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Abstract

Pure anatase-Tihanoparticles with 8 nm average crystallite size was synthesized hydrothermally’&t 20®h. The structural and physico-
chemical properties of nano-Tj@vere determined by powder XRD, FT-IR, BET and SEM analyses. The behavior of anatase nairoe@i@lytic
degradation of Rhodamine B (RB) dye in transparent nang-$@under UV-light was examined as a function of irradiation power of UV-light,
irradiation time, amount of nano-Ti&nd initial RB concentration in the sol. Rhodamine B was fully degraded with the catalysis of the ngno-TiO
in a short time as low as 60 min. Photocatalytic activity of the nang-Té®degradation of RB was compared with Degussa P-25 at optimum
catalysis conditions determined for the nano-Li@was found that, when compared to Degussa P-25, the nanoetidd be repeatedly used
with increasing photocatalytic activity. It was found that the photodegradation obeys the pseudo first-order reaction kinetics with the nate consta
of 0.0658 mirtt, and the half period;, was 10.53 min.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ular photocatalyst, Ti@particle has long been investigated in
environmental purification, decomposition of dyes in wastew-
One of the major sources of environmental contamination igter[10-12] Anatase, brookite and rutile are three crystalline
dyestuff that mainly comes from the textile and photographidorms of TiQ, and anatase-Ti©has attracted more attention
industrieg1-3]. Within the overall category of dyestuffs, Rho- for its vital use as pigmentfl3], gas sensorfl4], catalysts
damine B dye (RB), one of the most common xanthene dyeg15,16], photocatalystfl7—19]in response to its application in
is famous for its good stability as dye laser materjd]sit has  environmental related problems of pollution control and photo-
become a common organic pollutant, so the photodegradatioroltaics[20]. The catalytic and other properties of these mate-
of RB is important with regard to the purification of dye efflu- rials strongly depend on the crystallinity, surface morphology,
ents. Photocatalytic degradation of several organic contaminangarticle size and preparation methods. The increased surface
using large band gap semiconductor particles (suchags Zitld  area of nanosized titania particles may prove beneficial for the
and WQ) have been studied extensivgby5,6] These contam- decomposition of dyes in aqueous media. Ai@nopatrticles in
inants presentin an agueous suspension of Tdd be degraded powder have real advantages in relation to photocatalytic activ-
with ultraviolet and visible lighf7—9]. As one of the most pop- ity. In order to do this, different preparation processes have been
reported, such as sol—gel proc¢®%], hydrolysis of inorganic
salts[22], ultrasonic techniqui23], microemulsion or reverse
* Corresponding author. Fax: +90 422 341 0042. micelles and hydrothermal proceg¢l—-26] Polar or non-polar
E-mail address: hsayilkan@inonu.edu.tr (H. Sayilkan). different solvents have been used in this process. Except the
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hydrothermal process, in these processes, high calcination teraecording to the Scherrer’s equation. The surface morphology
perature above 45 is usually required to form regular crystal of TiO2 was examined by a LEO EVO 40 Model scanning elec-
structure. However, in the meantime, the high temperature treatron microscope (SEM). The BET surface area, average pore
ment can decline the surface area and lose some surface hydroxighmeter and micropore volume of the nano-Tigarticle was

or alkoxide groups on the surface of TiQvhich prevents easy calculated from the padsorption isotherm at liquid Ntem-
dispersion. Thus, in this work, the hydrothermal process waperature using ASAP 2000 model BET analyzer. The sample
selected to synthesize nanosize crystallized, HOow temper-  was degassed at 13G for 4 h before N adsorption. Pore size
atures, which has been attractive to further improve the photddistribution of nano-TiQ@ was computed by DFT plus method.
catalytic activity of TiQ as catalysts. Compared with the other  Dye concentration in the solutions and mixtures before, dur-
TiO> powders, these Ti@nanoparticles have several advan-ing and after UV-irradiation was measured by a Schimadzu
tages, such as fully pure anatase crystalline form, fine particl&601 model UV-vis spectrophotometer. C and H elements in the
size with more uniform distribution and high-dispersion eithernano-titania particle were analyzed by using element analyzer.
in polar or non-polar solvents, stronger interfacial adsorptioriJV-irradiation was carried out by a Solar Box 1500 model radia-
and easy coating on different supporting material. Moreovertion unit with Xe-lamp and a controller to change the irradiation
the hydrothermal process including aqueous solvents as reatime and power input from 390 to 1100 Wth

tion medium is environmentally friendly since the reactions are

carried outin a closed system, and the contents can be recover2@. Preparation of nanocrystalline TiO» and

and reused after cooling down to room temperature. photodegradation experiments
In this work, photocatalytic activity of a nano-TiPwhich _
was hydrothermally synthesized at Z@within 2 h, was exam- Ti(OPr)4 was dissolved im-propanol. After stirring for

ined for degradation of RB in aqueous solutions and the results min at ambient temperatureggropanol-hydrochloride acid
were compared with commercially available Degussa P-25 TiOmixture was dropwise added into alkoxide solution by burette
at optimum catalysis conditions determined previously for theat the rate of 1 mlminl. After stirring for 5min, the mixture

nano-TiQ. of water--propanol was added into the last solution dropwise
by burette at the same rate. The mixture was stirred at ambient

2. Experimental temperature for 10 min. Sol-solution was then transferred into
a stainless steel Teflon-lined autoclave and heated &at@dr

2.1. Materials 2 h. The mole ratio of HO/Ti(OPY)4 and HCI/Ti(OPY)4 were 2

and 0.2, respectively. The as-obtained powders were separated
Titanium-iso-propoxide (Ti(OP)ys, 97%) purchased from through centrifugation and dried in a vacuum sterilizer &G0

Alpha was used as titanium source for the preparation of TiOfor 4 h. Thus, nanosized TiZrystallite powder was obtained.
photocatalyst. Hydrochloride acid from Merck (HCI, 37%) was ~ Before examining the photocatalytic activity for agueous
used as catalyst for alkoxide hydrolysis. Ti(@pand HClwere ~ degradation of RB, Ti@ sol was prepared. For this purpose,
used without further purificatiom-Propanol (Riedel de Haen, certain amount of Ti@ was just mixed with deionized water
99%) stored over molecular sieve (FIuka&XLS) was used as Without addition of any reagent, such as dispersants and the
solvent. Rhodamine B dye purchased from a local textile facmixture was ultrasonicaly treated for 10-15min. Meanwhile,
tory was of analytical reagent grade and used without furthegelf-dispersed and transparent nano-l$0l was obtained.

purification, which its chemical formula is presented as, For photodegradation experiments, required volume of
dye solution was added into the nano-i®ol. After the

temperature-constant sample preparation procedure and stabi-
lizing the UV-light at the necessary power input for 15 min, the
nano-TiQ/RB dye sol was poured into the glass reaction cell
which has 12 separate sample compartments and one cover and
the cell was immediately located in the Solar Box ready for
UV-irradiation inducing the photochemical reaction to proceed.
The nano-TiQ sol/RB solution was also transparent before and
after the degradation procedure. The decomposition of RB was
Degussa P-25 (Germany) TiQuith the BET surface area monitored by measuring the absorbency at 548 agp) and
of 50n?g~! and anatase to rutile ratio of 80:20 was useddegradation was quantified by detecting RB concentratign (
as received. Deionized water was used for the hydrolysis afiirectly in the sol before, during and after UV-irradiation. No
Ti(OPr)4 and for preparation of all sols and solutions. filtration or centrifuging was needed for the nano-7i§dl/RB
The crystalline phase of the hydrothermally synthesize@d TiO system after photocatalysis procedure and before UV—vis spec-
nanoparticles was analyzed by X-ray powder diffraction (XRD)trophotometric analysis, since it was already self-dispersed and
pattern obtained from Rigaku Geigerflex D Max/B diffrac- transparent, i.e. it does not contain any visible solid particles.
tometer with Cu ke radiation ¢ =0.15418 nm) in the region Photocatalytic activity of the nano-TiQvas compared with
20 =10-90 with a step size of 0.04 The crystallite size of the Degussa P-25 for degradation of RB at optimum catalysis con-
anatase particle was calculated from the X-ray diffraction peaklitions determined for the nano-TiCexcept that Degussa P-25

CH,CH, CH,CH,
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Fig. 1. XRD pattern of hydrothermally synthesized nanolpowder (the num-
bers above the major peaks correspond,iQ spaces).

TiO particles required to be removed from the system by filtra- | ™" EHT=1000kV — Signdl A=SEL  Date :16Dec 2004
) 1 X ) }—' Mag=250KX wWD=19mm
tion before UV-vis spectrophotometric analysis.
The nano-TiQ and Degussa_l P-25 were repetltlvely used toFig. 2. Typical SEM microphotograph of hydrothermally synthesized nano-
degrade 30 mg‘l1 RB. After the first use, only Degussa P-25 was Tio, particle.
filtered and re-used. Then the so-used catalyst was employed to
degrade a new 30mg} RB at the same conditions applied Table 1

before. The process was repeated for four times. Some physicochemical characteristics of the synthesizeg TiO
Property
3. Results and discussion Crystalline type Anatase
Crystallite size (nm) 8
3.1. Characteristics of the TiO, photocatalyst TiO content (%) 90
BET surface area (Ag~1) 114
. . .. Average pore diameter (nm) 2.12
The crystalline phase of hydrothgrmally synthe3|;ed2T|O Micropore volume (ml g?) 0.023
sample was analyzed by XRD, and its XRD pattern is showmgsorption average pore diametd?( 213
in Fig. 1 When the XRD pattern was compared with PDF#21-Size of microporesA) 15
1272 data files, it was found that all the sharp peaks belong t8ize of mesopores\j 22-33

anatase-Ti@and rutile and brookite phases were not detected.
Average crystallite size of Ti©@was estimated according to ) ) ) -
the Scherrer's equatiom,;; =k A/(8 cos(®)), whered,y; is ~ 2r€a: The smaller the particles, the larger will be its specific

the average crystallite size (nm),the wavelength of the cu Surface area and the higher photocatalytic activity. _
Ko radiation applied X =0.154056 nm)g the Bragg's angle The FT-IR spectrum of nano-Tias-synthesized and dried

of diffraction, g the full-width at half maximum intensity of at30°C is shown inFig. 3. In the FT-IR spectrum, small bands
the peak observed aB2 25.3 (converted to radian) andis &t 2923 and 2792 cnt, small broad band at 2539(5’%‘ are
the constant usually applied a.94. The average crystallite 2SSigned asCHz— and C-H stretching of aliphatieCHz and
size of TiOQ, was estimated to be 8 nm. According to elemen-—CHa groups bondedto Ti, respectively. C—H bending vibration
tal analysis, it was determined that the Fi€ontains 8.45% Was observed as a sharp band at 1407'cri(O-C) vibration

C and 2.05% H, which means that purity of the i3 about

90% . "ii(O-C) vibration
Fig. 2 shows a typical SEM micrograph of as-synthesized ¥¥
nano-TiQ. The particles are spherical in nature and the size of 2 t )
= -CH»- and C-H stretching of
them seems less than 0.010 mm. g 1 aliphatic <CH and -CH, groups
. . . . Z O-H bending L :
Some of the physicochemical properties of the synthesized z § ‘ bonded to Ti
TiO3 is givenTable 1 The BET surface area of the nano-3i0 & €+ bendine
is bigger but pore diameter, crystallite size and pore volume are TiO stretching
smaller than Degussa P-25 with 63 gr* specific surface area, _—
400 1000 1600 2200 2800 3400 4000

30 nm crystallite size and 0.06 mt§pore volumg27] and the
crystallite size is much lower than many other commercially Wavenumber /cr!

available titanias. _It is very-well known that the p_hotocatalyUcFig. 3. Typical FT-IR spectrum of as-synthesized nanosTg@rticle dried at
effect of a catalystis dependent on the crystallite size and surfacg-c,
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the soaking time. The aqueous solution of RB (30 g shows

a major absorption band at 548 nm in the absence of nang-TiO
The absorbencies of the THRB sols decreased slightly after
keeping 15 min in the dark, reflecting the extent of adsorption
of RB on TiGy. Fig. 4b shows the change @fy/C with soak-

ing period, whereCy andC designate the concentrations of RB
before and after treatmentin the dark, respectively, and estimated
from absorbance at thignax wavelength of RB. This indicates
that maximum 1.0% of RB could be adsorbed ontoJl@thin

15 min and the adsorbance did not changed with the prolonged
soaking time. Therefore, from now on, all TA®B sols to be
subjected to irradiation were soaked for 15 min in the dark.

The degradation of RB was investigated by using the
hydrothermally synthesized nano-Ti@rystalline as catalyst
under UV-irradiation. The UV-vis spectrum variation of RB
catalyzed by TiQ under different irradiation times is shown in
Fig. 5a. Normalized concentration variations with irradiation
power, amount of nano-TiDin the sol and initial RB con-
centration in the nano-Ti®sol are also shown ifrig. Sb—d,
respectivelyTable 2briefly summarizes the experimental con-
ditions for each factor affecting the photocatalytic degradation
of RB and optimum conditions determined.

Shown inFig. 5a is the effect of irradiation time on RB degra-
dation. The color of TiQ/RB sol changed to colorless with
increasing UV-irradiation time, which indicated the degrada-
tion of RB. The experiments, which were repeated minimum
three times showed that the absorbance value corresponding to

Fig. 4. (a) Time dependent variation in the absorbency and (b) adsorption 0048 NM increases as the irradiation time was increased from 10

Rhodamine B in the nano-TiXsol kept in the dark.

was observed as a small band at 1053 tnThe O—H bending
vibration was observed as a weak band close to 1638cm
The sharp band observed at 930¢dnwas attributed to Ti—-O
stretching vibration.

3.2. Photocatalytic tests

The strong pre-adsorption of the RB on the T&Dirface is an

to 30 min. However, with the increasing irradiation time from
30 to 60 min, the absorption decreased gradually to a value
near zero. The increase in the absorbance from 10 to 304ng|
may be explained by the intermediate products of degrading
RB absorbing UV-vis light at the wavelength region of RB.
The reaction rate decreases with irradiation time since it fol-
lows apparent first-order kinetics and additionally a competition
for degradation may occur between the reactant and the inter-
mediate products. The slow kinetics of dyes degradation after
certain time limit is due to: (a) the difficulty in converting the
N-atoms of dye into oxidized nitrogen compoun@s], (b)

important phenomenon for an efficient charge transfer, and nahe slow reaction of short chain aliphatics with OFhdicals
only does it affect the photodegradation rate, but also changemd (c) the short life-time of photocatalyst because of active
the photocatalytic mechanism. For this reason, before examiningjtes deactivation by strong by-products depaosition (carbon, etc.)
the photocatalytic activity of Ti@as a catalyst for degradation [29]. With the increasing irradiation power up to 770 W
of RB, adsorption tests were carried out by keeping 25 ml of so{Fig. 5b), final RB concentration decreased immediately to a

inits natural pH, and containing RB§ =30 mg 1) and 1 wt.%
TiOz in the dark at room temperatuifeig. 4a shows the UV-vis
absorption spectra of RB in Tig3sol, which are changing with

Table 2

value near zero. With 690 W™, no significant concentra-
tion was detectedrig. B indicates that 60 min of irradiation
time is adequate for complete degradation of 30MgRRB

The values of experimental conditions for factors investigated for photodegradation of Rhodamine B by the catalysis of hydrothermally syati@Jigd

Factor Irradiation time

Irradiation power

Amount of nano-%i0O Rhodamine B concentration ~ Optimum value

Irradiation time (20—60 mir) - 60
Irradiation power (450—-940 W nf)2 690 -
Amount of nano-TiQ (0.25-1 wt. %3 1 1
Rhodamine B concentration (20-60 mg)2 30 30

60 60 60
770 770 770
- 0.25 0.25
30 - 30

@ The range studied during the examining of corresponding factor.
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Fig. 5. Change in the absorbance spectra of Rhodamine B in the napcdli@ith irradiation time (a) and normalized concentration variation of Rhodamine B
with irradiation power input (b), amount of nano-TQ) and initial Rhodamine B concentration (d).

in 1wt.% nano-TiQ sol at 690 W n2 irradiation power. The in the percentage of degradation at higher catalyst loading may
effect of light intensity on the kinetics of the photocatalysis b€ due to deactivation of activated molecules by collision with
process has been explained as (a) at lower light intensities likground state moleculg82]. Shielding by TiG may also take
0—20 mW cn1?, the rate would increase linearly with increasing place
light intensity[30], (b) at intermediate increasing light intensi- - ~ « . N # T
tigs beyond a certain value like 25 mW tfj the rate would TiOz" +Ti0z — TiOz" + TiO2
depend on the square root of the light inteng@¥] and (c) at where TiQ* is the TiG;, with active species adsorbed on its
high lightintensities, the rate is independent of light intensity. Atsurface and Tig" is the deactivated form of Ti§]32]. Agglom-
increased light intensity electron—hole pair separation competasration and sedimentation of the Ti@articles have also been
with recombination, thereby causing lower effect on the reactiomeported[34]. In this condition, parts of the catalyst surface
rate. Some researches observed that the enhancement of the tsdéeome unavailable for photon absorption and dye adsorption,
of degradation as the light intensity increased was also observedus bringing little stimulation to the catalytic reaction. On the
[32-36] The efficiency increases monotically with increasingcontrary, continuous increase of the photocatalytic degradation
light power; meanwhile, this dependency is not linear as revealechte of Reactive Black 5 was found up to 3500 myTiO> [35].
by a regression analysis. It is hoped that kinetic modeling and’he crucial concentration depends on the geometry, the work-
mechanistic studies will elucidate the effect of the light intensity,ing conditions of the photoreactor, the power and wavelength of
as well as the other ones, on the process efficiency. In our workJV-lamp.
the degradation rate was increased with increased light power. The color of cream-colored Ti{IRB sol changed to yellow
This can be due to the absence of electron—hole recombinatiagith increasing initial RB concentration which indicated that
at higher light intensity like 690 W 7. It is also known that, at  photocatalytic activity of the 0.25wt.% nano-Ti@as limited
increased light intensities, electron—hole recombination causee almost 30 mgt! RB concentrationKig. 5d). The concentra-
lower effects on the reaction rate. tion of aqueous solution of dye has a significant effect on the
In order to avoid unnecessary excess catalyst and also tegradation rates. The higher the concentration, the lower the
ensure total absorption of light photons for efficient photomin-rate of degradation. This negative effect can be commented as
eralization, usage of the optimum catalyst amount is importantollows: (a) when the dye concentration increases the amount
The optimum amount of catalyst is found to be dependent owf dye adsorbed on the catalyst surface increases. The increase
the initial solute concentratiof29,31] 0.25wt.% TiQ in sol  in dye concentration also decreases the path length of photon
easily catalyzes the photooxidation of 30MgIRB just in  entering the dye solution. At high dye concentration a signifi-
60 min ig. 5c). Photodegradation rate of RB decreases with theant amount of solar light may be absorbed by the dye molecules
amount of the catalystincreases. This may be due to the decreasgher than the catalyst and this may also reduce the catalytic
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Table 3
Comparison of the changes in the degradation times of the nanp-amd

4 - In Cy/C =0.0658t
Degussa P-25

— , ] R’ =0.8095 *
Catalyst Degradation time (min)

First use Second use Third use Fourth use 3

The nano-TiQ 60 60 50 30
Degussa P-25 60 60 100 100

In Cy/C

efficiency. Consequently, the degradation efficiency of the dye LT A

decreases as the dye concentration increases. (b) It is gener- i

ally noted that the degradation rate increases with the increase

in dye concentration to a certain level and a further increase

in dye concentration leads to decrease the degradation rate of

the dye[33,37] The rate of degradation relates to the proba-

bility of OH* radicals formation on the catalyst surface and toFig. 6. The pseudo first-order reaction kinetics curve for photodegradation of

the probability of OH radicals reacting with dye molecules. RhodamineBWith thg catalysis of nano-Bi@s obtained by re-plottingig. 5a

As the initial concentrations of the dye increase the probabilit)}n the In(Co/C)- coordinates.

of reaction between dye molecules and oxidizing species also

increases, leading to an enhancement in the decolorization rate. ) o

On the contrary, the degradation efficiency of the dye decreas&€nerate as a result of mineralization of RB, may be more less

as the dye concentration increases further. The presumed readBg" the nano-Tig mainly depending on the lower surface area

is that at high dye concentrations the generation of @adli- of Degussa_E-ZS. ) . .

cals on the surface of catalyst is reduced since active sites are The equmbnu'm concentration datg Obtaln'ed fréiigy. Sa

covered by dye ions. Another possible cause for such results ¥€re re-plotted in the Ito/C)- coordinates kig. 6). It was

the UV-screening effect of the dye itself. At a high dye concen-0PServed that the photodegradation of RB simply follows the

tration, a significant amount of UV may be absorbed by the dy@Seudo first-order reaction equationdlC) = k7, whereCoand

molecules rather than the Ti(particles and that reduces the Care t{\e concgntrathns RB t_)efore and after the p_hot0|rrad|at|on

efficiency of the catalytic reaction because the concentrations ¢f9 ! ),'tt?e time (min) and is the apparent reaction rate con-

OHe and Q*~ decreasé34,35,38-42] _stant (mlrr_ ). For RB with an |n|t|al conc_entranon of 30 mgji
Since non-removability of the nano-Ti@rom the sol seems in 1 wt.% TiO, sol, the value of is determined as 0.0658 mih.

like a disadvantage, reuse of the same sol for degradation df'€ half periodraz, of RB was found to be 10.53 min by using
freshly added dye was also investigated. For this purpose, dy8€ calculated parameter.

was again and again added to the nano2T$0! and Degussa

P-25 suspension, after complete mineralization of the dye wa& Conclusions

attained.

Degussa P-25 was filtered after being used and then it was Pure TiQ with an 8nm crystallite size was synthesized
reused in the degradation of RB in the residual water from théydrothermally at 200C in 2 h. Anatase was the only crystalline
former degradation process at the same optimum photodegr@hase in the nano-Tigpowder. The activity of the synthesized
dation conditions determined for the nano-FiJable 3gives ~ anatase-Ti@in catalytic degradation of Rhodamine B dye under
the photocatlysis times consumed until complete decolorizatio®V-light was examined and found that it is a very efficient
was observed during the reuse of the nanosTédd Degussa catalysis for complete degradation of higher concentrations of
P-25. As seen frorTable 3 much time was consumed when Rhodamine B in very short irradiation times.

Degussa P-25 was used. Moreover, after the second use, theridation conditions were determined for photocatalytic
photocatalytic activity of Degussa P-25 decreased, whereas tigi¢gradation of Rhodamine B. Repeatedly usage of the synthe-
nano-TiQ showed an increased activity (i.e. degradation timeSized catalyst was compared with Degussa P-25 and it was found
decreased when the same nano-T#0l was reused). that the nano-Ti@Q showed higher photocatalytic activity than

It was observed during the experiments that Degussa P-2Begussa P-25, even after the fourth use.
adsorbs more dye than the nano-Zj@sulting with a decrease  For initial concentration of 30 mgt RB in 1 wt.% TiQ; sol,
in degradation rate. This may be due to high pore volume anthe apparent reaction rate constant was 0.0658 tamd the
pore diameter of the Degussa P-25. Moreover, as the amount Bflf period of RB degradation was nearly 10.53 min.
dye adsorbed on the surface of catalyst increases, thereby the
active sites may be covered with dye ions, formation of*OH Acknowledgement
radicals decreases. Higher dye adsorption of Degussa P-25 was
also observed at the repeated usage. However, it was not mea- The authors gratefully acknowledge the financial support of
sured, amount of Clions adsorbed onto Degussa P-25, whichindnii University, Turkey (BAPB-2004/01).
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