
A

p
f
o
m
a
d
t
i
©

K

1

v
m
m
o
f
c
p
M
i
T
p
u
d

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 151 (2008) 623–627

Immobilization of TiO2 and Fe–C–TiO2 photocatalysts on the
cotton material for application in a flow photocatalytic reactor

for decomposition of phenol in water

Beata Tryba ∗
Szczecin University of Technology, ul. Pulaskiego 10, 70-322 Szczecin, Poland

Received 13 March 2007; received in revised form 11 May 2007; accepted 11 June 2007
Available online 14 June 2007

bstract

TiO2 and Fe–C–TiO2 photocatalysts have been immobilized on the cotton material and used in a flow photocatalytic reactor for phenol decom-
osition. The cotton material has been applied as a support for photocatalyst, because can be easily removed and replaced in a reactor, what
acilitates the performance of the photocatalytic process. Fe–C–TiO2 photocatalyst has been prepared by modification of TiO2 fine particles
f anatase structure with FeC2O4 through heating in Ar at 500 ◦C. The immobilized photocatalysts could efficiently decompose phenol in
ultiple use, Fe–C–TiO2 showed higher photocatalytic activity than TiO2, around 15–18 mg and 15–16 mg of phenol have been decomposed
fter 5 h of UV irradiation on Fe–C–TiO2 and TiO2, respectively. After addition of H2O2 the phenol decomposition and the mineralization
egree have been accelerated, especially with immobilized Fe–C–TiO2 photocatalyst, in case of that the photo-Fenton reaction occurred. In
he presence of H2O2 around 26–28 mg and 21–24 mg of phenol have been decomposed on Fe–C–TiO2 and TiO2 respectively, after 5 h of UV
rradiation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The photocatalytic process with using TiO2 photocatalyst is
ery promising for application in the water purification, because
any hazardous organic compounds can be decomposed and
ineralized by the proceeding oxidation and reduction processes

n TiO2 surface [1]. The most commonly tested compounds
or decomposition through the photocatalysis are phenols,
hlorophenols, pesticides, herbicides, benzenes, alcohols, dyes,
harmaceutics, humic acids, organic acids and others [1–8].
any efforts are focused on the practical application of TiO2

n the water treatment system. One of the disadvantage in using

iO2 as a photocatalyst is its difficulty for sedimentation after
hotocatalytic process. Therefore many researchers have been
ndertaken some attempts to improve decantability of fine pow-
er TiO2, mounting of TiO2 particles on some supports have

∗ Tel.: +48 91 4494277; fax: +48 91 4494686.
E-mail address: beata.tryba@ps.pl.

o
t
a

i
c
T
c
[

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.06.034
position

een widely reported, such as mounting TiO2 on SiO2, acti-
ated carbon, glass, pumice, zeolites, aluminum, polymers, etc.
9–13].

Separation of TiO2 through the membrane and coupling of
hotocatalysis with the membrane processes such as membrane
istillation have been also applied in the water treatment system
14–16].

In the photocatalytic reactors TiO2 is usually fixed to the
nner walls of the reactor by means of clay or epoxy resins [17],
owever some organic binders are not stable, because of their
hotocatalytic decomposition on the interfacial surface with
iO2 particles under UV irradiation. The fixed TiO2 to the walls
f the reactor once is not easy to be replaced with the other pho-
ocatalytic material, therefore new resolutions of TiO2 mounting
re still welcomed.

In our previous research work we have improved decantabil-
ty of TiO2 by changing its hydrophility through the carbon

oating [18,19] and we have improved photocatalytic activity of
iO2 by developing of a new Fe–C–TiO2 photocatalyst which
ould work in both, photocatalysis and photo-Fenton processes
20–22].

mailto:beata.tryba@ps.pl
dx.doi.org/10.1016/j.jhazmat.2007.06.034
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Amount of solution inside the reactor was approximately 1 dm3.
Each time after fixing of immobilized cotton material, the
reactor was rinsed with water to remove an excess of the
photocatalyst.
24 B. Tryba / Journal of Hazardo

Application of powdered TiO2 in a real water treatment sys-
em is still a great disadvantage of the photocatalytic process.
herefore in this work a new way of mounting TiO2 for its
pplication in the photocatalytic flow reactor is presented. Pre-
iously we have reported about mounting of the photocatalyst to
he adhesive tape and fixed to the metal grid, which was placed
nside the reactor [20]. Here are the immobilization of a photo-
atalyst on the cotton material, which can be easily use in the
eactor is presented.

. Experimental

.1. Photocatalysts

Anatase-type ST-01 was used as base TiO2 (Ishihara Sangyo
o. Ltd., Japan). Fe–C–TiO2 photocatalyst was prepared from
iO2 and FeC2O4 by mechanical mixing in the mass ratio of
0:1, and by heating in Ar at 500 ◦C for 1 h. In this case small
mount of carbon was present as residue. Detailed description
bout preparation and characterization of the photocatalyst has
een already reported in the previous papers [21,22].

.2. Characteristics of the photocatalysts

The photocatalysts were characterized by BET surface area,
RD, content of iron and carbon, and OH• radicals formation
nder UV irradiation with or without H2O2.

BET surface area was determined from the adsorption
sotherm of N2 at 77 K. XRD analysis was performed using Cu
� radiation. Content of iron in the catalysts (Fe2+ and Fe3+) was
etermined by extraction with 5 mL of 6 M HCl for 2 h, followed
y analysis with UV–vis spectrophotometry using a colorimetric
ethod. Iron detection was carried out using the 2,4,6-tris(2-

yridyl)-1,3,5-triazine reagent, which has a very high sensitivity
owards Fe2+. Analysis of OH• radical formation on the sur-
ace of the catalysts under UV irradiation and under UV/H2O2
as performed by fluorescence technique using terephthalic

cid, which easily reacts with OH• to form the highly flu-
rescent product 2-hydroxyterephtalic acid. The intensity of
he peak attributed to 2-hydroxyterephtalic acid was propor-
ional to the amount of OH• radicals formed. Content of carbon
n Fe–C–TiO2 photocatalyst has been determined by com-
ustion the sample in air at 1000 ◦C using thermogravimetric
nalysis.

.3. Immobilization of photocatalyst on the cotton material

The suspension of the powdered photocatalyst has been made
n 20 mL of the aqueous solution of sodium silicate (Na2SiO3).
hen this mixture has been homogoneously pasted with a brush
n the cotton material of size 19 cm × 24 cm and was left for
rying overnight. The cotton material used is a linen textile
roduced from a raw unbleached linien yarn. Such immobi-

ized photocatalyst was inserted inside the reactor. The excess
f the immobilized photocatalyst was rinsed by flowing water
hrough the reactor before photocatalysis, so only a thin layer of
hotocatalyst remained on the cotton material.
ig. 1. The scheme of the flow photocatalytic reactor with immobilized photo-
atalyst on the cotton material.

.4. Photocatalytic reactor

The commercial cylindrical reactor equipped in UV lamp of
rojan UVMax Company has been used, as shown in Fig. 1.
his reactor is easily available and commonly used for the dis-

nfection of water. This is a cylindrical reactor with length of
pproximately 29.5 cm and the diameter of 6.8 cm. The UV
ercury lamp is placed inside the reactor, in the center. The

haracteristics of this lamp is presented on the UV–vis spectrum
n Fig. 2. This lamp emits UV rays in the range of 250–800 nm
ith high maximum at 254, 436, and 546 nm. The immobilized
hotocatalyst on the cotton material has been placed inside the
eactor from the top in a way to stick to the inner walls along the
eactor. The phenol solution has been pump up from the con-
ainer to the bottom of the reactor by the peristaltic pump and
ollowed the photocatalytic decomposition in the reactor, and
hen from the top of reactor was going back to the container. This
irculation has been performed with the speed of 13.32 dm3/h for
.3 dm3 of circulated phenol solution of concentration 0.03 g/L.
Fig. 2. The characteristics of UV lamp.
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Fig. 3. The phenol decomposition on the powdered TiO2 and Fe–C–TiO2 with
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.5. Photocatalytic decomposition of phenol

Phenol decomposition has been performed in the photo-
atalytic flow reactor equipped in the cotton material with
mmobilized photocatalyst and switched UV lamp. The exper-
ments have been carried out two to three times for each
mmobilized photocatalyst. The influence of H2O2 addition
9.8 mmol/L) to the reaction mixture on the speed of phenol
ecomposition has been investigated. The concentration of phe-
ol solution was monitored by sampling of few mL of phenol
olution in every 30 min and analysis in UV–vis spectropho-
ometer by measuring of absorbance at 270 nm. The total organic
arbon (TOC) of phenol solution have been measured in Multi
/C analyzer by differential method.
For comparison decomposition of phenol on powdered TiO2

nd Fe–C–TiO2 has been also performed in a beaker, the results
ave been published in the previous work [21]. The photocat-
lysts at a loading of 0.2 g/L were suspended in 500 mL of
.02 g/L phenol solution. The suspensions were magnetically
tirred for 3 h in the dark until saturation with adsorption of
henol. After adsorption, photodecomposition of phenol was
arried out under UV irradiation. UV irradiation power inside the
eactor was 2.4 mW/cm2 in the wavelength range 310–400 nm
nd 1.9 mW/cm2 in the range 360–470 nm. Experiments were
arried out with and without addition of 9.8 mmol/L H2O2 to
he phenol solution. The concentration of phenol solution was
easured by high performance liquid chromatography (HPLC).

. Results and discussion

The characteristics of photocatalysts are presented in Table 1.
Original TiO2 exhibited higher BET surface area than

e–C–TiO2 and consisted from anatase phase only. FeTiO3
hase appeared in iron modified TiO2 sample.

In the previous papers [21,22] we have reported the photo-
atalytic activity of TiO2 and Fe–C–TiO2 photocatalysts used
s powders in the aqueous phenol solution under UV irradiation
ith and without addition of H2O2 (Fig. 3).
Fe–C–TiO2 photocatalyst showed lower photoactivity than

iO2 under UV irradiation but its photoactivity was much
igher after addition of H2O2 to the reaction mixture. In case
f Fe–C–TiO2 both, photocatalysis and photo-Fenton reactions
ave been ocurred. The presence of carbon in Fe–C–TiO2
aused that phenol decomposition was going by direct oxida-
ion of phenol on the surface of photocatalyst, addition of H2O2
aused oxidation of iron and formation of OH• radicals, which

ould attack the organic matter concentrated on the surface of
e–C–TiO2 photocatalyst.

The ring products of phenol decomposition has been
easured by HPLC. It was checked that in case of TiO2 ben-

H
i
w
b

able 1
haracteristics of TiO2 and Fe–C–TiO2 photocatalysts

ample code BET (m2/g) Carbon (mass%)

iO2 300 –
e–C–TiO2 72 2.4
ime under UV irradiation with and without addition of H2O2.

oquinone (BQ) and hydroquinone (HQ) were formed during
henol decomposition, their concentration was increasing with
ime of UV irradiation. In case of Fe–C–TiO2 photocatalyst
o any ring byproducts of phenol decomposition were detected
nder UV irradiation. The addition of H2O2 to the phenol solu-
ion caused that catechol was additionally formed during phenol
ecomposition under UV irradiation with and without photocat-
lyst. The ring byproducts of phenol decomposition formed on
e–C–TiO2 with H2O2 have been completely decomposed after
h of UV irradiation but were still remained after 5 h of UV irra-
iation on TiO2 with H2O2 and in case of H2O2 used without
ny photocatalyst [21].

From the FTIR studies it was proved that hydroquinone was
ore likely adsorbed on Fe–C–TiO2 than on TiO2 and could

lay a key role in the process of phenol decomposition, some
ydroquinones formed in phenol decomposition could reduce
ron and accelerate in this way the rate of phenol decomposition
y the formation of a ternary HQ–Fe–H2O2 complex [23].

OH• radicals formation on the photocatalyst surface has been
easured in order to check the occurring photo-Fenton reaction

nd to estimate the role of OH• radicals in the photooxidation
f phenol. In Fig. 4 OH• radicals formation on the photocat-
lyst surface is presented under UV and UV with addition of
2O2. The commercial TiO2 photocatalyst showed much higher
H• radicals formation than Fe–C–TiO2 under UV irradiation,

ven higher than amount of OH• produced by photolysis of
2O2. Fe–C–TiO2 photocatalyst showed almost no OH• rad-

cals formation without addition of H2O2. However when H2O2

as added to the solution OH• radicals reduction on TiO2 has
een observed due to the scavenging effect of OH• radicals

Fe2+ (mass%) Fe3+ (mass%) XRD (phases)

– – Anatase
0.70 0.96 Anatase, FeTiO3
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ig. 4. OH• radicals formation on the surface of TiO2 and Fe–C–TiO2 under
V and UV with addition of H2O2.

ith H2O2:
2O2 + OH• → HO2
• + H2O (1)

Silmutanously increase of OH• radicals formation on
e–C–TiO2 photocatalyst appeared due to the reaction of

ig. 5. Cycling decomposition of phenol on (a) TiO2 and (b) Fe–C–TiO2 pho-
ocatalysts in a flow photocatalytic reactor with time of UV irradiation.
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ron oxidation:

e2+ + H2O2 → Fe3+ + OH• + OH− (2)

The aim of this work was to find the practical use of the photo-
atalysts in the water purification, therefore the immobilization
f the photocatalyst has been performed.

The photocatalysts after immobilization on the cotton mate-
ial and placeing into the reactor have been rinsed with water
n order to remove the excess of the photocatalyst. It was
bserved that Fe–C–TiO2 photocatalyst was better fixed to the
otton material than TiO2, because in case of the latter high
xcess of the particles have been removed. The immobilized
hotocatalysts were used for phenol decomposition in a few
ycles, with and without addition of H2O2. In Fig. 5 the per-
entage of phenol decomposition with time of UV irradiation
s shown. It can be observed the comparable amount of phe-
ol decomposition with cycling on both, TiO2 and Fe–C–TiO2,
round 50–60% of phenol was decomposed after 5 h of UV
rradiation. The fast decreasing of phenol concentration at the

eginning can be caused by the phenol adsorption on the pho-
ocatalyst surface, however the final amount of decomposed
henol after 5 h of UV irradiation is the same in the cycles. On
e–C–TiO2, the lag phase in phenol decomposition is observed

ig. 6. Cycling decomposition of phenol on (a) TiO2 and (b) Fe–C–TiO2 pho-
ocatalysts in a flow photocatalytic reactor with time of UV irradiation after
ddition of H2O2.
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n the cycles 2 and 3, after that the phenol decomposition is
peeded up.

In Fig. 6 phenol decomposition on immobilized photocata-
ysts is shown with addition of H2O2 to the phenol solution. The
cceleration of phenol decomposition has been observed, much
ronounced on Fe–C–TiO2 photocatalyst, where over 90% of
henol was decomposed after 5 h of UV irradiation with 50% of
ineralization degree. By using immobilized TiO2 photocata-

yst phenol has been decomposed with 70–80% after 5 h of UV
rradiation, however the mineralization degree was rather low,
round 20%.

. Conclusions

Immobilization of photocatalyst on the cotton material and its
pplication in a flow photocatalytic reactor seems to be a good
ay in the practical use of the photocatalytic process. In the

stablished conditions a stable amount of phenol can be decom-
osed in the following cycles. The mineralization degree during
henol decomposition can be increased by an addition of H2O2
o the reaction mixture.

When process of phenol decomposition was carried out in the
eakers with powdered TiO2 photocatalyst, after H2O2 addition,
he scavenging effect of OH• radicals has been observed, which
aused decreasing a degree of phenol decomposition, however
n immobilized TiO2 on the cotton material by means of the
a2SiO3 aqueous solution, addition of H2O2 caused increasing

he amount of decomposed phenol.
The immobilized Fe–C–TiO2 photocatalyst showed higher

hotoactivity than TiO2, either with addition of H2O2 or not.
he cycling decomposition of phenol with using immobilized
e–C–TiO2 and H2O2 showed that amount of decomposed and
ineralized phenol was comparable in the cycles. This is a very

ood example of the application of the heterogeneic-supported
hotocatalyst for Fenton process.

It is believed that Fe–C–TiO2 photocatalyst can give rise
new kind of heterogenic photocatalyst which can find an

pplication in water purification, giving high degree of min-
ralization by combination of two processes, photocatalysis and
hoto-Fenton with H2O2 as a Fenton reagent.
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