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ABSTRACT

Mesoporous zinc-titanium and cadmium-titanium powders were synthe-
sized. Their structural, sorption and photocatal ytic properties were stud-
ied. The photocatalytic active phase anatase was founded in all samples.
Zinc containing samples demonstrate the presence of zincite phase.
Dependence of pore volume, specific surface area and pore radii of
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amount of the said dopants was investigated. The characterization re-
sults of nitrogen adsorption-desorption measurements show that the
obtained materials have type IV isotherms with H2 hysteresisloops. The
composites showed higher photocatalytic and sorption activities as com-
pared with pure titanium dioxide against dyes, surfactant and dichromate

anion. © 2015 Trade Science Inc. - INDIA

INTRODUCTION

Thebulk of waste waters containing dyes or sur-
factants are growing constantly. Various physic-
chemical methods, namely chemical coagulation,
precipitation, adsorption etc. are being used to treat
sewage. Photocatalytic techniques are among the
most perspective in thisregard, because they allow
one to mineralize organic pollutants completely or
convert theminto non-toxic state.

OxidesTiO,, WO,, ZnO, Fe,O,, SnO, etc. may
be used as photocatalysts*®. Titanium dioxide has
thewidest application. Itsactivation needsUV light
(Ad387 nm). Unfortunately, a high recombination
rate of electron-hole pairs in irradiated samples

decreases the efficiency of this photocatal yst.

Currently the majority of works are devoted to
synthesis of the TiO, samples havingimproved pho-
tocatalytic properties. Besides, it isimportant to pre-
pare the materials with developed specific surface
that conduces to concentrate pollutants on materia
surface with their following photocatal ytic destruc-
tion.

A way to achieve thisaim is synthesis of com-
posite materials based on TiO,. In this connection
systems combining several semiconductors with
various band gapslike TiO,~WO 23, TiO,-MoO,,
TiO,-SnO,¥, and TiO-Fe, O are of great inter-
est. These materials allow charge separation in
higher yieldsand increase of their lifetime owing to
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possible interphase electron transfer.

In recent years, many works deal with prepara-
tion of modified TiO, samples havingimproved pho-
tocatalytic properties and higher specific surface
which isfavorable to pollutants adsorption on pho-
tocatalyst surface. Particul ar attention hasbeen given
to zinc oxide as titanium dioxide dopant®. This
semiconductor hasband gap width closeto thisvalue
of titanium dioxide and also similar mechanism of
photodestruction of various substancesunder UV ir-
radiation. Lizama et al.[*? and Houskova et al.*¥
found also higher photocatal ytic activity of ZnO as
compared with TiO,. Cadmium which may be
adsorbed on titanium dioxide or introduced into its
latticeisalso used as dopant. Depending on doping
method and dopant amount both negative** ' and
positivell® 17 effects were observed.

The aim of our work was the preparation of
nanosi zed titanium-zi nc and titanium-cadmium com-
posites having high specific surface, showing ad-
sorption and photocatal ytic activity to pollutants of
different classes, aswell as studying physic-chemi-
cal parameters of the obtained samples and estab-
lishing influence of adsorption properties on photo-
catalytic activity of titanium-zinc and titanium-cad-
mium composites.

MATERIALAND METHODS

Compositeprepar ation

Oxide titanium-zinc and titanium-cadmium
nanocomposites were obtained through calcination
of mixturesof titanium (1V) tetrabutoxide (Aldrich)
(30), citric acid (0.06 g), castor oil (2 ml) as well
asZnO or CdCl, (0.51 and 1.5 g, respectively). The
obtained samples 1ZnO/TiO,, 2ZnO/TiO,, 3ZnO/
TiO, and 1Cd/TiO,, 2Cd/TiO,, and 3Cd/TiO, were
prepared by the annealing of mixture at 500°C dur-
ing 2 hinthe presence of air oxygen. Before anneal -
ing, mixture was carefully stirred to yield uniform
mass. In addition, the TiO, sample was prepared
using the above procedure without additionsof ZnO
or CdCl...

Photocatalystschar acterization
X-ray phase analysis was performed using
lesical CHEMISTRY  commm—

diffractometer Dron-4-07 (Russia) at CuK  radia-
tion (with copper anode and nickel filter) in reflec-
tion beam and the Bragg—Brentano registration ge-
ometry (20 = 10-70°). Average crystallite size was
determined using broadening of the most intensive
band by means of the Debye-Scherer equation(*®: D
= 0.90/B-cos®, where 0.9 is constant, A is wave-
length, nm. Crystalline sizeswere determined using
the most intensive peaks characteristic.

Optical absorption spectra of powders were
measured using the Perkin-Elmer Lambda Bio 35
spectrophotometer in therange between 200 and 1000
nm which allows oneto convert data of correspond-
ing spectrawith the help of the Kubelka-Munk equa-
tion. The band gap value (Eg) was calculated ac-
cording to*® using the following formula: E, =
1239.8/A where A (nm) is wavelength of spectrum
origin.

The values of specific surface (Ssp) of the
samples as well as distribution of pores by volume
were determined using Quantachrom Novawin2 de-
vice. The specific surface of the sampleswas deter-
mined from isotherms of nitrogen sorption-desorp-
tion using the Brunauer—Emmet—Teller (BET) ap-
proach?, The pore radius (R) and the pore volume
(V,,) were cal culated from the desorption branches
of the isotherms using the Barret—Joiner—Halenda
method?Y.

Photocatalytical experiment

Photocatal ytic activity of sampleswasevauated
by rate constants of destruction (k) of several model
pollutants. Thesewere cationic dyessafranine T (SF)
(C=0.03g/l) and methylene blue (MB) (C=0.03 g/
), anionic dye tetrachlorofluoresceine (TCF) (C =
0.09 g/l), cationic surfactant tetradecylpiridinium
chloride (TDPC) (C = 0.09 g/l), as well as potas-
sium dichromate (PD). In particular, dichromate an-
ions are highly toxic and carcinogenic pollutants
contributed by industrial processeslike electroplat-
ing chemical processes, dye production, leather tan-
ning. The reduction of Cr (VI) to Cr (1) is favor-
able to decrease toxicity, aswell asto precipitation
of chromium compoundsin basic mediums,

Beforeirradiation, catalyst suspension (2g/l) in
agueous substrate solution was | eft to stand in dark

A udian Joannal



PCAIJ, 10(6) 2015

T.A.Khalyavka et al.

187

up to achieve adsorption equilibrium.

The irradiation of agueous solutions of dyes,
surfactant and dichromate anion was performed us-
ing low pressure UV lamp BUV-30 (Ukraine) with
power of 30 W in quartz reactor in the presence of
air oxygen.

Concentrations of the substrates were measured
spectrophometrically in the course of experiment
using Shimadzu UV-2450 spectrophotometer at A =
520 nmfor S, A =610for MB, A =510 nmfor TCF,
A =260 nm for TDPC and A = 350 nm for dichro-
mate anion. Photocatalytic rate constants for the
model compounds were calculated using the first
order kinetic equation.

RESULTSAND DISCUSSION

Crystalline structure of the samples was inves-
tigated using X-ray phase method (Figure 1). The
study of diffraction patterns and corresponding 20
values for diffraction peaks proved the presence of
anatase phasein al the samples. Thus, diffractogram
of titanium dioxide sample shows intensive peaks
20 = 25.5, 37.8, 40.0, 54.0 and 55.0 which belong
to anatase phase (Figure 1, @). The same phase was
detected for the composite samples. Our samples
show peaks 20 = 27.4, 41.2 which belong to rutile
phase. Thisresult isin contradiction with theworks
by Antonelli et al. and Kim et a.?2 2 who allege
that various additives prevent the anatase-rutile
phase transition during titanium dioxide production.

Diffraction peaks intrinsic for rutile are more
intensivefor zinc- and cadmium-conta ning materi-
as (Figure 1, b, and c). Our results agree with the
dataof Xu et a. and Smirnovaet a.?*2 who found
that Cd, Au, Mn and Ag additives promotethe crys-
tallization of powders and assist the anatase-rutile
transition. Rutile phase in zinc- and cadmium-con-
taining samples was aso found by Andronis et al.,
Houskovi et al., and Ptashko et al.['6:26 27, |t was
found that zincite phase (ZnO) with 20 = 36.2, 56.6
(Figure 1, b) ispresent in the zinc-contai ning materi-
as. Thisagreeswith thedataobtained by the authorg®.

Absorption bands of the composites were blue
shifted compared to pure TiO,. Thisresult indicates
that the distribution of zinc oxide in the ZnO/TiO,
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composite is uniform and aso corresponds to lit-
erature datd® 1. The largest shift is observed for
powder with the highest zincite content.

In contrast to the work!® we had not found inten-
sive peaks characteristic of zinc titanates. Cadmium
titanate phase is present in cadmium-containing
samples (2Cd/TiO,, 3Cd/TiO,). Thisphase had been
found also in work!9,
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Figure 1: X-ray patterns: TiO, (a), 2ZnO/TiO, (b), 2Cd/
TiO, (c)
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Figure 2 : Isotherms of nitrogen sorption-desorption
obtained at 20°% for samples: a- 1-TiO,; 2-2ZnO/TiO,;
3-3Zn0O[TiO,, a- 1- 2Cd/TiO,, 2- g, 3 - 1Cd/TiO,

Crystallite size in agglomerates of titanium di-
oxide calculated with the help of Debye-Scherer
equation are 9.5nm. Their valueincreasesup to 10-
11 nminthe case of composite samples, becausethe
presence of modificators accel erates titanium diox-
idecrystalization and increases crystallite size. That
is consistent with the literature data?®. The size of
zincite crystallitesis 10.1 nm.

The study of nitrogen sorption—desorption iso-
thermsat 20°C for the synthesized samples demon-
strated that the obtained materials havetypelV iso-
thermswith H2 hysteresisloopsin all the cases (Fig-
ure 2) that i ndi cates mesoporous powder structure?,
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Figure 3 : Pore size distribution for the obtained
samples: a: 1 - TiO,, 2 - 1Zn0O/Ti02, 3 - 3ZnO/TiO,; g
: 1- TiO,, 2 - 2Cd/TiO,, 3 - 3Cd/TiO,)
smaller values as zincite and cadmium amount in
the samplesincreases (Figure 3).

In contrast with!? our samples have higher spe-
cific area, poreradiusand porevolume (TABLE 1).

Specific surface of composite samplesincreases
in1.5-2.5 times as compared with pure titanium di-
oxide. The 2ZnO/TiO, and 3ZnO/TiO, samples are
characterized by the highest Ssp. Thepresenceof zin-
citeinthe samplesfavoursfurther pore growth from
0.12t00.15 cm?®/g. In the case of cadmium-contain-
ing samples pore volume is almost the same. The
average pore radius for modificated samples de-
creases ascompared with puretitanium dioxide (4.87
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TABLE 1 : Samples characteristics

Sample S, Mg R, nm Vior, CM¥/g E, eV
TiO, 50 4.87 0.12 3.45
1ZnOITiO, 80 3.53 0.14 3.35
2ZrOITiO;, 127 2.36 0.15 3.42
3ZnoITiO;, 139 2.16 0.15 3.46
1Cd/Tio, 94 4.13 0.12 3.38
2 Cd/TiO, 71 4.36 0.11 3.43
3 Cd/TiO, 86 41 0.11 3.39
TABLE 2 : Rate constants of photocatalytic destruction (k,x10% s) and sorption values (a, %) of the investigated
substances
Substrate S MB TCF TDPC PD
Photocaadyst Ky a Ky a K a kd a kd a
— 0.03 — 0.06 — 0.61 — 0.09 — 0.09 —
TiO> 011 76.5 0.20 714 0.83 64.7 0.12 230 012 230
ZnO 0.04 3.00 0.03 110 0.80 2.00 0.10 200 0.10 2,00
1ZnOITiO, 047 38.5 044 293 271 34.0 0.26 380 0.26 38.0
2Zn0ITiO;, 092 63.27 1.38 66.5 1.37 31.3 0.16 26.0 0.16 26.0
3ZnfTio, 0.65 52.4 021 188 3.14 43.9 0.36 45.0 0.36 45.0

nm): for zinc-containing samples it equals to 2.16
nm and for cadmium contai ning samplesto 4.1 nm.

The band gap value of all modified samplesis
close to the value typical for pure titanium dioxide
(TABLE 1). Dopant amount does not affect gap val-
ues.

Sorption equilibrium in the photocatal yst—sub-
strate system is established within 1 hour for the
case of dichromate anion and TDPC, within 2 hours
for SF and MB, and within 0.5 hour for TCF. The
highest adsorption activity was found for titanium
dioxide samplein spite of the smallest specific sur-
face. Thiscan be connected with the presence of the
pores with the highest radii (TABLE 1) which take
part in adsorption process.

Irradi ation of aqueous solutions of dyesand sur-
factantswas performed at neutral pH, whereas pho-
tocatalytic reduction of dichromate anion was per-
formed at acid pH. The value of pH=2 was sel ected
according to the results obtained by Hongxiang et
al.» who showed that the adsorption of Cr (V1) ions
on titanium dioxide surface decreases as aresult of
pH increasing that is explained by changing of the
adsorption ability in the series of various Cr(VI)
ionforms(dichromateion-hydrochromate—chromate
ion) at different pH on TiO, surface. Moreover, pH

change affects physic-chemical properties of pho-
tocatalyst surface. According to Fujishimaet al. and
Hoffmann et al .*% 31 jsoel ectric point of titanium di-
oxide is situated at pH=6-6.5. At pH below this
valuetitanium dioxide surfaceis charged positively
which is favourable for Cr,0.* anion adsorption,
while increase of pH leads to negative charge of
titanium dioxide surface, resulting in decrease of
anion adsorption.

Rodenas et al.*3 showed that Cr,O.* anion can
be chemisorbed on titanium dioxide surface. The
main adsorption centers are protonated hydroxyl
groups of titanium dioxide surface and non-dissoci-
ated surface hydroxyl groups. The scheme of adsorp-
tion equilibrium inthe system potassium dichromate
solution-titanium dioxide in acid medium can be
presented as follows:
=TiOH + H* + HCrO,” > =TiOH," ...HCrO, (physical
adsor ption);
=TiOH,"... HCrO, > =Ti-O- CrO, + H,0 + H* (chemi-
cal adsor ption)Ez34,

The UV irradiation of the agueous solutions of
MB, SF and potassium dichromate by PRK-1000
lamp without photocatalyst does not change essen-
tially their absorption spectra. In the case of TCF
dye concentration decrease was observed, but com-
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TABLE 3 : Rate constants of photocatalytic destruction (k,x10% s™) and sorption values (a, %) of the investigated
substances
Substr ate SF MB TCF TDPC PD
Sample kq a kg a ka a ki a ka a
— 0.03 — 0.06 — 0.61 — 0.09 — 0.09 —
TiO, 011 765 0.20 714 0.83 64.7 012 230 012 230
1Cd/ITiO, 0.81 63.8 048 20.6 138 747 022 7.86 0.22 7.90
2CdITiO, 0.77 55.6 0.59 400 145 94.4 0.26 8.60 0.23 15.6
3CdITiO; 0.60 50.3 0.24 122 0.74 89.3 017 3.00 017 15.0

plete destruction did not occur. The presence of pho-
tocatalyst during irradiation resultsin complete dye
destruction and transformation of Cr (V1) into Cr
(111). Thus, aqueous K ,Cr,O, solutions being irradi-
ated show decreasing absorption band of dichro-
mateion at 350 nm and emergence of anew band at
550 nm which is characteristicfor Cr (111) ions. Re-
action rates of photoreduction and photodestruction
depend on the composition and structure of
photocatalysts (TABLES 2 and 3).

As opposite to works'> ¥ TiQ, in these reac-
tionsdemonstrated higher photoactivity as compared
to zinc oxide (TABLE 2), athough the authors of
papert™ found higher zinc oxide activity in the reac-
tion of methyl orange photodestruction.

In al the cases composite samples demonstrated
higher photocatalytic activity (TABLES 2 and 3). This
agrees with the results of the authorg®-11 16,17 and 35,

Increase of the photocatal ytic activity of the com-
posites was explained by the authorg through in-
teraction between ZnO and TiO,. They argue that
chemical interaction between ZnO and TiO, in the
form of the Zn—-O-Ti bond may affect the
photoefficiency of binary oxide catalysts.

Enhanced photocatal ytic activity for these mate-
rials as compared with pure oxides can also be ex-
plained by both the rise of specific surface and the
appearance of new types of acid centerd®! which
can favour substrate adsorption on photocatal yst sur-
face. One can see from TABLES 2 and 3 that the
rate constants of photoreactions increase with in-
creasing amount of adsorbed substance. The highest
photocatalytic ability in thereactions of SFand MB
destruction was demonstrated by 2ZnO/TiO, sample.
The 3ZnO/TiO, sample was more active in the re-
actions of dichromate anion photoreduction and of

Physical CHEMISTRY o

TCF and TDPC oxidation. In all cases vaues of k
and adsorption correlate which is the evidence that
the molecul es adsorbed on powder undergo photo-
catalytic destruction (TABLE 2).

Of al thecadmium-containing samples 1Cd/TiO,
sample demonstrated the highest photocatal ytic abil-
ity in the reactions of CF destruction, while 2Cd/
TiO, sample was more active in other cases.

In the case of anionic TCF dye the highest ad-
sorption activity was shown by cadmium-contain-
ing samples that can be connected with their struc-
ture characteristics (TABLE 1).

Dichromate anion and TDPC are better adsorbed
on zinc-containing samples among which the 3Zn/
TiO, sample was the most active that can be con-
nected with the emergence of new acid adsorption
centers on the surface of zinc-containing compos-
ited?l. In all the cases zincite showed the lowest
adsorption activity. Comparing the activity of al the
composites under study one can see that zinc-con-
taining samples are more active in al the investi-
gated reactions.

Increase of k, for composite materials as com-
pared to pure oxides is connected not only with the
enhancement of specific surface and with the ap-
pearance of acid centers of new type that are
favourablefor adsorption and further destruction of
adsorbed molecul es, but also with thefact that charge
separation during UV irradiation can increase on
interface boundaries between TiO, and ZnO phases
as well as between TiO, and cadmium-containing
phase.

CONCLUSIONS

Zinc and cadmium-contai ning composite mate-
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rials based on titanium dioxide were synthesized,
their specific surface being higher than that of pure
TiO,. X-ray analysis supported the presence of ana-
tasein all the synthesized samplesaswell asof zin-
cite phase in zinc-containing composites. Compos-
ite materials demonstrated high photocatalytic and
adsorption activity relative to dyes, surfactant and
dichromate anion which is connected with increas-
ing specific surface and emergence of acid centers
of new type®. In addition, interaction between TiO,
and ZnO phases as well as between TiO, and cad-
mium-containing phase can increase charge separa-
tionon UV irradiation™. Therate constants of pho-
tocatalytic reactions increase as the amount of
adsorbed substrate increases. This fact points out
that adsorbed moleculesreact first.
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