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ABSTRACT

Titania nanoparticles were synthesized by sol-gel technique with and with-
out the addition of surfactant. Two types of surfactants were used as par-
ticle size inhibitors: Cetyltrimethylammonium bromide (CTAB) and
polyvinylpyrolidone (PVP). The sampleswere characterized and their pho-
tocatalytic activity was measured and compared to Degussa P-25
nanopowder. Results showed that the prepared nanoparticles show differ-
ent particle size, particle size distribution and phase composition. Samples
prepared by using CTAB as surfactant reveal pure anatase phase structure
with uniform size distribution of about 13 nm, while samplesprepared with-
out the introduction of surfactant and those prepared by using PV P expose
abi-phase structure with different rutile concentration and particle size dis-
tribution. The highest degradation efficiency was obtained by the photo-
catalyst prepared with PV P as surfactant; while the lowest degradation effi-
ciency was obtained by the photocatalyst prepared using CTAB. The bi-
phase powders show higher degradation efficiency compared to pure ana-
tase phase powders, probably due to a synergetic effect between anatase
and rutile powders, which enhances the electron-hole separation and thus
increases the photocatalytic activity.
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Semiconducting nanocrystalline materialsare of
great interest dueto their unique properties. Among
thesemateridss, ultrafinenanostructured materia swith
crystallite sizessmaller than 100 nm and high surface
areas have attracted much attention dueto their un-
usua optical, eectrica, and catalytic properties. It was
reported that decreasing the particle size of the
nanomateria |eadsto an enhancement inthe catalytic

activity becausetheoptical band gap iswidened dueto
the quantum size effect, combined with theincreased
surface ared™®.

Recently, strong efforts have been madeto develop
meta oxide semiconductor material swith active opti-
ca properties, for enhanced optoel ectronic, and pho-
tocatal ytic applications. Asan n-type semiconductor
with awide energy band gap, titanium dioxide (TiO,)
has been extensively used in avariety of applications
such assolar energy conversion, photocatalysisand gas
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sensing because of itshigh photocatal ytic activity, ex-
cdllent optica transmittance, high refractiveindex and
chemical gebility™. TiO, hasthreemain crystal phases:
anatase; rutile and brokite*12, Among these phases,
anatase phase, which is ameta-stable phase, isalso
chemically and optically active proved to be suitable
for photocatalyst. Anatase TiO, isal so knownfor its
ability to act asan e ectrode material for light-sensitiz-
ersindye-sendtized solar cdlls, whereit wasfound that
photo-el ectrodes prepared using anatase phase TiO,
resultsin better photoconvers on efficiency compared
to other crysta structuresduetoitshigh photoactivity
(13141 Rutile phaseisknown aswhite pigment because
of itshigh scattering effect which leadsto protection
fromtheultraviolet light.

Thephotocataytic activity isconsidered asanim-
portant characteristic of TiO,. According to the prin-
ciplesof semiconductor TiO, photocatays's, the pho-
tocata ytic activity ismainly dependent onthee ectron-
hole generation capacity, electron transfer route and
separation efficiency of photo-generated charge
paird®. Generdly, theoptical and eectrical properties
of TiO, nanoparticles depend strongly onthemorphol-
ogy, particlesize, particlesizedistribution, phase com-
position, surfaceareaand porosity of the resultant ma-
terial. Thereforethe precise control of thesefactorsis
of basicimportance for determining the properties of
thefinal materid. Inrecent years, awidevariety of tech-
niques have been developed to produce TiO,
nanoparticleslikehydrotherma methodinwhichamor-
phous TiO, , TiCl, or TIOCI,, agueous solution are
used®*. TiO, nanoparticles can al'so be produced by
hydrolysis of titanium compounds, such astitanium
tetraisopropoxide(TTIP), titaniumtetrachloride (TiCl )
or titanium alkoxides (Ti(OR)4)1*819, However, using
chlorine contai ning starting materia sor organicligand
usualy resultsin theresidue containing chlorineor car-
bonintheas-prepared powder which limitsthe use of
the product for different gpplicationsand can aso have
someenvironmental impact. Thesol—gel technique has
been regarded asan excellent method for the synthesis
of nanosized metal oxides and has been widely em-
ployed for the preparation of TiO, nanoparticles. One
of the advantages of sol-gel techniqueisthat the par-
ticlessze, shapeand crystdline phase can be controlled
by the addition of surfactants during the preparation
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The ultimate goal of this study isto enhancethe
photoactivity of TiO, nanoparticlesthrough the manipu-
lation of particle shape, sizeand crystal structure by
using different surfactant types. In thisstudy, different
TiO, nanoparticleswere prepared through the sol-gel
technique at room temperature with and without the
introduction of surfactantsand acompari son between
themorphologica structureand photocatal ytic activity
of the synthesized nanoparticleswas performed.

2.EXPERIMENTAL

2.1. Materials

Tetrabutyl titanate (C ;H,,O,Ti) wasused asthe
precursor compound for the sol-gel process.
Cetyltrimethylammonium bromide (CTAB) and
polyvinylpyrolidone (PV P) were used as surfactants.
All chemicd sand sol ventswere purchased from Shang-
ha Chemicd Reagent Company (China) andwereused

without further purification.
2.2. Preparation of TiO, nanoparticles

Threesamplesof TiO, nanoparticleswere prepared
by the sol-gd technique. Thefirst sample(whichwill be
denoted hereafter as CTAB-TiO,) was prepared by
using CTAB as surfactant. The typical processisas
follows: 23 ml of tetrabutiletitanate was added to 23m
of ethanol andtheresulting solution (sol. 1) wasstirred
for 30 minutes. 0.3g of CTAB wasdissolvedin 23 ml
of ethanol, then added to 18g of 4.4M HCI agqueous
solution and stirred for 15 minutes (sol. 2). Sol. 2 was
added dropwiseto theformer solution (sol. 1) under
vigorous stirring at room temperature. Theresulting
mixturewas held for hydrolysisin anincubator at 40
oC for 4 days. The obtained gel wasthen milled and
anned ed at 600°C for 2 hourswith heating and cooling
rates of +20°C. The second sample (PVP-TiO,) was
prepared following the sameroute, but by using PVP
instead of CTAB as surfactant. For the comparison
purposes, athird sample (N-TiO,) was prepared with-
out using any surfactant.

2.3.Characterization
Thecrystal phase composition of thesampleswere
characterized by powder X-ray diffraction (XRD; D/
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max-RB) using aBruker D8 diffractometer with Cuka.
radiation (A =0.154178 nm). XRD patternswere ob-
tained for the 20 range 20-80° by step-scanning with a
step size of 0.06°C. To determinetheaverage crystal-
litesize, peak broadening analysiswasapplied to ana
taseand rutilediffraction pesksusing Scherrer’s equa-
tion. Themorphol ogy and grain size of thetitaniapar-
ticleswere examined by scanning € ectron microscopy
(SEM, JEOL JSM-6700F). The powder sampleswere
ultrasonically dispersed in ethanol and transferred onto
carbon-coated copper gridsfor thetransmission elec-
tron microscopy (TEM, JEOL,, JEM-2010F).

2.4. Photocatalytic activity measurements

Thephotocataytic ectivitiesof thesynthesi zed TiO,
powderswere eva uated by measuring the decomposi-
tion rate of methyl orange (M O) at room temperature,
and compared withtheactivity of thecommercia TiO,
powder (P-25, Degussa). 0.08g of the sample powder
was ultrasonically dispersed in 80 ml of agueousMO
solution with the concentration of 20mg/L a thenaturd
pH vaue. Themixturewasplaced inan ultrasonic bath
for 10 minutesto form asuspension andthenwasplaced
inthedark under continuous magnetic stirring. A UV-
lamp (A = 360 nm) wasfixed about 20cm above the
surfaceof thesolution aslight sourceand smdl quanti-
ties of the solution werewithdrawn after variousreac-
tion times (0, 5, 15, 25, 40 and 60 minutes). Each
sampl e solution was centrifuged at 4000 rpm for 10
minutesin order to separatethe catal yst particlesfrom
the solution. The absorption spectra were recorded
between 200 and 800 nm using aUV-vis spectropho-
tometer and theresidual concentration of MO wasde-
termined by measuring the maximum absorption peak
vaueof each samplesolution at approximeately 464 nm.

3.RESULTSAND DISCUSSION

3.1. Characterization results

Figure 1 showsthe X-ray diffraction patterns of
TiO, nanoparticles prepared with different surfactants.
Thediffraction peaksin al samplesobviously corre-
spond to crystallinetitanium dioxide of either anatase
or rutile phase.

The XRD pattern of the nanoparticlesprepared by
using CTAB assurfectant (CTAB-TIO,) exposeasimilar

TABLE 1: Average particle sizes of samples calculated by
Scherrer’sequation

Average particle Crystal structure

Sample

size (nm) Phase  Rutile (%)
CTAB-TIiO, 13 anatase 0
PVP-TiO, 17 anatase/rutile 28
N-TiO, 28 anatase/rutile 20
P-25 21 anatase 0
{a) PuR-TIO,
| B WIS
it} CTAS-TIO
| (g} P-23 )
3 |
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§0) ala i "
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Figurel: X-ray diffraction patternsof TiO, nanoparticles

prepared with differ ent surfactantscompar ed with Degussa

P-25nanopowder

T
0 15 W0 =

crysalinesructuretothecommercid TiO, nanopowder
(P-25) with pure anatase phase (figure 1(c) and (d)),
whilethe patternsof the samples prepared without the
addition of surfactant (N-TiO,) and those prepared by
using PVPassurfactant (PVP-TiO,), both show crys-
talinestructureswith mixed phase of anataseand rutile
crystals(seefigure 1 (a) and (b)). The phase compos-
tion of these sampleswas cal culated from the equa-
tion;

-1
Xg=1- [1+ 1.26 ['—RH @)
I A

where X . isthe weight fraction of rutilein the mixture, and I ,
and |, are the peak intensities of the rutile (110) and anatase
(101) diffractions, respectively and the results are listed in
TABLE L

Theaverage particlesize of crystalline TiO, was
roughly estimated by cal cul ation from thewidth of the
XRD pesksusingthe Scherrer equation:

kA
= 2
Bcoso
wherek isaconstant (0.94), A isthe XRD wavelength,  isthe

D
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Figure2: SEM imagesof TiO, nanoparticles prepared
withand without different surfactants: (@) CTAB-TiO,, (b)
PVP-TiO,, (c)and (d) N-TiO,

:EEH - - y
Figure3: TEM micrographsof TiO, nanoparticlespre-
pared with and without different surfactants. (a) CTAB-
TiO,, (b) PVP-TiO,, (c) N-TiO, and (d) P-25*4

corrected half-width of the strongest diffraction peak and 0 is
the diffraction angle. The average particles size of the pow-
ders, CTAB-TiO,, PVP-TiO,, N-TiO, and P-25 are summarized
inTABLE 1.

FromthisTABLE, it isapparent that the presence
of both surfactantsresulted in decreasingthesizeof the
formed nanoparticles, dthough CTAB showsabetter
ability in decreasing the nanoparticlessizecompared to
PV P. Thiscan beascribed to thefact that the surfactant
moleculesforman organic shell oneach sngleparticle
preventing the coa escence of the nanocrystalsand the
growth of bigger particlesby reducing the surfaceten-
son, i.e. it providesacage-likeeffect that limitsparticle
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nucleation, growth and agglomeration. Inthissense, the
CTAB which has ashorter chain length seemsto be
moreeffectivethan PV P, probably dueto abetter coat-
ing of the particles®!,

Figure 2 shows the SEM images of TiO,
nanoparticles prepared with and without the addition
of surfactants. Large aggregates of fine particleswith
an average particlesize of about 13 nmand auniform
particdesizedigribution wasobserved insample CTAB-
TiO, (Figure 2(a)). Sample PVP-TiO, shows a
mesoporoussructurewith porediameter of about 10nm
andardaivdylargepatideszedidributionintherange
between 15-35 nm as can be seen from figure 2(b).
The sample prepared without the presence of any sur-
factant (N-TiO,) showsasimilar aggregated structure
to CTAB-TiO,, however, thesamplea so showsavery
large particlesizedistribution in therange between 20-
50nm (seefigure 2(c) and (d)). This broadened par-
ticdesizedistributionin PVP-TiO, and N-TiO, samples
can be attributed to the biphase structure of anatase
andrutilecrystalsexistingin both samples.

Inorder to confirmthemorphologica structureand
identity of theresulting products, TEM analysiswas
performed for all samples. The TEM micrographs of
the three samples (CTAB-TiO,, PVP-TiO, and N-
TiO,) areshowninfigures 3 (a-C) respectively. Figure
3(d) presentsthe TEM micrograph of thecommercia
P-25 (Degussa) nanopowder. Thenanoparticlesizeand
particlesizedistribution show agood agreement with
the SEM analysis.

The selected area electron diffraction (SAED)
andydsshowsapolycrysdlinestructurefor dl samples,
asindicated by thering patternin theinset of eachim-
ageinfigure3. Thelattice spacing (d) was cal culated
for al produced nanopowders and was found to be
0.350nm and 0.356 nm for the CTAB-TiO, and PV P-
TiO, sampl esrespectively, which correspondsto the
anatase phase (101) according to the pdf card num-
ber[21-1272]. Thecalculated | attice plane spacing for
theN-TiO, wasfound to have avalue of about 0.325
nm corresponding to the rutile phase (110) according
tothepfd card number[21-1276].

Theseresultsmatch well with the phase composi-
tion cal culations made by equation 1. Although the
phase composition cal culated from equation 1 showsa
biphase structurefor N-TiO, and PV P-TiO, samples,
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Figure4: UV-visabsor ption spectraof M O/photocatalyst
sampleswith different reaction timeunder UV irradiation
for thesamples: (a) CTAB-TiO,, (b) PVP-TiO,, () N-TiO,
and (d) P-25

but the cal cul ation of the phase composition fromthe
SAED pattern can only show the composition of the
dominant phase, whichis90%rutile phasefor N-TiO,
sample and 72% anatase phase for the PVP-TiO,
sample(seeTABLE1).

CTAE-TIC
A —— PE-TID,
—— N-TID!
e F-25

Relative Conc. (C/Co)

-
n

o4 « md

[rradiation time (min)
Figure5: Photocatalytic degradation of MO on various
TiO, photocatalysts(original M O concentration: 20 mg/
L ; photocatalyst concentration: 1 g/L)

3.2. Photocatalytic degradation of MO

The photocataytic activity of the synthesized nano
powderswas studied by investigating the degradation
of methyl orange (MO) in the presence of the CTAB-
TiO,, PVP-TiO,, N-TiO, and P-25 photocatalysts at
varioustimeintervas. Figure 4 showsthe UV—vis ab-
sorption spectraof MO on different photocatd ystiswith
different reactiontimeunder UV irradiation. Fromthis
figureit was observed that the concentration of MO in
all reaction systemsdecreaseswith the photocatalysis
processingtime.

Figure 5 showsthe Photocatal ytic degradation of
methyl orangeon different photocata ysts. Observations
show that the photocata ytic activity varieswith thetype
of the photocatalyst. The highest degradation efficiency
was reached with the photocatalyst PV P-TiO,, while
the photocatalyst CTAB-TiO, showsthelowest deg-
radation efficiency, dthoughit containsthesmalest par-
ticegze.

The photocata ytic degradation of methyl orangeis
supposed to follow the pseudo first-order reaction ki-
neticswhich can beexpressed asfollows:

In(%) =kt €)

where k is the reaction rate constant, C; and C are the initial
concentration and the reaction concentration of methyl or-

ange, respectively.

Thereaction rate constant was cal cul ated for the
different photocatd ystsusing equation 3 and theva ues
arelistedinTABLE 2.
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TABLE 2 : Reaction rate constants for the different
photocatalysts

Sample Reaction rate constant k (min™)
PVP-TiO, 0.05938
N-TiO, 0.04597
P-25 0.03922
CTAB-TiO, 0.03725

Accordingtothepseudofirst-order kinetics, it was
observed that the photocatd ystswith the bi-phase struc-
ture (PVP-TiO, and N-TiO,) show higher reactionrates
compared to the pure anatase phase photocatalysts
(CTAB-TIO, and P-25). This can be ascribed to the
synergetic effect between the anatase and rutile
nanoparticles, which enhancesthe e ectron-hole sepa-
ration and thusincreasesthe photocatal ytic activity!?2),
Similar behavior has been reported for bi-phase TiO,
photocata ystsunder an optimum rutile/anataseratioin
different contaminantsincluding naphtha ene, hexane
and methanol. Ohno et al.! reported that bi-phase
powder showshigher activity than pureanataseor pure
rutile powder in naphthal ene, which they attributed to
the synergetic effect between anatase and rutile pow-
ders, assuming that rutile particlesareresponsiblefor
theoxidetion of ngphtha ene, whiletheanatase particles
areresponsiblefor the reduction of oxygen.

Wu et al ¥ reported that the photocatal ytic oxida-
tion of hexane and methanol in TiO, nanoparticlesis
dependent on the phase compoasition of the photocata
lyst, where an optimum anatase/rutileratio (85-88/15-
12) isessentid to attain higher photocatd ytic efficiency
for thebi-phase photocatalyst. However, Yang et d .17
reported that the photocatal ytic activity of bi-phase
powder containing 65% rutile phasein methyl orangeis
inferior to pure anatase phase TiO, powder.

Theseresultsilluminatethat the use of surfactants
doesnot always enhance the photocataytic activity a-
though it may improve the size of the synthesized
nanoparticles. In addition, the photocatal ytic activity
depends on many complicated factorsincluding the
paticlesze, specific surface area, particlesize distri-
bution, porosity and phase composition, which should
beinterconnected to each other. However, the crystal
structure, the change in the band gap, and the elec-
tronic state arethe most important variablesin deter-
mining the photocatal ytic activity.
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CONCLUSION

Titaniumdioxide(TiO,) nanoparticlesweresynthe-
szed by sol-ge techniquewith and without theaddition
of surfactant. Cetyltrimethylammonium bromide
(CTAB) and polyvinylpyrolidone (PVP) wereused as
particlesizeinhibitors. Characterization resultsshowed
that the prepared nanoparticlesshow different particle
Sizes, particle s zedistribution and phase composition.
Samples prepared by using CTAB assurfactant revea
pureanatase phase structurewith uniformsizedistribu-
tion of about 13 nm, while samples prepared without
theintroduction of surfactant and those prepared by
using PV Pshow abi-phasestructurewith different rutile
concentration and particlesizedistribution. The photo-
catalytic activity of the prepared powdersin methyl or-
ange was measured and compared to that of Degussa
TiO, nanopowder. Thehighest degradation efficiency
was obtal ned by the photocata yst prepared with PVP
assurfactant; whilethelowest degradation efficiency
was obtained by the photocatalyst prepared using
CTAB. The bi-phase powders show higher degrada-
tion efficiency compared to pure anatase phase pow-
ders, dueto asynergetic effect between anatase and
rutile powders, which enhancesthe d ectron-hole sepa-
ration and thusincreasesthe photocata ytic activity.
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