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Phenol decomposition using M"* /TiO, photocatalysts supported by the
sol-gel technique on glass fibres
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Abstract

The photoactivity of supported TiO, and M” ' /TiO, (M"' =Li’'.Zn"". Cd*'. Ce**. Co**. Cr'* . Fe* ", AI'" . M and Pt°) layers,
fixed on glass fibres by the sol-gel technique, was tested using the reaction of pherol degradation. The ¢ ion of metal dopant in the
immobilized photocatalysts was 5 mol.% M”* : Ti**. In addition, the effect of platinum loading in Pt”/TiO, samples (Pt° content in the
range 0.5-5.0 mol.% Pt": Ti* ' ) was in d. The prepared ials were also ch ized by their isoelectric points and reflectance
spectra. The photoactivity of the materials prepared is strongly dependent on the ch and of the dopant. The best results
in terms of phenol decomposition were obtained for dopant-free TiO,, Li * /TiO,, Zn® * /TiO, and Pt/ TiO, (Pt content, less than 5 mol.%
Pt Ti*' ). However. using Pt’/TiO, layers, we observed a slower d ion of hydi which is p ced as un intermediate by
phenol hydroxylation. The presence of Co**, Cr'*, Ce* ', Mn® ", AF ~ and Fe'* ions in the TiO, photocatalyst (5 mol.% M"* : Ti*") has
a detrimental effect s photoactivity. © 1997 Elsevier Science S.A.
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1. Introduction

The photocatalytic mineralization of organic pollutants
using active TiO, photocatalysts has been established as an
effective method for water and air purification | 1-4]. How-
ever, the use of powdered photocatalysts in technological
applications may produce difticulties during processing. Con-

ly, recent in gations have focused on the prepa-
ration of immobilized, active TiO, layers on suitable
supporting materials [5-12]. TiO, layers have been success-
fully prepared by the sol-gel process [ 7--11]. Their structure
and photochemical activity are strongly dependent on the
temperature processing during preparation [8.11.13].

The incorporation of metal ions in TiO, photocatalysts may
substantially alter their photocatalytic activity [14-20]. In
addition. the bulk and surface properties and the photoactivity
are strongly dependent on the methods used for photocatalyst
formation. The dominant parameters include the character
and concentration of the dopant and the thermal treatment
[15,17].

In this swdy, we prepared TiO, and M"*/TiO,
(M"* =Li*, Zo**, Cd**, Ce**, Cr'*, Co' ™, Fe'*, AP,
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Mn* and Pt’) layers fixed on glass tibres by the sol-gel
technique. The concentration of metal dopant in the fixed
photocatalysts was 5 mol.% (M™* : Ti**). In addition, for
Pt°/ TiO,. we synthesized materials with metal concentrations
of 0.5, 1.25. 2.5 and 3.75 mol.% (Pt°: Ti**). The photo-
catalytic activity of the supported photocatalysts was tested
using the reaction of phenol degradation.

2. Experimental details
2.1. Chemicals

Titanium(1V) tetrabutoxide (Ti[O(CH,):CH;l,; 99%)
and ethyl acetoacetate (99%) were purchased from Aldrich.
Methanol (quality for gas chromatography ), ethanol (spec-
troscopic grade), nitric acid and phosphoric acid were
obtained from Lachema ( Czech Republic). Ethanol used for
TiO, sol preparation was dried using sodium, and then
distilled. Phenol, provided by Reactivul (Romania), was
used without further purification. The metal salts LiNO;,
Zn(NO;),-6H,0. Ce(NO,);-6H,0, CrCl;-6H,0, Co-
(NO3) 3+ 6H,0, FeCl, - 6H,0, Al(NO;) ;- 9H,0,Cd(NO;) ;-
4H,O and MnCl,-4H,O (analytical grade, Lachema, Czech
Republic) and Na,PiClg-6H,0 (Fluka) were applied for
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doped TiO, layer preparation. Deionized water was used in
all the experiments.

2.2. Preparation of TiO; sol and TiO, supported on glass
fibres

Commercial glass fibre fabric (for technical laminate
application, Skloplast, Slovak Republic), with a specific
weight of 500 g m ™ and a fibre diameter of 13 pm, was used
as support material. The coating surface layer (methacryl
silane) of the technical glass fibre was removed by firing at
400 °C.

The TiO, sol corresponding to 5 wt.% of TiO, was syn-
thesized by the sol-gel technique as described in Ret. [21].
The glass fibre fabric was dipped into the prepared TiO, sol.
After removal, the layer was equilibrated for 2 days in the
laboratory, and then stepwise calcined in a furnace, with 30
min steps every 100 °C including the top temp of 450
°C, and freely cooled to room temperature. The concentration
of titania in the supported photocatalyst was 10 mg per 1 g
of glass fibre. The TiO, layers doped with metal ions were

d analogousty. The calculated s of metal salts
werc diluted directly in the prepared TiO, sol (the molar
concentration of metal was evaluated in relation to titanium) .

2.3. M [TiO, phitocatalyst characterization

The depend of the { p | of the supported M"* /
TiO, photocatalysts on the pH was studied using an electro-
kinetic analyser (EKA-Paar, Austria) at a temperature of 25
°C. NaN0, was applied as the basic electrolyte (concentra-
tion, 107* M), and the pH values were maintained using 0.2
M HCl and 0.2 M NaOH [22].

The reflectance spectra of the supported M"* /TiO, pho-
tocatalysts were measured using a UV-visible spectropho-
tometer (M40, Zeiss. Germany) equipped with a reflectance
accessory with an integration sphere.

The X-ray powder patterns of Pt/ TiO, were recorded using
a DRON UMI1 X-ray powder diffractometer with Bragg—
B ) parafocusi yuipped with a scintilla-
tion detec!or Cuk, radmuon (A 0.1542 nm) was applied.

2.4. Photocatalytic experiments

The activity of the supported M”* /TiO, photocatalysts
(area, | dm®) was tested using the reaction of phenol deg-
radation. The reactions were performed in a photochemical
immersion well ( Applied Photophysics, UK) usinga 125 W
medium pressure mercury lamp ( Applied Photophysics) as
irradiation source. With the aim of inhibiting any direct pho-

hemical process, wavelengths below 300 nm were
removed using a Pyrex sleeve msened in the central pan of

values cf the solutions were controlled by HCl and NaOH
addition.

2.5. Product analvsis

‘The concentrations of phenol and its degradation products,
hydroquinone and catechol, in the irradiated samples were
determined by high performance liquid chromatography
(HPLC) (FPLC Pharmacia, Sweden) using a Separon SI1X
C-18 column (Tessek, Czech Republic) and a UV detector
(A=280 nm). A mixture of methanol-water~H;PO,
(35:65:0.1) was applied as mobile phase.

UV spectra were measured using a UV-visible spectro-
photometer (PU 8800, Philips) for all irradiated samples.

The concentration of phenol in the irradiated samples was
also evaluated by the principal component regression (PCR)
method [23.24]. The vector elements of the standard con-
ceatrations for phenol were determined by simultaneous
measurement of the UV spectra and phenol concentration by
HPLC in the analysed samples.

3. Results and discussion
3.1. Blank experiments

in the blank experiments, solutions with an initial phenol
concentration of ¢,=1 mM were irradiated without photo-
catalyst under identical conditions to those of the standard
photocatalytic experiments ( Pyrex sleeve, oxygen flow, tem-
perature of 50 °C). During 60 min of irradiation, the concen-
tration of phenol was monitored, and only negligible changes
were observed. Thus the presence of TiO, photocatalyst is
necessary for effective phenol decomposition on irradiation
under the given experimental conditions.

3.2. Isoelectric point (IEP) determination

Figure 1 shows the dependence of the  potential on pH
for TiO,and Li * /TiO, (Smol.% Li* : Ti* ") photocatalysts
supported on glass fibres using the sol-gel technique. For
all the prepared M"*/TiO, photocatalysts (5 mol.%
M"* : Ti**), the measured dependences of the ¢ potential
on pH are analogous to that depicted in Fig. 1. These were
approximated by a quadratic function using the program SCI-
ENTIST (MicroMath). The calculated values of the [EP are
summarized in Table |.

For the M”* /TiO, photocatalysts prepared in our labora-
tory, the values of IEP are in the range 3.7-4.5, which is in
agreement with IEP = 4-6 predicted for TiQ, supported films
1 10]. Ascan be seen below, the changes in IEP do not directly
reflect the photoactivity of M"* /TiO, catalysts.

As the surface charge of M"*/TiO, photocatalysts can

the p The irradiated systems were cc
samrated by oxygen (flow rate, 100 mi min~"). The exper-
iments were carried out at a temperature of 50 °C. The pH

bstantially infl e the adsorption of phenol (pK penor(25
°C) =9.95 [251), the effect of pH was studied in detail for
Pt°/TiO, photocatalysts at a temperature of 50 °C. The deg-
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Fig. 1. Dependence of the { potential on the pH at 25 °C for TiO; photoca-
talysts supported by the sol-gel technique on glass fibres: O, TiO.; @, Li*/
TiQ; (Smol.% Li* : Ti'*).

Table |

Isoclectric point (IEP) determined at 25 °C for M"*/TiO. (5 mol.%
M"* : Ti**) photocatalysts supported by the sol-gel technique on glass
fibres

Photocatatyst IEP
TiO, 4.5
Li*/TiO, 37
Zn** /TiO, 41
Cd**/TiC, 4t
P/ TiO, 44
Ce**/TiO,; 38
Cr'*/TiO, 38
Co* /TiO, 4.0
Fe'* /TiO, 44
AF*/TiO, 4.1
Mn** /TiO, 40

L
250 450 650
A, nm
Fig. 2. Reflectance spectra of TiO, photocatalysts supported by the sol-gei
technique on glass fibres: L TiOy: - ——, C** /TiOs: -+ . P/ 11O,

{(5mol.% M . Ti*").

radation of phenol (¢, =0.1 mM) is very effective in acidic
solution, and between pH 2.C and pH 10.0 only small changes
in the phenol degradation rate ( evaluated as the formal phenol
half-time 7,,) are observed (7, ~ 10 min). Similar results
were reported by O’Shea and Cardona [26], suggesting only
a minor influence of the variation of H;O* and GH™ con-
centrations on the overall degradation in this pH range.
However, in solution at pH > 10, phenol degradation is sig-
nificantly lower ( 7,,, > 20 min), probably due to the hindered
adsorption of phenoxide species on the negatively charged
Pt®/TiO, surface.

3.3. Reflectance spectra

The presence of metal dopant may also significantly influ-
ence the optical properties of the TiO, photocatalyst, and the
light absorption of M”* /TiO, can be shifted into the visible
region [ 17]. The thermal during TiO, preparati
by the soi-gel technique determines whether anatase
(Apg =380 nm) or rutile (A, =410 nm) is formed [8,11].

The reflectance spectrum of TiO. supported on glass fibres
by the sol—gel technique (Fig. 2) shows predominaatly the
anatase structure. In addition, the presence of anatase is con-
firmed by the X-ray powder pattern of Pt/TiO, (5 mol.%
Pt:Ti**) shown in Fig. 7 (see later). Absorption in the
visible region was measured for M"* /TiO, photocatalysts
(5 mol.% M"* : Ti**) doped by Fe’*, Co®*, Mn** and
Cr**. A colour _hange for these layers was observed
(Fig. 2). During the preparation of Pt/ TiQ,, platinum was
deposited on the TiO, surface, and the reflectivity of the
photocatalyst was significantly decreased in the 400-850 nm
region (Fig. 2).

3.4. Photocazalytic phenol degradation on M™* /TiO,

The rapid d in phenol cc (co=0.1 mM)
during irradiation at 50 °C using TiO, and Pt"/TiO; (S mol.%
Pt Ti**) photocatalysts is depicted in Figs. 3(a) and 3(b).
During irradiation, the simultaneous formation and decom-
position of two inter i.e.hydrog d hol,
may be monitored by HPLC (Figs. 3(a) and 3(b)). The
relatively high concentration of hydrog; observed afier
30 min of irradiation using the Pt°/TiO, catalyst is
interesting.

The dependence of the phenol concentration ¢ on the irra-
diation time ¢, was fitted (by the non-linear least-squares
minimization procedure) te an exponential function

c=A+Bexp(—kt,) H

using the program SCIENTIST (MicroMath). Formal first-
order kinetics were proposed for phenol decomposition and
the format rate constant k was evaluated. From this, the formal
phenol half-tinies were calculated. The formal phenol haif-
times were used for a comparison of the efficiency of the
photocatalytic process on M"* /TiO,.
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Fig. 3. Concentration changes during the imadiation of a phenol solution

(€o=0.1 mM) at a temperature of 50 °C: (a1} TiO, photocatalyst: (b) Pt/

Ti0, photocatalyst (5 mol.% P : Ti**).

The linear dependence of the formal phenol half-time 7,,>
on the initial concentration of phenol ¢, for TiQ, photocata-
lysts is illustrated in Fig. 4. Such a kinetic behaviour is char-
acteristic of the Langmuir-Hinshelwood description of the
surface photocatalytic reactions in systems with constantoxy-
gen coacentration [ 7]

In2 K
2 K,
ka2 ks

Tin= 2)
where K, is the adsorption constant of phenol and &, and k»
are the formal experimental constants including the influence
of the experimental arrangement and oxygen concentration
[71.

Analogous linear dependences to those shown in Fig. 4
were also evaluated for Li* /TiO,, £2** /TiO, and Cd**/
TiO, photocatalysts (5 mol.% M"* : Ti**). The calculated

s s of the lines obtained (intercept. slope, R*) are
summarized in Table 2, together with the values of the phenol
adsorption constant K. Comparing these values with the
adsorption constant K,,=4.07 mM ' reported for phenol
decomposition in aqueous TiO., suspension [27] and
Kn=89 mM ™' for TiO, P25 particles fixed on glass fibres
[28], it can be seen that very good agreement is obtained for
the TiO, supported photocatalysts. The relatively high vatue
of the adsorption constant obtained for the photocatalyst
doped with lithium ions (K,,=27.7 mM~ ') is remarkable.

On the other hand, Co** /TiO.. Cr** /TiO,, Mn** /TiO,
and Ce** /TiO, photocatalysts (5 mol.% M"* : Ti**) are
photochemically inactive, and a very low activity of phenol
degradation is observed for AP*/TiO, and Fe'*/TiO,,
where the formal phenel half-times obtained for the lowest
initial phenol concentration (¢,=0.1 mM) are 33 min and
44 min respectively.

The effect of individual metal ions on the photocatalytic
activity of M"*/TiO, is a complex problem. However, a
significant decrease in the photocatalytic activity is observed
for M"* /TiO, doped with metal ions characterized by ionic
radii comparable with the ionic radius of Ti** [29], and by
a more positive redox potential of the M"* /M~ * couple
{30] than the band edge potential of the TiO, conduction
band ( —0.4 Vvs. NHEatpH 7 [31]).

The characteristics of Cr/TiO, samples with various Cr
concentrations were studied by electron paramagnetic reso-
nance (EPR) spectroscopy, and the formation of large
agglomerates of Cr,O, was confirmed for Cr/TiO, materials
doped in the range 3-5 wi.% [32]. Herrmann et al. [14]
prepared homodispersed and homogeneously doped n.n-
porous Ga** /TiO,, Cr* * /TiO,, Sb* * /TiO, and V** /TiO,
photocatalysts by the flame reactor method. All samples
exhibited smaller photocatalytic activities than pure TiO, of
a similar texture, and the strongest inhibitory effect was

-]
-
E
o f
>
3 /
241
()
12+
o . )
0.00 0.20 0.40 0.60
co, mM
Fig. 4. Dependence of the formal phenol half-time on the initial phenol
ion for the ph Iytic degradation ( 50 °C) on

ly
TiO, supported by the sol-gel technique on glass fibres.



V. Brezovi et al. / Journal of Photochemistry and Phatobiology A: Chemistry 109 (1997) 177-183 181

Table 2

Calculated for the linear

of the formal phenol half-time on the initial concentration of phenol. and values of the phenst adsorption

constant (dopant concentration, S mol.% M”* : Ti**; photocatalytic experiments wete carried out at 50 °C)

Photocatalyst Ti2= (I 2)/ (kiks) + | Kond (2kks) 1ey

(In 2)/(kik2) (min) Kol (2K1kz) (min mM™ ") R Ko (mM™Y
TiO, 88 372 0.998 59
Li* /TiO, 27 539 0998 277
Zn** /TiO. 6.8 445 0.997 9.1
Cd**/TiO, 183 346 0.999 26

observed ‘or Cr** /TiO,. The detrimental eftect of doping
was explained by the fact that trivalent and pentavalent ions
behave as recombination centres of the photoproduced charge
carriers [ 14]. The Fe** ion concentration is dominant for
Fe'* /TiO, materials {15,17,18]. Fe** /TiO, samples con-
taining various amounts of Fe* * (0.2-10 wt.%) were applied
to the photocatalytic oxidation of nitrite; the most photoactive
sample was found to contain 0.5 wt.% Fe** [18]. Similar
results were obtained by Soria et al. [15] and Palmisano et
al. [17] for TiO, samples doped with Fe**. For the more
highly doped materials (iron concentration higher than 0.1%
[17] or 0.5% [18]), the photoreactivity is negatively influ-
enced by the presence of iron ions, probably due to a decrease
in the density of surface-active centres.

We propose that the low photoactivity of the prepared
Co**/TiO,, Cr** /TiO,, Mn** /TiO,, Ce**/TiO,, APP*/
TiO, and Fe** /TiQ, photocatalysts (5 miol.% M”* : Ti**)
can be explained as discussed in Refs. [ 14-18].

3.5. Photocatalytic activity of Pt*/TiO with various dopant
concentrations

Doped Pt"/TiO, photocatalysts with platinum concentra-
tions of 0.5, 1.25, 2.5, 3.75 and 5 mol.% Pt": Ti** were
synthesized by the sol-gel technique on glass fibres. The
effective decrease in phenol concentration during irradiation
in the presence of the Pt"/TiO, photocatalyst (3.75 mol.%
Pt’: Ti**), in systems with increasing initial phenol concen-
tration, is shown in Fig.5. However, as noted above
(Fig. 3(b)), the decomposition of the intermediates is siower
than for dopant-free TiO, layers (Fig. 3(a)). The set of UV
spectia obtained during irradiation in the presence of the Pt/
TiO, photocatalyst (3.75 mol.% Pt": Ti *: ¢,=0.3 mM)
clearly illustrates the formation of intermediates during 30
min of irradiation (Fig. 6). Consequently, longer i
times are necessary for the total mineralization of pheno!
using Pt°/TiO, photocatalysts. In an effort to obtain infor-
mation on the oxidation states of platinum in the prepared
Pt/TiO, photocatalysts, the X-ray powder diffraction patterns
were measured for a sample with a platinum concentration of
5 mol.% Pt: Ti**. The measured results were analysed by
comparing the X-ray powder diffraction patterns with data
published in the Powder Diffraction Files (PDFs) with the
following numbers: Pt 4-802; Pt;0, 21-1284; PO 27-1331;

0.2

S c, mM
2 5 .. -
//

0.0 X ) L N
40 N

tir, min
Fig. 5. Decrease in phenol concentration during irradiation at 50 °C in the
presence of a Pt"/TiO, photocatalyst (3.75 mol.% Pt : Ti**) in systems
with various initial phenol concentrations ¢,: @, 0.5 mM; @, 0.4 mM; A,
0.3 mM; 00,0.2mM; O, 0.1 mM.

)
g

1.0

Abs

0.5

0.0
200 300 350

A, nm
Fig. 6. Changes in the UV spectra observed during photocatalytic phenol
decomposition on Pt"/TiO, (3.75 mol.% P’ : Ti**) (co=03 mM; tem-
perature, 50 °C). Irradiation time: 0, 5, 10, 15, 20, 25, 30 and 45 min.

PiO, 23-1306; PtTi 23-1310; PtCl, 19-914; TiO, (anatase)
21-1292; TiO; (rutile) 21-1276. Our data (Fig. 7) confirm
the formation of the anatase structure during the preparation
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A Pto; Pto; A Pt Pt A

intensity (cps)

25

Fig. 7. X-Ray powder diffraction pattern of Pt/ TiO, photocatalyst supported
by the sol-ge! technique on glass fibres (5 mol.% Pt : Ti** ) with marked

g 00.5 8 Pt
g 0125 5 Pt

A2 % Pt
. W35 5 Pt
< @5.0 s Pt
< g0}

lines for anatase A ( ). P10, (- ~ =) and Pt’ (- - -). Conditi step,
0.04° 26; time of step, 15 s. Asterisk represcnts the signal of the carrier
material.

of a TiO, layer on glass fibre, and show unambiguousiy the
presence of Pt” in the sample. Signals representing platinum
in the higher oxidation states were not found.

The positive role of platinum [ 14,16,19,33] and of Pd, Ir,
Rh. Os and Ru [16,19,34] loading on TiO, in the photoca-
talytic decomposition of organic compounds has been
duscribed previously. Kaise et al. [19] reperted, for Pt°/
TiO-. an optimal loading of metal in the range 0.5-1.5 mmol
M”"* : TiO, for effective radical formation. Herrmann et al.
[ 14] obtained a hyperbolic decrease in the reaction rate with
increasing Pt° loading on Ti0,, and the experimental results
were interpreted by the transfer of photoelectrons from the
semiconductor to the metal particles, and by the decrease in
the amount of oxygen photoadsorbed on TiG, as a negatively

h d species with i g Pt° content. The rolc of the
nurnber and size of Ptclusterson TIO’ has alsobeendiscussed
by Gerischer and coworkers { 35,36] and Sadeghi et al. [37].

The dependence of the formal phenol half-time on the
initial phenol concentration is non-linear for Pt°/ TiO, pho-
tocatalysts. as depicted in Fig. 8. Consequently, the kinetic
equation (Eq. (2)) is not valid for Pt°/ Ti0,. and platinum
is probably included in the oxygen reactions on the TiO,
surface as proposed in Refs. | 14,35-38].

In addition, in our experiments, the concentration of Pt°
substantially influences the photoactivity of Pt°/TiO,; the
best properties were obtained for a platinum content of
1.25 mol.% Pt : Ti**. Concentrations of Pt” of more than
5 mol.% Pt®: Ti** have a detrimental effect on the photo-
catalyst activity.

4. Conclusions

The presence of metals, such as Li*
Co®*,Ce’*.Cr*, Mn?*, Al

N anﬂ' R Cd2 -+ R P[O,
P+ and Fe**, may significantly

5 0 n 1 n 1 n i - L ')
29,° 0.0 0.1 0.2 0.3 0.4 0.5
co, mM
Fig. 8. Dcpendence of the formal phenol hnlf time on the initial phenol
ion for the ly {temp 50 °C) on
P1"/TiO, ph: lysts at various Pt° (mol.% P1": Ti**).

change the photoactivity of a TiO, layer prepared on glass
fibre by the sol-gel technique. The prepared dopant-free TiO,
photocatalyst is very effective in the reaction of phenol
decomposition, and a linear dependence of the formal phenol
half-time on the initial concentration of phenol in solution is
found. An analogous linear depend (from which the
corresponding phenol adsorption constants were calculated
and compared) is also obtained for Li* /TiO,, Zn** /TiO,
and Cd** /TiO, photocatalysts.

The photoactivity is dependent on the dopant concentration
for Pt"/TiO, materials with a platinum content in the range
0.5-5.0 mol.% Pt° : Ti**. In our experiments, the best results
were obtained for a Pt/ TiO, photocatalyst with 1.25 mol.%
Pt: Ti**. However, the degradation of hydroquinone, pro-
duced as an intermediate, is slower than for dopant-free TiO,
photocatalyst. Consequently, longer irradiation times are nec-
essary for the total mineralization of phenol using P/ TiO,
photocatalysts.

The presence of Co**,Ce**,Cr**, Mn**, AP+ and Fe**
ions (5 mol.% M"* : Ti**) in the TiO, layer supported on
glass fibres by the sol—gel technique has a detrimental effect
on the photoactivity.
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