T. It is shown composition with stoichiometric consist of zinc
and cerium oxides has maximal photocatalytic activity. To use UV-spectroscopy it is
noted in the mechanoactivation process hypsochromic bands displacement occurs.

1. Introduction

One of the main problems today is regular increase of
organic pollutants quantity in air and wastewater that causes
worsening of environment ecological state. There are many
methods to removal and neutralization air, soil and water-
borne pollutants such as settling, sorption, reduction, flota-
tion, ionic exchange, distillation, magnetic method etc. [1,
2] but they are not provide of optimal parameters to clean
environment from majority modern organic pollutants. So
creation of new environmentally friendly utilization meth-
ods of synthetic organic materials is very actual. Now pos-
sibility to use materials based on zinc oxide is investigated
intensively because ZnO is represented as a low cost alter-
native to the well-known and studied photocatalyst based
on TiO, P-25. In this regard complex oxide zinc-cerium
compositions are the most promising because the properties
of ZnO as a photocatalyst and CeO, as a support or promot-
ing to it are combined. It is found that traditional preparing
methods of compositions contained a ZnO don’t allow to
prepare of effective photocatalytic systems. Mechano-
chemical treatment can be a perspective method to synthe-
sis of complex zinc-cerium mixtures, which permits to ob-
tain systems with nanosized particles.

The aim of the present work is the study of physico-
chemical properties and photocatalytic activity (the reaction
of safranin T photodegradation in aqueous solution) of
mechanochemical activated oxide compositions with
anomic ratio Zn/Ce =15 : 85, 25 : 75 and 50 : 50.

2. Experimental

2.1. Preparation of samples

Zinc-ceruim compositions with anomic ratio Zn/Ce =
=15:85,25:75 and 50 : 50 were prepared by mixing ox-

ides of zinc (“pure”) and cerium (IV) which was prepared
by thermal treatment of ammonia solution Ce(NH4),(NOs)s
at 120 °C. Mechanochemical treatment of the samples was
conducted in the planetary ball milling Pulverisette-6 in air
atmosphere during 4 hours with balls diameter 5 mm and
balls to powder mass ratio (BPR) 10:1 at rotation fre-
quency 550 rpm.

2.2. Characterization of samples

X-ray diffraction patterns were obtained with CuKa
radiation (1.5418 A) on diffractometer PW 1830 Philips,
and the mean crystalline size (L) of the particles was
determined from the full width at half maximum (FWHM)
and Debye-Sherrer formula, according to equation (1):

KA |
BcosO M
where, K = 0.9 is the shape factor, A is the x-ray wave-
length (Cu Ko A = 0.154 nm), B is the line broadening at
half the maximum intensity (FWHM) in radians, and 0 is
the Bragg angle.

The FT-IR spectra were recorded on a spectrometer
“Spectrum-One” (Perkin-Elmer Instruments) in air atmos-
phere at room temperature in transmittance mode (mass
ratio sample/KBr = 1 : 20) in the range 4000400 cm .

Differential thermal analysis and thermogravimetry
analysis (DTA-TG) were conducted on a DERIVA-
TOGRAPH-Q apparatus of F. Paulik, J. Paulik, L. Erdey
(MOM, Hungary) system in air atmosphere in the tempera-
ture range 20800 °C at a heating rate of 10 °C/min, sample
weight was equal to 200 mg,

Nitrogen sorption was used to determine the specific
surface areas of the powders at the temperature of liquid
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Fig. 1. XRD pattern of ZnO-CeQO, system: / —initial, 2— 15 : 85,3—25:75,4—-50: 50

nitrogen (—196 °C) in a Quantachrome instrument (NOVA-
2200 Gas Sorption Analyzer). The distribution of pore vol-
ume by samples size was calculated to use of BJH method.

The samples were studied by transmission electron mi-
croscopy method after their previous ultrasound dispersing
in ethanol to use device JEM 1230 (Jeol).

The photocatalytic activity was determined by measur-
ing the degradation rate of aqueous solution safranin-T dye
under visible light irradiation. Reaction was carried out at
room temperature to use a Na-lamp (Philips, 70 W, 230 V,
50 Hz). Reaction suspensions were prepared to add the 150
mg photocatalyst into 300 ml of safranin-T solution taken
with an initial concentration of 1.3x107> mol/liter. It was
found the adsorption equilibrium achieved during 60 min.
Suspension was irradiated under constant stirring. The ana-
lytical samples from the suspension were collected at regu-
lar intervals of time (30 min) during 5 hours, centrifuged
and analyzed by spectrometer UV-2450 Shimadzu. The
absorbance of the filtrates was then measured at maximum
band (A = 520 nm) to determine the safranin T concentra-
tion. The decolorization rate constant (Kd) was determined
from the equation (2):

In (D/Dy) =k, @
where D, and D are the optical density at times 0 and ¢, re-
spectively and & is rate constant (time ). For research of
optical properties the method of UV-visible spectroscopy
was used. One of the main characteristic of semiconductor
material is band gap which can be calculated by the absorp-

Some properties of ZnO-CeQO, system after MChT

tion band edge to use the formula (3):

AE = hclh 3)
where & — Planck’s constant and is 4.135-10" eV's; ¢ —
light rate (3-10° m/s); A — wavelength that correspond to
absorption band edge.

3. Results and discussion

The X-ray diffraction pattern of the Zn-Ce-O system be-
fore and after MChT is represented in Fig, 1. According to
XRD spectroscopy, initial samples independently on molar
ratio ZnO-CeO, = 15 : 85, 25 : 75 and 50 : 50 demonstrate
the reflexes of ZnO and CeO, phases with significant
dominance reflex from the plane (101) which is indexed to
wurtzite hexagonal phase ZnO with d = 0.25 nm and crys-
tallite size L = 74 nm. It was established mechanochemical
treatment leads to a decrease of intensity of basic reflexes
with a simultaneous increase of their width what can indi-
cate a particle size reduction of initial oxides. Also XRD
pattern of the modified samples independently on Zn/Ce
atomic ratio exhibits the peaks centered at 26 = 28.57, 33,
47.6, 69.51° which correspond to the (111), (200), (220)
and (400) of a cubic fluorite structure of CeO,, that is in
accordance with data [3]. It can be seen from the Fig.1
broad reflex of this phase from the plane of (111) is domi-
nant to composition Zn/Ce = 15:85 and 25:75. The
broadness of the ceria peak indicates crystallite sizes of the
Ce0O, particles are of nanometer scale. The activation of
composition with stoichiometric content of the oxides is
accompanied by reduce of ZnO basic reflex intensity from

Molar ratio ZnO/CeO, L (nm) Sger (m7/g) Kd (1075 A, nm E, eV
15:85 4 74 0.46 371 334
25:75 5 1.8 0.33 390 3.18
50: 50 4 26 1.50 385 32
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Fig. 2. TEM data for initial sample ZnO-CeO, (50 : 50) — a and after its treatment — b

the plane (101). The average crystallite size of the synthe-
sized materials is presented in Table.

The decrease of particles sizes as result of treatment was
confirmed by the TEM study (Fig. 2). The initial composi-
tion contents the particles with dimensions from 70 up to
100 nm which correspond to XRD calculation data. After
mechanochemical treatment the size of particles essential
decreases and it is possible to observe partially agglomer-
ated particles (which connected with low dimension of the
particles and high surface energy) with primary size near to
4-5 nm.

The infrared spectrum (FTIR) of the synthesized Zn-
Ce-O system identifies the chemical bonds, as well as func-
tional groups in the compounds. Obtained results shows
that mechanochemical treatment leads to an increase of the
intensity of large broad band in region 32403130 cm ' and
bands centered at 1645 cm™' which are assigned to stretch-
ing and bending vibration of H,O absorbed from the envi-
ronment, respectively. All initial compositions of oxide
zinc-cerium system are characterized by presence of ab-
sorption bands at 618, 949, 970, 1130 and 1405 cm ' which
are correspond to bending vibrations of Ce-O bond that
crystallizes in cubic system and band centered at 484 cm''
which is responsible for Zn-O bond. It was found that
mechanochemical treatment leads to appearance of addi-
tional peaks at 645 and 656 cm ' which assigned to Ce-O
bond, to shift of absorption band of Zn—O bond up to 450
cm ' and very intense band Ce-O bond to high-frequency
region (1150 cm'') that can indicate to change of bond
lengths.

The all synthesized Zn/Ce = 15 : 85,25 : 75 and 50 : 50
powders were subjected to DTA-TG analysis before and
after modification. The obtained thermograms of initial
samples show two endothermic peaks. The first major low
temperature peak in the range 50-190 °C is primarily due
to the loss of non-dissociative adsorbed water or water con-
nected with the surface by hydrogen bonding and accom-
panied by weight loss 6 %. The second minor weight loss
peak (2 %) could be due to loss water incorporated in the
micropores of mixed oxides. An exothermic peak around

280-340 °C with maximum at 315 °C without a weight
loss must be considered to the crystallization of the amor-
phous phase CeO; [4].

Thermal treatment of activated samples exhibits the se-
ries of endothermic effects between 50-500 °C that corre-
spond to the water absorbed elimination and each of which
is accompanied by loss of weight: around 110-190°C (10
%), 250-330°C (8 %) and in the region 405-480°C (8 %).

Adsorption studies shown that all initial compositions
was the powders with specific surface area around 13 m”/g
and obtained for them nitrogen sorption isotherms are
typical for the physical gas sorption by non-porous
adsorbents with strong adsorbent/adsorbate interaction
(type II classification [UPAC). This means that adsorption
in this area is not in the pores, but in voids between loosely
packed particles of powders [5]. Also curves of pore size
distribution shows that the main pores volume of composi-
tions Zn/Ce = 15:85, 25:75 and 50:50 is in region
macropores and has a maximum value at 75, 88 and 96 nm,
respectively.

It is found mechanochemical activation during 4 hours
of all samples leads to decrease of specific surface area
about 2-6 time (table) and the change of isotherm types.
Obtained isotherms have the hysteresis loop which belongs
to H3 type according to classification [UPAC, i.e. pores
have the shape of slits which are consist from planar parti-
cles. For all compositions the curves of distribution of pore
volume by size (DPVS) characterized by the presence of
two maxima, one of which is in the region micropore (1.5—
2 nm). The compositions Zn/Ce = 15 : 85 and 50 : 50 are
characterized the presence of the second peak which be-
longs to macropores — 90 and 68 nm, respectively. It should
be noted for the composition Zn/Ce = 25 : 75 the second
maximum is 30 nm, i.e located in the mesopore region. So,
the formation of double porous structure (meso- and micro-
porous) is a result of mechanochemical treatment of non-
porous system.

Figure 3 shows the change in absorption spectra for the
photocatalytic degradation of safranin-T as a function of
irradiation time. Shown, irradiation of aqueous suspension
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Fig. 3. Electron absorption spectra of aqueous dye solution of
safranin T — /, after dark sorption of Zn/Ce =50 : 50 during 1 h—
2, after irradiation during 1h—3,2h—4, 3h—5,4h—6,5h—7

of safranin-T dye in the presence of ZnO-CeO, photocata-
lysts leads to intensity decrease in maximum absorbance at
520 nm with increase in irradiation time. The photocatalytic
degradation/decolorization is initiated by excitation of the
semiconductors, followed by the formation of electron—
hole pair (¢ + /") on the surface of catalysts. The generated
holes can directly react with dye and result in the direct oxi-
dation of dye to reactive intermediates [6]. Highly reactive
hydroxyl radicals formed either by the decomposition of
water molecule or by the reaction of the hole with OH™ de-
grade the dye molecules present in the solution by the fol-
lowing scheme:

MeO,+hv—e +h'

Me,O,(h") + H,0 — Me O, + OH" + H"

OH' + dye — dye degradation.

The hydroxyl radical is an extremely strong nonselec-
tive oxidant that leads to the partial or complete mineraliza-
tion of several organic chemicals.

The degradation rate constants (table) were determined
from the slopes of the plots of In D/D, vs time. Accordingly
the color removal rate was increased significantly by in-
creasing the amount of ZnO in the system. It is necessary to
note that for all initial compositions the values of constant
were less than 0.1x107° s”. So, the mechanochemical
treatment permits to increase of the dye decomposition rate.

Optical properties of nanocompositions in UV- and
visible regions of spectrum were studied by UV-visible
spectroscopy. The absorption bands edges of initial and
modified samples presented on the fig. 4. Specter of initial
pattern Zn/Ce = 50 : 50 shows absorption band edge is 393
nm (curve 1) that corresponds to band gap energy of 3.16
eV. For mechanochemical activated samples observed the
clear absorption band edges and their hypsochromic shift
(“blue shift”) to 371 nm (E = 3.34 eV). Increase in value of
hypsochromic shift of absorption band occurs due to band
gap increase of semiconductor as a result of electron excess
accumulation on the crystal surface [7, 8].

T T T T T 1
200 300 400 500 600 700 800
A, nm

Fig. 4. Electron spectra of initial Zn/Ce = 50 : 50 — /, modified
Zn/Ce=15: 85-2,Zn/Ce=25:75—-3 and Zn/Ce=50:50—4

From the data of photocatalytic degradation of dye solu-
tion and calculations of band gap energy can conclude
samples with their lower band gap energy have the better
photoactivity under visible light. This enhancement was
found due to the presence of CeO, nanoparticles which
inhibit the charge carrier recombination by electron capture
resulting in more holes formation to produce hydroxyl radi-
cals leading to increase in the rate of photodegradation reac-
tion [9-11]. The key factor for the enhancement of photo-
catalytic activity of the composite oxides is the dispersion
of ceria as nanosized crystallites over the ZnO surface.

Thus the above results clearly indicate oxide system
Zn0-CeO;, modified by mechanochemical method shows
high photocatalytic activity and efficiency in the degrada-
tion of safranin T under visible light that are of great impor-
tance for the application of ZnO-CeQ, as a photocatalyst.
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BB Mmexanoximiunoi akruBanii kommnosuaid ZnO-CeQO,
HA IX CTPYKTYPHi XapaKTePUCTUKHU TA (POTOKATATITUYHY
AKTHBHICTH B npoueci nerpagauii cappaniny T
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OkcnyiHa nuHK-1epieBa cucrema ZnO-CeO, Oynma Monv(ikoBaHa METOJIOM MEXaHOXIMIYHOI 00-
poOku. B mporeci MexaHOXIMIYHOr0 MOAM(IKYBaHHS CIIOCTEPIra€ThCs 3MiHA JIHCTIEPCHOCTI, KpH-
CTJIIYHOI CTPYKTYpH Ta Oy/I0BH HIOBEpXHi. BeTaHOBIIEHO, 1110 MexaHOXIMiYHA 00poOKa CyIpoBO-
JDKYEThCSL 30UTBIIeHHsM  (hoToKaTamiTidaHOI akTrBHOCTI ZnO/CeO, B mporieci QoTtonerpanarii
posunHy OapBHEKa cadpaniny T. [TokazaHo, 0 MakCHMAaTbHY (POTOKATATITHIHY aKTUBHICTH
TIPOSIBIISIE KOMITO3HMIIS 31 CTEXIOMETPHYHMM BMICTOM OKCHIUB LIMHKY Ta LIEpif0. 3a JOIOMOIO0
Y®-criekTpockomii BiIMIiYeHO, 110 B MPOIIECi MEXaHOAKTUBALII BiOYBAETHCS TIIICOXPOMHE 3Mi-
IIEHHS CMYT.

Biausinue MexaHOXMMHUYECKON aKTUBALIMH KOMIIO3UIIUH
Zn0-CeO, Ha UX CTPYKTYPHBbIE XaPAKTEPUCTHKHI
U POTOKATAIMTHYCCKY ) AKTUBHOCTD B Ipolecce
nerpagauuu cappanuna T

E.B. Cauyr’, B.A. 3ascuzanos’, O.I1. @edoposcran’, JI.C. Kysnenosd', C.H. Illepbaxos’

! Hemumym cop6uyuu u npotnem snoosxkonoeuu HAH Ypauni,
Yxpauna, 03164 Kues, yn. 'enepana Haymosa, 13,
men..: (044) 452-93-28, paxc: (044) 452-93-27, Lena95 1(@i.ua,
*IJenmp KOMeKmuUBHO20 NOL306aHIUs NPUBOPOS,
Hnemumym 6omanuxu um. HI. Xonoonoeo HAH Yxpaunwi,
Yxpauna, 01601 Kues, yn. Tepeuwjenkosckas, 2

OkcnyHast 1mHK-TiepueBast cucreMa ZnO-CeO, Obu1a MoauduImpoBaHa METOIOM MEXaHOXUMH-
YyecKol 00pabotkn. B mponecce mMexaHoakTHBaIMK HAOMIOAACTCS M3MEHEHHE JIHCTIEPCHOCTH,
KPHCTAUTMYECKOH CTPYKTYPBI U CTPOECHUE TTIOBEPXHOCTH. Y CTAHOBJICHO, YTO MEXaHOXUMHYECKast
00paboTKa CONPOBOKAACTCS YBEIMYCHUEM (POTOKaTamTAIecKor aktuBHOCcTH Zn(O/CeO, B Tpo-
necce poronerpanarmu pactBopa kpacurens cadpanuHa T. [TokazaHo, 9To MaKCHMAIBHYIO (o-
TOKATAJMTAYECKYIO aKTUBHOCTH TPOSIBIISIET KOMITO3ULIMSI CO CTEXHOMETPUYECKIM COCTABOM OK-
cnzoB IMHKaA 1 epust. C noMomipio Y ®-CreKTpocKOny OTMEYEHO, YTO B MPOLIECCE MEXaHOAK-
THBALMHY IPOMCXOUT TUIICOXPOMHOE CMEIIIEHHE ITOJIOC.



