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Synthesis, characterization and properties of ZnO/TiO, powders obtained by
combustion gel method
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Submicron ZnO/TiO, powders were obtained via combustion gel method. The structure, morphology and elemental
composition of the obtained samples were characterized by XRD, IR spectroscopy and SEM with EDX analysis. The
photocatalytic activities of the samples were evaluated by the degradation of Malachite Green and Reactive Black5 in
aqueous solutions under ultraviolet light irradiation. The antibacterial properties of samples obtained via combustion
sol-gel method were studied in solid media (agar plates) against Gram-negative Escherichia coli ATCC 25922 and
Gram-positive Staphylococcus aureus ATCC 25923. The inhibition diameter was measured for all investigated samples.
No clear zone of inhibition was seen around of blank experiments. Thus, all samples exhibited strong bactericidal action

toward both selected bacterial cells.
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INTRODUCTION

Recently, the combustion synthesis (CS) became
more popular and has emerged as an important
technique for the synthesis and processing of oxide
and non-oxide advanced materials [1]. This method
has many potential advantages, such as low-
processing cost, energy efficiency, and high
production rate. Several books [2 - 4] and review
articles [5 - 12] have been published on this subject
in recent years. By combustion synthesis, TiO,
nanoparticles sized from 100 nm to 1000 nm were
very quickly obtained through gasification,
nucleation, and crystal growth [13, 14]. Zinc oxide
(Zn0) powders with different types of morphology
were synthesized by a combustion synthesis
method using zinc nitrate, metallic zinc and glycine
as precursors [15]. Nanosized ZnO powder was
synthesized by solution combustion method. The
obtained powder showed three times higher
photocatalytic efficiency than any other commercial
photocatalysts [16]. Zn doped TiO, and N-doped
TiO2/ZnO composite powders were obtained by
combustion method with better photocatalytic
activity compared to pure TiO, [17]. Their
photocatalytic properties were studied towards
methyl orange dye. The authors reported that the
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enhanced photocatalytic activity of the composites
is related to the good crystallization, the presence of
anatase phase, and the particle size reduction.

It is well known that ZnO and TiO. oxides are
close to being two of the ideal photocatalysts in
several respects. In recent years, they become more
attractive and important since it has a great
potential for contribution to environmental
problems. Several authors [18-19] found that the
coupling of TiO, with ZnO is useful to achieving
higher photocatalytic reaction rate. The results
showed that the photocatalytic activity of ZnO/TiO;
coupled photocatalysts was higher than that of the
single phase. Although ZnO and TiO; in general
have been proved to be very active in the
photocatalytic oxidation of different pollutants, the
problem concerning the influence of particles size
and morphology on their performance efficiency is
very crucial and not yet clarified. Both TiO, and
ZnO were extensively studied as antimicrobial
agents mainly under UV light irradiation [20-26]. It
was found that TiO; is very effective in killing
Escherichia coli (E. coli) [20], while ZnO is most
effective in disinfection of Staphylococcus aureus
(S. aureus) [24].

The present study is a continuation of our
previous investigations in the ZnO-TiO, system. By
applying different sol-gel methods we proved that
the type of precursor and the order of adding the
components influence on the microstructure of the
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final product. We also found that the selection of an
appropriate scheme for synthesis is very important
point [27]. Synthesis and antibacterial properties of
nanosized powders obtained by aqueous and non-
aqueous sol-gel methods in this system were
studied recently by our team [28, 29]. Regardless of
the large number of investigations in this system,
studies of photocatalytic and antibacterial
properties of ZnO/TiO, composite powders
obtained via combustion method are very scarce.
The aim of the present study is to synthesize,
characterize as well as to evaluate the
photocatalytic and antibacterial properties of
selected powder samples obtained by combustion
gel method. The photocatalytic activity of obtained
powders was verified toward Malachite Green

Table 1. Samples obtained by combustion gel method

(MG) and Reactive Black 5 (RB 5). The
antibacterial activity was performed in solid media
(agar nutritive) against the cells of E. coli and S.
aureus.

EXPERIMENTAL
Samples preparation

Based on the results of our previous studies in
this system [27, 30-32], samples with different
nominal compositions 90Zn0.10TiO; (sample A),
10Zn0.90TiO; (sample B) and 5Zn0.95TiO;
(sample C) were selected for investigation (Table
1).

samples N Nomir)a}l Precursors Final produc_t acco.rding to
composition X-ray diffraction
A 90Zn0.10TiOx. Ti etoxide (sol A) + Zn nitrate (sol B) ZnO
B 10Zn0.90TiOx. Ti etoxide (sol A) + Zn nitrate (sol B) TiO; (rutile, anatase) + ZnTiO3
C 5Zn0.95TiO;. Ti butoxide (sol A) + Zn nitrate (sol B) TiO; (anatase)

The starting materials were: zinc nitrate —
Zn(NQO3)2.6H.0 (Merck), titanium (IV) ethoxide
(Fluka AG) - Ti(OC2Hs)4, titanium (IV) butoxide
(Sigma-Aldrich) - Ti(OCsHo)s and ethylene glycol
(C2HsO,) (Table 1). The main scheme for the

synthesis is presented in Fig. 1.
solution A

solution B

Ti(OC,Hy), o TI(OC,Hy), + C,H,0, Zn(NO,), 6H,0 + C,H0,

§ mixing and homogenization Y
% \gf solutions 15 - 20 min. (30°C)/ .

dehydratation in water
bath (100°C)

heating on hot plate
(150- 200°C)

combustion
(~300°C)

whitefgray powder samples
A, B and C (~300°C

calcination 450°C

Fig. 1. Scheme for combustion gel synthesis of
ZnOITiO, powders

All solutions were prepared via dissolving of the
precursors in ethylene glycol and absolute alcohol
by means of vigorous magnetic stirring. A white
xerogel was obtained by drying at 110°C for 5h.
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Subsequently, the as-obtained xerogel was
subjected to evaporation in a water bath. During the
heating on a hot plate up to 200-300°C, combustion
process takes place and as a result gray-white
powders were obtained. According to the
classification for the combustion synthesis made by
[1], our method could be classified as a gel
combustion method. The last step of synthesis
consists of calcinations of the powders at 400-
450°C for 2 hours in air, until obtaining white
powders (samples A, B and C). The calcinations
temperature was selected on the basis of our
previous investigations: from one side because
there is almost no presence of organic constituents
above 400°C and from another - to keep the small
size of the obtained crystals. All samples were
prepared by addition of Ti precursor solutions to
the zinc nitrate. During the experiments the
measured pH varied from 5 to 7 depending on
compositions.

Samples characterization

The phase formation and morphology of the
obtained powders were established by X-ray
diffraction (Bruker D8 Advance X-ray apparatus)
and SEM (JEOL Superprobe 733). Scanning
electron micrographs were obtained from a VEGA
11 LSH scanning electron microscope (TESCAN,
Czech Republic). Samples were deposited on a
sample holder with an adhesive carbon foil. The
energy dispersive X-ray spectra-EDX patterns were
carried out wusing a Quantax QX2 system
(Bruker/Roentec, Germany). The main short range
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orders of the obtained powders were determined by
IR spectroscopy using the KBr pellets method
(Nicolet-320, FTIR spectrometer with a resolution
of £lem™, by collecting 64 scans in the range
4000-400 cm'Y).
Photocatalytic activity experiments

The photocatalytic activities of the synthesized
powders were evaluated by UV-light induced
photobleaching of two model pollutants - Malachite
Green (MG) and Reactive Black 5 (RB5) aqueous
solutions. The initial concentrations of MG and
RB5 solutions were 5 ppm and 11 ppm,
respectively. The composite sample (100 mg) was
added to 150 ml dye solution to form slurry. After
that, the suspension was magnetically stirred in the
dark for 30 min to ensure the establishment of an
adsorption-desorption equilibrium. The irradiation
source was a black light blue UV-lamp (Sylvania
BLB 50 Hz 8W T5) with the major fraction of
irradiation occurring at 365 nm. The lamp was fixed
10 cm above the solution surface. All photocatalytic
tests were performed at constant stirring (400 rpm)
and room temperature of 25°C. At regular time
intervals of illumination, aliquot samples of mixtures
(3 mL) were collected and centrifuged in order to
remove the solid particles. The discoloration was
monitoring by measuring the absorbance of clear
aliquots using Jenway 6505 UV-Vis
spectrophotometer at  maximum  absorption
wavelengths - 618 nm for MG and 600 nm for RB5.

Antibacterial measurements

Procedure for qualitative determination of
inhibition zone

The strains of microorganisms - E. coli ATCC
25922 and S. aureus ATCC 25923, were cultured
aerobically at 37°C for 18 h in 10mL nutrient broth.
20 + 2mL of sterilized nutrient agar (solid media)
was dispersed into each standard flat bottom Petri
dish to obtain firmly solid agar before inoculating.
2 mL of inoculum from the ten times diluted
inoculum cultured was transferred on the surface of
the sterile agar area of a Petri dish. After that the
tested samples were gently pressed to contact
intimately the agar surface and the inoculum. The
obtained mixtures were incubated at 37°C for 24
hours. The antibacterial activity is evident when a
clear zone of inhibition of bacterial growth around
the tested samples becomes visible.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of obtained
ZnO/TiO2 white coloured powders are shown in
Figure 2.

1800

90Zn0.10TiO sample _A
1600 - 2 -
Zn0O
1400
2 1200
o
> 1000
= 5nm
® 800 -
c
Q
2 600 -
c
— 400
200
04
T T T T T T
10 20 30 40 50 60 70 80
2@0,deg
800 410Zn0.90TiO, sample_B
700 A TiO, anatase (JCPDS 78-2486)

R TiO, rutile (JCPDS 89-0555)
% ZnTiO, (JCPDS 26-1500)

600

Intensity,cps

600

5Zn0.95TiO, sample_C

500
A A TiO, anatase (JCPDS 78-2486)
400

300

200

Intensity,cps

100

0

T T T T T T =
10 20 30 40 50 60 70 80
20,deg

Fig. 2. XRD patterns of the investigated samples A,
BandC

As can be seen different products were obtained.
The characteristic peaks for zinc oxide (ZnO -
JCPDS 36-1451) were identified in sample A. A
mixture of TiO, polymorphous modifications
(anatase - JCPDS 78-2486 and rutile - JCPDS 89-
0555) as well as ZnTiOs; (JCPDS 26-1500) were
found is sample B, while anatase only, was
separated in sample C. The average crystallite size
of samples A and C calculated from the broadening
of the diffraction line using Sherrer’s equation are 5
and 12 nm, respectively. Our XRD results are
compatible with the our previous data [33] as well
as to the data reported for ZnO obtained by solution
combustion method, where the size of the powders
was found to be about 30 nm [16]. The SEM
images and EDX spectra of obtained samples are
presented in Fig. 3a, b, c.
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Fig. 3c. SEM micrograph and EDX spectrum of sample C

Irrespective that all samples are obtained by
combustion method, the crystal morphology is
different and sample A showed a porous
agglomerate structure compared to the other two
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samples. The reason for that is may be due to the
higher amount of zinc nitrate used as a precursor
for ZnO at obtaining of this sample. This fact did
not confirmed the previous suggestions of other



A. D. Bachvarova-Nedelcheva et all.: Synthesis, characterization and properties of ZnO/TiO2 powders obtained by ...
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authors, who claimed that Zn acetate leads to
obtaining of more porous samples [18].

According to SEM observations (Figure 3a, b,
c), during the calcinations, samples B and C are
characterized by a strong tendency to
agglomeration with the average particle size of the
aggregates about 20-25 nm. The EDX results shows
that the Ti, Zn and O are the principal components
of investigated samples.

The IR spectroscopy was used in order to obtain
an additional information for the phase formation in
the investigated system. IR spectra of the powders
calcinated at 450°C are shown in Figure 4 and
vibrations of the inorganic building units, only were
recognized.In the spectrum of sample A
(90Zn0.10Ti0,), dominant bands at 420 cm* along
with weak shoulders at 700 and 660 cm? are
observed. It is well known that bands in the
absorption range 440-420 cm™ could be related to
the vibrations of ZnO4 polyhedra [31, 34, 35]. The
IR spectra of other two samples (B - 10Zn0.90TiO;
and C - 5Zn0.95TiO,) exhibited broad absorption
region from 600 to 400 cm™ in which follow the
characteristic vibrations of ZnO and TiO; (anatase

and rutile) [36, 37, 38]. The XRD patterns of the
samples did not detected the presence of TiO and
Zn0O, when they are in low content (5, 10 mol %).
Despite that fact, their presence was registered by
IR (weak bands at 700, 660 cm™ and bands in the
range 600-400 cm™*) due to the higher sensibility of
this method [37]. The observed at 3440 and 1630
cm? bands in all IR spectra may be assigned to the
absorbed water molecule [37].

Photocatalytic activity

The changes in MG and RB5 dyes concentration
C/Co (Co initial concentration and C reaction
concentration of the dye) by the synthesized
composite samples with the time of radiation are
shown in Figure 5 a, b.

The kinetics of photocatalytic degradation of
many organic compounds has often been modeled
by the Langmuir-Hinshelwood treatment of
heterogeneous catalytic systems [39-41], expressed
by Eqg. (1):
dC k KC

dt 1+KC

M)
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Fig. 5. Photocatalytic activity of samples A, B and C
toward: a) MG and b) RB5.

the initial rate of
photodegradation, i.e. dC/dt is the rate of
disappearance of the pollutant, C is its
concentration, k. is the Langmuir-Hinshelwood
reaction rate constant, and K is the Langmuir
adsorption equilibrium constant. At a dilute
concentration of pollutants (C<10® M, i.e.,
KC<<1), pseudo-first-order kinetics model can be
assumed as shown in Eq. (2):

where r represents

dC
——~ =k KC
dt " @
Equation (2) can be integrated to expression (3):
C
In==k Kt=Kk't
C r 3

where C, and C are, respectively, the initial
concentration and the reaction concentration of the
pollutant at time t, and £ — the apparent pseudo-
first order rate constant. Under the same conditions,
the initial degradation rate could be written in a
form conforming to the apparent first order rate
law:

r=k'C
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The reaction kinetics for the initial 45 min of
dyes degradation was studied by applying the
pseudo-first order model expressed by equation (3).
Figure 6 shows the plots of In(C./C) versus time for
the studied samples. A good correlation to the
pseudo-first order Kkinetics (R>0.99) was found
from these results (Figure 6 a, b).
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Fig. 6. Photocatalytic reaction kinetics of: a) MG
decoloration and b) RB5 decoloration, both under UV
irradiation.

The resulting first order rate constants were used
for a comparison of the efficiency of photocatalytic
process. The values of apparent rate constants show
the highest photocatalytic activity of sample A on
decoloration of both MG and RB5 dyes.

On one hand, the comparison between our
present and previous results showed that as
obtained ZnO/TiO, composite powders exhibited
lower photocatalytic activity to that of pure ZnO
and pure TiO; (~ 30 min toward MG and RB 5)
under UV irradiation. On the other hand, the
obtained results are better than those reported for
TiO2/ZnO  composite powders obtained by
combustion method, for which decolouration of azo
dyes completed in 3 h under UV irradiation [42].
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Antibacterial activity

The antibacterial activity was investigated by
exposing studied microorganisms in nutritive media
to the action of samples A, B and C. Each of the
circular specimens with 5 mm diameter (filter paper
with 0.005 g sample) was gently pressed on the E.
coli and S. aureus inoculated agar surface before
incubation. After incubation at 37°C for 24 h
bacteria inhibition took place and a zone of
inhibition appeared around the samples. No clear
zone of inhibition was seen around the blank
sample. The inhibition diameter was measured for
all tested samples. The antibacterial activities of the
samples against E. coli and S. aureus are presented
in Fig. 7a and Fig. 7D, respectively.

o

Fig. 7. Growth inhibition of the investigated samples for
E. coli (a) and S. Aureus (b)

The antibacterial activity assessment of the
powders is presented graphically in Figure 8. The
synthesized ZnO/TiO. powders were found to have
inhibition activity against both E. coli and S.
aureus. The results for inhibition diameters are

Table 2. Antibacterial activity of investigated samples

=
13

Zone of inhibition, (mm)
1% 8

=)

sample A sample B sample C

Fig. 8. Antibacterial activity assessment of the
investigated samples for E. coli and S. Aureus

shown in Table 2. As can be seen, sample A
exhibited the best antibacterial activity in
disinfection of S. aureus, while sample C exhibited
best results for E. coli disinfection. This can be
explained probably by the sample composition. The
results obtained are in accordance with our previous
findings [27, 43] and to the results obtained by
other authors. ZnO has been found to be more
effective toward Gram- negative than to gram-
positive bacteria and to exhibit a sustainable
antibacterial activity even in the dark conditions [44
- 46]. As is shown in Table 2, sample A contains
mainly ZnO, in sample B a mixture of anatase,
rutile and ZnTiO; was found while sample C
contains only anatase. It is known that the
photocatalytic activity of pure rutile phase is lower
than that of pure anatase phase [47, 48]. Probably,
the reason for the reduced antibacterial efficiency
of sample B is the presence of small amount of
rutile in its composition.

CONCLUSIONS

Nanosized (5-12 nm) ZnO/TiO, powders were
obtained via combustion gel method. The as-
prepared powders exhibited good photocatalytic
activity towards two organic dyes Malachite green
and Reactive Black5 under UV light. The
synthesized powders showed antibacterial activity
against E. coli and S. Aureus without induction of
irradiation. The antibacterial effect of sample rich
in ZnO was more pronounced for the culture of S.
aureus while the antibacterial effect of sample rich
in TiO; (anatase) was stronger for the culture of E
coli. The obtained powders could be a candidate for
environmental and biomedical application after
further investigations on their antimicrobial
activity.

Samples Inhibition diameter (E. coli) Inhibition diameter (S. aureus)
A (Zn0O) 9 mm 19 mm
B (A, R, ZnTiOs) 8 mm 12 mm
C (TiOz-A) 11 mm 14 mm
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CUHTE3A, XAPAKTEPM3UPAHE 1 CBOMCTBA HA ITIPAXOBE OT ZnO/TIO,, [IOJIYYEHU
10 METOJIA HA U3I'APAHE B I'EJI
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Uncmumym no obwa u neopeanuuna xumus, bvneapexka axademus na naykume, Cogus
2 Meouyuncku ynusepcumem, Inesen
3 «
Hnepoucyunnunapna niamgopma ,, Apxeounsecm *, Jlabopamopus 3a nayynu uzciedganus, gw, Pymvrus

Moctenuna Ha 4 tonu, 2013 r.; npuera ua 28 Hoemspy, 2013 r.

(Pestome)

IMony4enu ca mpaxose oT ZNO/TiO; cbc CyOMUKPOHHH pa3MepH MO METO/a Ha u3rapsiHe B rei. OxapakTepU3upaHi
ca crpykrypara, mopdosorusita u eneMmeHTHus cbctaB upe3 XRD, IR-cmekTpockomusi, ckaHupaiia eIeKTPOHHA
mukpockonusi ¢ SEM ¢ EDX-ananu3. ®orokaraiuTnyHaTa akKTHBHOCT Ha MPOOHUTE € OICHEHA Ype3 paslaJaHeTo Ha
MaJlaXUTOBO 3€JICHO M PEaKTUBHO YEPHO 5 BBB BOJHHM DPa3TBOPH NpH OOJIbYBAHE C YJITPABHOJETBA CBETJIHMHA.
AHTHOAKTEpUATHUTE OTHACSHUA Ha MOJMYYCHHUTE MPOOH ca W3CIEIBaHHU B TBBpIA cpemma (BbpXy arap) crupsmo ['pam-
neratuBHute O6akrepun Escherichia coli ATCC 25922 u I'pam- nonoxurennure Staphylococcus aureus ATCC 25923.
JnaMeThpbT HA HHXHOUPAHE € U3MEPBaH 32 BCHUKH pobu. He ca 3a0ens3any 30HN Ha MHXHUOUpaHE TP KOHTPOITHUTE
eKCIIepUMEHTH. BcHuky TpoOW TposBsABAT CHIHA OakTepUIIMOHA AKTUBHOCT CpEMly ABaTa W30paHW OaKTepHalHU
KIICTKH.
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