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Abstract

Both opaque and transparent pi@anocrystalline thin films were developed on glass substrates by applying dip coating and doctor-blade
deposition techniques, using titanium(IV) butoxide and Degussa P2bph@der as precursor and starting material, respectively. Atomic
force microscopy (AFM) and scanning electron microscopy (SEM) evaluated the surface characteristics of the films. Results on their
structure and crystallinity were obtained by means of X-ray diffraction and Raman spectroscopy. The catalytic activity of the films towards
photodegradation of 3,5-dichlorophenol (3,5-DCP) pollutant was examined and their efficiency was compared to that efinrde®
(slurry) suspensions. Pseudo-first-order photodegradation kinetics were observed and the reaction constants were determined. It has bee
shown that the film photocatalysts can efficiently decompose the pollutant, although relatively higher decomposition rates were observed
with the commercial starting powder. Differences in the film efficiencies can be attributed to differences in their grain size, surface roughness
and fractal parameters. No altering on the doctor-blade films surface characteristics was observed for several hours of cyclic operation
during which their photocatalytic efficiency remained remarkably stable. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction gen peroxide, UV and near-visible light in the presence of
titanium dioxide or polyoxometalates.

There is today a growing interest in developing new and  Titanium dioxide is a non-toxic material. T§Qhin films
efficient cleaning technologies for environmental protection exhibit high stability in aqueous solutions, no photocorro-
and remediation. Various toxic and hazardous organic com-sion under band gap illumination and exceptional surface
pounds present in wastewater and surface water are diffi-properties. Their electrochromic behavior is well estab-
cult to be decomposed by conventional chemicals (ozone,lished [3] but TiGQ is no longer used in electrochromic
chlorine, hydrogen peroxide, etc.) or biological methods, es- devices because its coloration efficiengyis too low. On
pecially if they are present at low concentrations. Thus, it the contrary, TiQ thin films are already widely used in
has been necessary to develop more effective processes follye-sensitized solar cells [4-6], and lithium insertion batter-
the degradation of such pollutants. Advanced oxidation pro- ies [7]. Titanium dioxide appears to be one of the most im-
cesses (AOP) are very promising oxidative mineralization portant photocatalytic materials in the area of environmental
methods. These methods are based mainly on the formatiorpurification and especially in heterogeneous photocatalysis,
of very reactive and oxidizing free radicals that are able to an attractive low temperature, low cost, non-energy con-
decompose numerous organic pollutants to,C»O and suming technique, where a catalyst is capable of entirely
inorganic salts [1,2]. They involve mainf{?Co-y-radiation, decomposing organic pollutants in both the liquid [8-10]
UV light, UV light in the presence of ozone and/or hydro- and gaseous phase [11,12] by using solar light illumina-

tion. The material in the form of powder suspensions has
* Corresponding author. Tek:30-1-6503644; fax:+30-1-6511766. extensively been used for water treatment involving a large
E-mail addresspapi@mail.demokritos.gr (P. Falaras). number of organic substrates [13-15].
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The basic photocatalytic principle relies on the UV or 1ml of water containing 0.1 ml acetylacetone produces a
near-visible photogenerated electrons)(and holes (i1), viscous paste. The paste is diluted by very slow addition of
which both can contribute to the organic substrate degrada-1.7 ml of water. Finally, 1 drop of Triton X-100 was added
tion [9,16]. The holes (h) and the*OH radicals formed by  and the paste is smeared on a glass substrate immobilized
the reaction with hydroxide anions or water are the major by an adhesive tape strip, which determines the film thick-
oxidative species for decomposition of organic pollutants. ness. After drying at 100C for about 10 min, the film is
However, several practical problems arising from the use of annealed in an oven at 453G for 30 min.
powder are obvious during the photocatalytic process [12]:

(a) separation of the insoluble catalyst from the suspension2.2.2. Preparation of the Ti®films using the

is difficult, (b) the suspended particles tend to aggregate sol-gel process

especially at high concentrations and (c) suspensions are The general procedure applied is described in Ref. [22].
difficult to apply to continuous flow systems. The 1.72¢g titanium butoxide was added dropwise to a

The immobilization of the photocatalyst in the form of a solution of 2.5M pentane-2,4-dione (acetylacetone) in
thin film not only provides an advantage over the drawbacks n-butanol. The overall volume after addition was 100 ml.
encountered with powder suspensions but could also endowThe mixture was stirred at room temperature for 15min
the surface with photoinduced hydrophilicity [9]. Thus, very vyielding, exothermally, a yellow solution. During stirring
recently, TiQ thin films have been successfully used for time, 1 ml aqueous solution of 0.19grtoluene sulfonic
the photocatalytic degradation of 2,4-dichlorophenol [17]. acid was prepared and added to the butanol-titanium com-
Chlorophenols are used in the pesticide field as disinfectants,plex solution. This was followed by an overnight heating at
fungicides and are also important chemicals or byproducts 60°C. The resulting orange-yellow sols were stable for sev-
in a number of industrial processes and are considered byeral months. TiQ thin nanostructured films were deposited
the US Environmental Protection Agency as top priority on optically transparent microscopy glass substrates, ultra-
pollutants [18]. They are persistent compounds under envi- sonically cleaned in ethanol prior to use. The substrates were
ronmental conditions and present high toxicity due to their dip-coated with a constant withdraw speed of 2cm/min 13
chlorine substituents. The 3,5-dichlorophenol (3,5-DCP) cycles of film deposition were applied: each cycle involves
isomer has a high degradation rate comparing to other iso-dipping to the resulting sol, heating of the film at @
mers and for that reason it has been used for the evaluatiorfor 15 min and annealing in an oven at 4%Dfor 30 min.
of the photocatalytic activity of the nanocrystalline BiO
films. The final goal of the study is to develop a general pro-
cedure for complete mineralization of this class of toxic and
hazardous organic compounds to carbon dioxide by a simple
dip-and-pull process with no additional separation step.

2.3. Characterization of Ti@films

The film crystallinity was analyzed with X-ray diffraction
(Siemens D-500, Cu K radiation) and by Raman spec-
troscopy (DILOR OMARS 89 spectrometer equipped with

2. Experimental a CCD detection and using an Argon laser line at 514.5 nm).
Detailed surface images were obtained by means of a
2 1. Materials scanning electron microscope with numerical image acqui-

sition (LEICA S440). Surface morphology, roughness and
f fractality of the films were also determined with a Digital

TiO3 thin film catalysts were of analytical grade from Fluka Instrumen?s Nanoscqpe lll atomic force microscope (AFM),
AG (Switzerland). Acetonitrile was gradient grade from operatmg in the tappmg mode (TM). For the frgctal gn_aly-
Merck (Darmstadt, Germany). Syringe driven unit with sis the V42§r3 a[gonthm was useq. The algorlthm .d|V|des
PVDF Durapore filter (0.45m Millex) from Millipore the th.ree—dlmgnsmnal'fllm §urface into a series of triangles.
(Bedford, USA) was used for the filtration of TsGlurry. The sizel of triangles is varied and the surface area of each

Ultra-pure water was obtained from an USF Purelab plus t”‘?ﬂgl_e IS lcalc;jlited a|r|1d_recorded forr] eachfﬂuzﬁhe Iogd-
(Germany) apparatus. arithmic plot of the cell size versus the surface area deter-

mines the fractal value of the surface (the fractal dimension
Dy is defined as the slope of the line obtained by plotting the
log of the cell size versus the log of the cell surface area).

3,5-DCP and all reagents, utilized for the synthesis o

2.2. Preparation of the Ti@films

2.2.1. Preparation of the Ti©films using the
doctor-blade technique 2.4. Photocatalytic degradation

Opaque TiQ thin nanostructured films were deposited on
optically transparent microscopy glass substrates, ultrason- The photocatalytic activity of the TiDfilms deposited
ically cleaned in ethanol prior to use. The method follows, on microscopy glass substrates was evaluated by degrada-
with some modifications, the procedure described in Refs. tion of 3,5-DCP. Photocatalysis experiments were carried
[19-21]. Grinding 0.5g Ti@ powder (Degussa P25) with  out in round-bottomed photocatalytic cells. The Pyrex glass
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cell is transparent to radiation over 300 nm. A laboratory detection was performed at 279 nm. The eluent mixture was
constructed “solarbox” equipped with four F15W/T8 black- CH3zCN-H,O (50:50 v/v), in isocratic mode, at a flow rate
light tubes (Sylvania GTE) provided the UV-Vis irradiation of 1 ml/min.

source. This UV-Vis source has a maximum emission at

375nm and emits 71, ZW cm2 at a distance of 25 cm. The

4ml of aqueous solution 3,5-DCP 1M in the presence 3. Results and discussion

of TiO2 thin films were photolyzed under magnetic stirring.

The TiO, films were adjusted accurately in surface area at 3.1. Characterization of Ti@films

0.8 cn?, by cutting the microscope glass slides with a di-

amond knife. For comparison, the pollutant solution (4ml)  The use of sol-gel multistep process led to the produc-
was also photolyzed in the presence of a slurry suspensiontjon of transparent nanocrystalline Tichin films with ex-

of Degussa P25 powder (1625 ppm) under the same condi-cellent reproducibility, scratch resistance and adherence on

tions. the glass substrates. On the contrary, the low cost one step
doctor-blade technique produced opaque and thicker films
2.5. Analytical determination of 3,5-DCP with good uniformity, and with properties closely related to

the starting powder material. Scanning electron microscopy

3,5-DCP analysis was carried out using an HPLC appara- was employed to perform at first the surface characterization
tus consisted of a Waters (Milford, MA) Model 600E pump of the manufactured films. The SEM images, presented in
associated with a Waters Model 600 gradient controller, Fig. 1, show that the sol—gel films exhibit a microgranular
a Rheodyne (Cotati, CA) Model 7725i sample injector and flat surface, whereas the doctor-blade films are rougher,
equipped with 2Qul sample loop, a reversed phase (RP) forming a sponge like structure. Additionally, cross-section
Cis analytical column by Phase Sep (25 et.6 mm ID, profiles give a thickness of aboupfn for the Degussa P25
5um) and a Water Model 486 tunable absorbance detectorfilms, while it is demonstrated that the sol—gel films are
controlled by the Millenium (Waters) software. UV 500-600 nm thick.

b

Ti02 3 Photo No.-0

Fig. 1. SEM images of a sol-gel Tifilm: (a) top view; (b) cross-section and of a doctor-blade ;Tfilm; (c) top view; (d) cross-section.
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A To discriminate the local order characteristics of thesliO
films, we applied non-resonant Raman spectroscopy. The
technique is non-destructive, capable to elucidate the titania
structural complexity as peaks from each crystalline phase
are clearly separated in frequency, and therefore the anatase
and rutile phases are easily distinguishable [25]. The Raman
spectra together with the assigned vibrational modes [6,26]

R presented in Fig. 3, show that the materials are well crys-

tallized, without overlapped broad peaks and low number

of imperfect sites. Vibration peaks at 140, 195, 393, 514,

637cnt! and 143, 197, 396, 519, 638 cthfor Degussa

P25 and sol-gel samples, respectively, are present in the

Raman spectra. These peaks are unambiguously attributed

. . . - . to the anatase modification. Although anatase nanoparticles

20 25 30 35 40 45 50 55 60 65 70 75 80 . . . .

2 Theta angle (degrees) are the predominant species, however, rutile phase is ob-
served as a broad peak at 446¢nfor the Degussa P25

Fig. 2. XRD patterns of doctor-blade (a) and sol-gel (b) films: A, sample. The presence of this peak is expected and can be

anatase and R, rutile reflections. attributed to the initial composition of the TiOpowder

(~30:70% rutile/anatase). A special attention must be given

to the strong and well-resolved Raman peak observed at

The X-ray diffraction patterns, Fig. 2, show that the films 140cnt! (Eg anatase peak) for the Degussa P25 sample.
prepared by the doctor-blade procedure present very goodror the sol-gel sample this peak is more intense and slightly

crystallization. Reflections characteristic of both anatase shifted to higher frequencies (143 ch), probably due to a

and rutile TiIQ phases are easily detected. The presence ofsmaller size particles [27—-29].

the rutile phase can be understood by the fact that the orig-

inal material, Degussa P25, is a mixture of anatase (70%)3.2. Photodegradation of 3,5-DCP

and rutile (30%). In the diffraction pattern of the sol—gel

TiO» films, only a broad peak at 25.11680orresponding to Photocatalytic experiments took place to evaluate the

(101) reflections of the anatase phase of Jfi€duld be films as a possible material for water pollutant purification.

identified [23]. It is strongly proposed that such a broad The photocatalytic activity of the doctor-blade and sol—gel

XRD pattern is due to poor crystallization and/or the small TiO, films deposited on microscope glass slides was es-

size of the TiQ particles. Furthermore, crystallite sizes timated by degradation of a model compound, namely

calculated by Scherrer’s formula [24] (assuming no crystal 3,5-DCP, a characteristic member of the phenol family
distortion in the lattice) were 21 nm for the doctor-blade and rather noxious compound. We first checked the pollu-
technigue manufactured films and 7nm for the sol-gel tant substrate stability under UV illumination in order to

XRD Intensity (a.u)

films. separate the effect of the UV light from the catalytic effect.
anatase anatase
30000 Egdm o A anatase Eg
Ig
anatase
25000 B Ig
20000 / \M//
z et S 2
G 15000 E ™
o N
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10000 b
400 600 800
5000 B anatase B anatase Alganatasc E;ndlbL
g 8 J\./K_‘__
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Fig. 3. Raman spectra of doctor-blade (a) and sol-gel (b) Ti@ns.
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Py Table 1
1.00 a Photocatalytic efficiency towards 3,5-DCP Degradation (%), average grain
diameter, roughness, fractal dimension, for sol-gel and doctor-blade TiO
w 0,80 films. Kinetic parameters are also cited
2 Sample Doctor-blade  Sol—gel
z 0.60 technique technique
= Thickness fm) 5 0.5-0.6
©° Average grain diameter (nm)
= 0. AFM 20 10
o 3
O X-ray 21 7
o Roughness, Rms (nm) 28.94 0.35
CL?)— 0,20 Fractal dimension (P 217 241
Max of height distribution (nm) 88.4 1.3
. Degradation (%) 1h illumination 36.77 14.84
0,00 e e e e e et ——— d. Time to complete mineralization (min) 360 1600
0 200 400 600 800 1000 1200 1400 Rate constant (m'rnl) 0.0079 0.0023

time (min)

Fig. 4. Decomposition of a 3,5-DCP (1®M) solution without pho- . . . . .
tocatalyst (a), in the presence of slurry 3i@1625ppm) solution (b),  achieved after about 360 min of illumination and for the

doctor-blade Degussa P25 Ti@nmobilized surface (c) and sol-gel THO sol—gel films after about 1600 min, respectively.
films (d).

3.3. Surface properties and photocatalytic efficiency

Thus, an aqueous solution of 3,5-DCP was photolyzed
for 6 h without photocatalyst (Tig). Fig. 4a reveals that It is obvious that the doctor-blade films are more efficient
3,5-DCP remained intact throughout irradiation time. Initial catalysts, comparing to the sol-gel films. This can be ex-
fluctuations in the 3,5-DCP concentration before analysis plained on the basis of surface characteristics, such as mor-
are due to the physical adsorption of the organic matter on phology and film thickness. In order to better understand the
the catalyst surface, during the slurry solution filtration. differences between doctor-blade and sol—gel films and ex-

The presence of the TiOmaterials, either in slurry  press thisinterms of surface parameters, we have undertaken
(Fig. 4b), see below, or immobilized on glass surfaces their characterization by atomic force microscopy. Fig. 6a
(Fig. 4c and d) results in effective photocatalytic decompo- and b presents & 1 um? surface plots (three-dimensional
sition of the organic pollutant. Analysis of the photolyzed representations) together with top views for both films and
solutions showed the presence of several chlorinated orsurface parameters such as minimum (average) grain diam-
not organic intermediates and also confirmed the gradualeter, roughness and fractal dimension are given in Table 1.
formation of carbon dioxide and chloride anions. To a The films consist of interconnected grain particles fused to-
first approximation the two modes of decomposition (i.e. gether but it is clear that their morphology and surface char-
slurry TiO, and TiQ films made by doctor-blade tech- acteristics are completely different. In fact, in the case of
nigue) seem to proceed through the same intermediatesthe doctor-blade films, the average grain diameter is about
Fig. 5a and b. This is well understood as both the slurry 20 nm, at least two times higher than that of the sol—gel films
and the doctor-blade films are composed of the same ma-(10nm). Both values are in excellent agreement with the
terial (Degussa P25). However, the sol-gel Fifims X-ray diffraction results. The particles built up high moun-
exhibit minor differences, Fig. 5c¢, indicating some differ- tains and deep valleys and their height histogram shows a
ent intermediate products. This is probably due to the fact Gaussian-like distribution with a maximum at 88 nm. On the
that in the sol-gel film only the anatase modification is contrary, the surface of the sol—gel films is more uniform and
present. the size of the surface characteristics is literally lower (the

Under the experimental conditions used, the photocat- height histogram shows particles with a distribution maxi-
alytic curves seem to follow first-order reaction kinetics. Ini- mum only just 1.3 nm). These results are in excellent accor-
tial reaction conditions in Fig. 4 provide realistic comparison dance with the roughness analysis. Ryg (=the standard
of the photodegradation rates. To a reasonable approxima-deviation of theZ values,Z being the total height range an-
tion, the slope of the photodegradation profiles correspondsalyzed) values listed in Table 1 show that the doctor-blade
to a relative pseudo-first-order rate constant (M)n Ki- TiO, films present surface characteristics of higher size in
netic parameters, percentage of mineralization after 1 h of comparison with sol-gel films.
illumination and time for complete degradation of 3,5-DCP  Looking carefully at the 3D surface plots one can see that
are summarized in Table 1. The photocatalytic performance the sol—gel films show a more complicated configuration.
of the doctor-blade films (37%) is significantly higher (at In order to evaluate and compare the geometric complexity
least two times) than that of sol-gel films (15%). Complete of the film surfaces, qualitative analysis including measure-
pollutant degradation with the doctor-blade %iflms was ments of parameters such as feature frequency and fractal
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Fig. 5. HPLC-UV chromatograms of photolyzed: (a) Fi€lurry; (b) doctor-blade Ti@ films; (c) sol-gel TiQ films of 3,5-DCP (162M). Photolysis
time is indicated on chromatograms; 1, 2, 3 are intermediate products, 4 is 3,5-DCP.

dimensionD; [17,30-32] (a parameter which reflects the than the doctor-blade films (Table 1). The measured values
scaling behavior and is an intrinsic property of the mate- were 2.41 4£0.02) and 2.17£0.02), respectively. This dif-
rial, 3 > D; > 2) was performed. The fractal analysis has ference can be explained taking into account the fact that the
shown that the prepared films exhibit also self-affine scaling fractal dimensio; characterizes mainly the complexity of
character over a significant range of length scales as a conthe surface and not its texture and roughness. The sol-gel
sequence of a “chaotic” dynamic deposition process, very TiO; films present a more complex topography character-
sensitive to the initial conditions. It is worthwhile mention- ized by a greater number of surface features of higher fre-
ing that the sol—gel films have higher fractal dimensizn guency. The fractal dimensioD{) parameter influences the
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Fig. 6. AFM pictures of a sol-gel Ti©film: (a) top view; (b) 3D image; (e) height distribution and of a doctor-blade,T@n; (c) top view; (d) 3D
image; (f) height distribution.

effective surface extensiof In fact, these parameters are [31]. So, it is clearly evident that the effective surface area

related by the equation in this case is several hundred times greater than the one
S — R of a flat Euclideannon-fractal surfacgS ~ R?). Thus,
- fractal films show an amazing ability to efficiently capture

wherec is a constant that accounts for the finite fluctuations photons, throughout thick semiconducting network acting in
around the 0-level anR the linear size of the fractal surface a spongelike way.
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However, increasing fractality is not a unique way to sion) of Degussa P25 powdéd.0065g= 1625 ppm and
achieve the best photocatalytic results. The grain diameterthe results are represented in Fig. 4b. The slope for the slurry
of the TiQ; nanoparticles is an essential parameter to con- is greater than that of the films, showing a considerably
sider [33]. Taking into account the heterogeneous photocat-higher efficiency as photocatalyst. Complete degradation of
alytic mechanism of a thin film Ti@catalyst, the following 3,5-DCP occurs in less than 100 min. According to kinetic
steps typically take place [34]: (i) light absorption on the models for photocatalytic degradation of organic contami-
photocatalytic surface (ii) chemical transformation of the nants over titania thin film catalysts, the rate of degradation
molecule while several reaction surface sites are visited is limited by liquid-film transfer, diffusion, adsorption or a
(iii) desorption to the liquid phase. Thus, besides the above combination of these three factors [35]. It is worth mention-
two parameters (fractal dimension and grain diameter), theing that on TiQ thin film samples, only part of the catalyst
height and roughness of surface features must also be conis exposed to the pollutant solution and can therefore be
sidered. As a result, although sol-gel films have a more photocatalytically active. As a result, a decrease on the
complex surface structure, their ability to capture the inci- overall photocatalytic performance of thin films compared
dent photon energy is expressively lower than that of the to slurry solution is expected. In fact, one must have in
doctor-blade films. The later present increased roughnessmind that during the thermal treatment of the doctor-blade
resulting from surface characteristics of important height. TiO» films no significant change in the structural modifica-
As a result, the doctor-blade films are endowed with a tion was observed, this difference can be easily understood
higher real surface extension, which readily favors the pho- if one considers that the photocatalytic process is a surface
todecomposition process. In fact, such a surface not only and not a volume or mass phenomenon. The active photo-
permits the adsorption of a greater number of pollutant catalyst is the illuminated Ti@material, which can be in
molecules, but also creates a rough environment where mul-contact with the organic pollutant, and in the case of the film
tiple light reflection can occur, thus considerable increasing this only concerns its external surface. As the Degussa’s
the amount of the adsorbed photons. powder surface area is very high§0 n?/g), the slurry’s

To evaluate the catalytic strength changes due to immo- surface is much higher than the film’'s real external surface.
bilization of the catalyst and compare the films efficiency to
the Degussa P25 powder, the film weight was measured. The3.4. Repeatability, endurance tests and perspectives
slurry concentration of Ti@was then adjusted to meet the
exact quantity of TiQ Degussa’s P25 immobilized film, in The strength and reproducibility of the photocatalytic ac-
order to safely compare the obtained results (it was impossi- tivity on the TiO, doctor-blade films were examined in order
ble, however, to organize the same experiments with titaniato check their potential use in practical systems. Thus, the
sol—gel films, as the latter demonstrate scratch resistancesame immobilized Ti@film surface was used in 10 consec-
and excellent adherence). Thus, a pollutant solution (4 ml) utive photolysis experiments (cycles) of new added pollutant
was also photolyzed in the presence of a suspension (dispersubstrate quantities and the results are presented in Fig. 7.

120

100 4 . ] —
80

60 4

% 3,5-DCP Degradation

40 -

:

20

Catalytic Cycle

Fig. 7. Reproducibility tests. Decomposition percentage of 3,5-DCP versus time as a function of the cycle number using a doctorzbilahefiliO
catalyst. Each column step corresponds to 60, 120, 180, 240 and 300 min of illumination, respectively.
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