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bstract

Titania coated silica spheres (SiO2@TiO2) prepared by heterocoagulation of silica and titania nano-particles were investigated as catalyst in
he photodegradation of rhodamine B (RB) in aqueous solution. The silica spheres were prepared by the well-known Stöber method and titania
ol by a hydrolysis–condensation reaction in acidic media. The uncoated and coated particles were characterized by zeta potential measurements,
coustic attenuation spectroscopy and scanning electron microscopy. The degradation of the dye was induced by illuminating the coated spheres in
queous solution with artificial solar light. The spectral distribution of the applied light corresponds to the sunlight spectrum on the earth’s surface.

hodamine B was used as model dye and decomposed completely to colourless end products after illumination. The decrease in concentration
f rhodamine B was monitored by UV–vis spectroscopy and the total organic carbon (TOC) was determined in order to verify the degradation
echanism described elsewhere.
2006 Elsevier B.V. All rights reserved.

TOC

(
h
b

l
t
f
T
t
p
a
l
w
t
c

eywords: SiO2@TiO2; Rodamine B; Potodegradation; UV–vis spectroscopy;

. Introduction

The application of semiconductors in heterogeneous photo-
atalysis to eliminate various pollutants in aqueous systems as
ell as in the air has gained significant attention in the last
ecade [1,2]. Especially titania (anatase), as it is non-toxic,
ighly chemically resistant and available at low cost, is investi-
ated and already widely used as photocatalyst [3,4] in various
pplications, like degradation of air ollutants (NOx, aromats,
hlorofluorocarbons) [5–7] and water purification, e.g. degrada-
ion of various pollutants in waste waters [8–10] or detoxification
f drinking [11–14] and surface waters, respectively[15].

The basic principle of titania photocatalysis in presence of
oisture and oxygen under illumination with solar light is as

ollows: after excitation with light of an energy higher than the

and gap (e.g. 3.2 eV for anatase), pairs of holes (h+) and elec-
rons (e−) are formed, which can either recombine inside or
n the surface of titania or react with adsorbed electron donors

∗ Corresponding author. Tel.: +49 89 289 13167; fax: +49 89 289 13152.
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e.g. hydroxide ions) or acceptors (e.g. oxygen). The resulting
ydroxyl radicals OH• and superoxide ions O2

−• are known to
e oxidants capable of oxidizng organic compounds [2,3,7].

Recently, titania films [16,17] were investigated as photocata-
yst, as they are considered to be more applicable in practise than
itania suspensions [18], as the films have not to be reclaimed
rom the reaction mixture as the powder suspensions have to.
he main disadvantage for the application of titania films is

hat the photocatalytic activity is reduced compared to titania
owder, due to less surface area. In this study, we present the
pplication of titania coated silica spheres (SiO2@TiO2) as cata-
yst in the photodegradation of rhodamine B in aqueous solution,
hich can easily be reclaimed by sedimentation or filtration of

he reaction mixture. The spheres were synthesized by hetero-
oagulation [19] of silica and titania nano-particles prepared by
ol–gel techniques [20,21] and characterized by scanning elec-
ron microscopy (SEM), zeta potential measurements and acous-
ic attenuation spectroscopy. A main advantage of core–shell

ystems is that their properties can be varied with the size, com-
osition and thickness of both core and shell [22,23]. Another
dvantage is the cost-reduction in the preparation of the cata-
yst. Since the described photocatalytic effects mainly concern

mailto:dietmar.stephan@bauchemie-tum.de
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2 try an

t
c
a

i
t
d
T
c
d

2

2

u
w
a
o
h
e
a
b
i
z
i
(
p
M

2

u
t
(
m
T
w
d
m
s
E

2

u
a
f
s
w
R
t
t
e

t
t
a
t
1
m
a

h
t
F
p
a
fi
a
2
t
a

3

3

t
m
B
m
s
p
s
o

i
p
(3.0–11.0) the zeta potential is negative. The IEP for the particles
is at pH 1.0–2.0 depending on the particle size. Fig. 1 shows the
zeta potential versus the pH value for 220 nm sized silica parti-
cles. In order to investigate the morphology of the synthesized
0 P. Wilhelm, D. Stephan / Journal of Photochemis

he surface of the catalyst, the SiO2@TiO2 core–shell system is
heaper than pure titania as the inert silica core is well available
s industrial by-product.

Rhodamine B is used as model organic dye, as it is the most
mportant xanthene dye and dye pollutants from the textile indus-
ry are an important factor in environmental pollution and its
egradation mechanism has been studied quite well [24–26].
he photodegradation of rhodamine B in aqueous solution via
oated spheres was investigated by UV–vis spectroscopy and
etermination of the total organic carbon (TOC).

. Experimental

.1. Preparation of SiO2@TiO2

SiO2@TiO2 [19,27,28] was synthesized through heterocoag-
lation of silica spheres and titania nanosol. The silica particles
ere synthesized according to the method described by Stöber et

l. [20]. To obtain particles in different sizes, the concentration
f the used reagents was varied. Titania sol was prepared by a
ydrolysis–condensation reaction of tetrapropylorthotitanate in
thanol as solvent. To peptize the intermediate gel, hydrochloric
cid was added to the solution [21]. The coating was performed
y gradual addition of titania sol to silica particles dispersed
n ultra-pure water. The coating progress was monitored by
eta potential measurements. After complete coating of the sil-
ca particles, excess titania was removed through centrifugation
10,000 g, 10 min) and discarding the supernatant. The coated
articles were then redispersed in ultra-pure deionized water.
ore details about the preparation are given elsewhere [19].

.2. Characterization of SiO2@TiO2

The size of titania, silica and coated silica was measured
sing acoustic attenuation spectroscopy. The zeta potential of
he particles was calculated from the colloidal vibration current
CVI) determined by electroacoustic measurements [29]. Both
ethods were performed by using a DT 1200 from Dispersion
echnology. The phase composition of titania nano-particles
as determined using Rietveld refining techniques with the fun-
amental parameter approach (Bruker AXS, Topas 2.1). The
orphologies of silica and SiO2@TiO2 were investigated by

canning electron microscopy studies (SEM) (Philips XL 30
SEM FEG).

.3. Photodegradation of rhodamine B

The photodegradation of rhodamine B (RB) was investigated
sing a Suntest CPS+ from Atlas Material Testing Solutions
s source for artificial sunlight. The applied radiation intensity
or the experiments was 550 W/m2, which is equivalent to the
olar intensity at high noon in the equatorial region. The test
as performed with 100 mL of water containing 10−5 mol/L

B and 1.5·10−3 wt% titania and dispersed SiO2@TiO2, respec-

ively. The mixture was irradiated at the described intensity and
he progress of the degradation of rhodamine B was monitored
very hour by UV–vis spectroscopy (Varian Cary 50). In order

F
(
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o quantify the concentration of rhodamine B, the UV–vis spec-
rometer was calibrated to a concentration range between 10−7

nd 10−5 mol/L at a wavelength of 554 nm, which corresponds
o the absorption maximum of RB. As a reference measurement
00 mL of water with 10−5 mol/L RB was also irradiated and
onitored by UV–vis spectroscopy to investigate if degradation

lso occurs in the absence of the photocatalyst.
Additionally, TOC in the mixture was determined by using a

ighTOC II from Elementar Analysensysteme in order to inves-
igate if the dye is only photobleached or completely degraded.
or these investigations, a solution of 75 mL 4·10−5 mol/L RB
lus 75 mL titania sol was used. This solution was also irradi-
ted at the described conditions except for the fact that the UV
lter was removed from the Suntest CPS+ in order to acceler-
te the degradation reaction as UV rays up to a wavelength of
50 nm are applied to the system. Samples at the beginning, in
he middle and at the end of the experiment were taken for TOC
nalysis.

. Results and discussion

.1. Characteristics of SiO2@TiO2

The size of the titania nanosol was 10 nm according to acous-
ic attenuation measurements. Its isoelectric point (IEP) deter-

ined by zeta potential measurements is at pH 6.7 (Fig. 1).
esides that X-ray diffraction (XRD) studies were made to deter-
ine the phase composition via Rietveld quantification. These

tudies revealed anatase as major phase and rutile as minor
hase. Exact quantification was not possible due to the lack of
harp reflection signals in the diffraction pattern, as consequence
f the nano-crystalline character of titania.

Silica spheres with a diameter of 220, 470 and 590 nm accord-
ng to acoustic attenuation spectroscopy were synthesized. Zeta
otential measurements showed that in the investigated pH range
ig. 1. Change in zeta potential with the pH of silica (220 nm) (a), titania nanosol
10 nm) (b) and SiO2@TiO2 (470 nm) (c).
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Fig. 2. SEM image of the synthesized silica particles.

articles, SEM studies were performed. Fig. 2 shows a SEM
mage of the silica particles. The image illustrates that the par-
icles are spherical and have a smooth surface.

The coating was carried out by gradual addition of titania sol
o the aqueous silica dispersion, which leads to heterocoagula-
ion. In terms of this experiment, the smaller titania particles are
ound on the surface of the silica spheres (Fig. 3). Important for
his approach is the control of the pH value, as the particles have
o be oppositionally charged for the coating to take place. A pH
f 7.5 for silica and 2.0 for titania was used, as it appeared to
e a good compromise between colloidal stability and surface
harge.

The progress of coating was monitored by zeta potential mea-
urements. In the course of the experiment, the pH drops from
.5 to 2.5–3.0 after the last addition of titania sol and the zeta
otential becomes more and more positive, which is a conse-
uence of the decreasing pH and the coating with titania, until
plateau is reached. At this plateau, where the zeta potential

oes not change anymore (except for small changes related to

uctuations in pH), the coating process is complete and the sil-

ca spheres are fully covered by titania. To verify the success of
he coating, the zeta potential of the coated silica spheres was

easured in dependency of the pH. As can be seen in Fig. 1,

R

O

Fig. 3. Schematic drawing of the coatin
Fig. 4. SEM image of the titania coated silica spheres.

he coated particles exhibit almost the same pH dependency as
ure titania, which leads to the conclusion that the silica spheres
ere successfully coated with titania. Furthermore, SEM stud-

es of the coated spheres were performed, which illustrate that
he particles are still monodisperse and spherical, but the surface
s not smooth anymore (Fig. 4). This rough surface is related to
he coating with titania.

.2. Photodegradation of rhodamine B in the absence of
iO2

Fig. 5 shows the decrease in RB concentration determined
y UV–vis spectroscopy versus illumination time in presence of
itania nano-particles, coated silica spheres and absence of both.
he reference sample is not photodegraded to a great extend. The
oncentration only decreases by about 10% during the experi-
ent. The reaction mechanism in absence of titania and presence

f oxygen includes the following possible steps [16,17,24,26]:

B + h� → RB∗ (1)
B∗ + O2 → RB+• + O2
−• (2)

2
−• + H+ → OOH• (3)

g process by heterocoagulation.
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ig. 5. Decrease in rhodamine B concentration over the time of pure rhodamine
aqueous solution (a) and in presence of SiO2@TiO2 (590 nm) (b), SiO2@TiO2

470 nm) (c), SiO2@TiO2 (220 nm) (d) and titania nanosol (e).

B+• O2−→Rhodamine → Products (4)

The excitation of RB (Eq. (1)) and irradiation with visible
ight/UV rays is followed by the reduction of O2 to O2

−• by
B* (Eq. (2)). O2

−• reacts with a proton (from the autoprotoly-
is of the solvent water) to OOH• (Eq. (3)). In total, the cationic
ye radical is degraded to carbon dioxide, water and mineral
cids via rhodamine as intermediate (Eq. (4)). In case of our
xperiment, the rhodamine intermediate could not be detected
n the UV–vis spectroscopy (Fig. 6), only a decrease in RB con-
entration was found. Qu et al. [26] reported that OOH• and
H• are necessary for the N-deethylation of RB, which in turn

s necessary for the complete degradation of the dye. Qu et al.
lso reported that Eq. (2) is a very slow reaction compared to
he reaction of the excited dye with titania (Eq. (5)). The very

low N-deethylation followed by a much faster degradation of
B through OOH• is a possible explanation for the decrease in
bsorbance of the dye. The fact that the degradation without a
etectable rhodamine intermediate occurs was also reported by

ig. 6. Absorption spectra of rhodamine B aqueous solution during illumination.

t
a
o

F
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u and Zhang [17]. Pure photobleaching, with aromatic hydro-
arbons as final product is no possible explanation, as no rise
n absorption at 225 nm – typical for aromatic rings – can be
ound.

.3. Photodegradation of rhodamine B in the presence of
iO2

In case of titania nanosol, the degradation is fastest and the
oncentration follows an exponential decay. After an irradia-
ion time of about 4 h, the rhodamine is completely decomposed
ccording to UV–vis spectroscopy (Figs. 5 and 7) and a colour-
ess solution is obtained. The degradation of the dye assisted by
iO2@TiO2. Fig. 5 shows almost a linear decay for the decrease

n concentration for all particle sizes. Comparing differently
ized coated silica particles, the degradation slows down with
ising particle diameter. This is related to the fact that smaller
articles have a higher specific surface area than larger ones;
ence, the mass proportion of titania as coating on the silica
urface is increasing with decreasing particle diameter.

The illumination time for complete degradation doubles if
ure titania sol is compared with 220 nm sized SiO2@TiO2,
ut the difference between 220 and 470 nm sized SiO2@TiO2
s quite small. After 8 h of illumination, the RB concentration
n case of the 470 nm sized particles is only slightly higher
han the one of the 220 nm sized particles. The 590 nm sized
iO2@TiO2 behave different, the degradation is much slower.
ompared with the 470 nm sized particles, it takes about addi-

ional 3.5 h until complete degradation of the dye according to
V–vis spectroscopy. For the largest particles, the degradation

eaction slows down significantly at longer irradiation times.
his is not observed in case of the smaller particles. The slow-
own of the reaction is possibly due to the faster sedimentation
f the 590 nm sized particles. Without stirring, the particles do
herefore the diffusion path for unreacted molecules towards the
ctive titania surface increases, resulting in a slowdown of the
verall degradation process.

ig. 7. Absorption spectra of rhodamine B aqueous solution in presence of
itania nanosol during illumination.
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ig. 8. Absorption spectra of rhodamine B aqueous solution in presence of
iO2@TiO2 (590 nm) during illumination.

In Fig. 8, UV–vis spectra after different illumination times
f a rhodamine B solution with the 590 nm sized SiO2@TiO2
pheres are shown. As can be seen from the figure, the max-
mum absorption peak at 554 nm gradually decreases during
he illumination. Like in the case of RB without any additives,
o blue-shift of the absorption maximum to 498 nm could be
bserved at any time of illumination. According to Watanabe
t al. [24] the blue-shift in the absorption maximum is related
o the N-deethylation of rhodamine B to rhodamine (Fig. 9),
he major intermediate in the degradation of rhodamine B. As

entioned above, the absence of the rhodamine peak does not
ecessarily mean that the N-deethylation does not take place in
resence of TiO2 or SiO2@TiO2. Since there are no additional
eaks appearing in the UV–vis spectra in the course of the exper-
ment either using titania nano-particles or SiO2@TiO2, the dye
s completely degraded and not only photobleached. In presence
f titania or SiO2@TiO2 under visible light/UV illumination
dditional reactions can occur [16,17,24,26]:

iO2 + RB∗ → RB+• + TiO2(e−) (5)

iO2(e−) + O2 → TiO2 + O2
−• (6)

iO2(e−) + O2
−• + H+ → HO2

− + TiO2 (7)
O2
− + H+ → H2O2 (8)

2O2 + e− → OH• + OH− (9)

p

l

Fig. 9. N-deethylation of rhodam
d Photobiology A: Chemistry 185 (2007) 19–25 23

hese equations refer to the case of visible light illumination,
nder UV irradiation; titania is excited directly, leading to the
ollowing reactions:

TiO2
hν−→TiO2(e−) + TiO2(h+) (10)

B + TiO2(h+) → RB+• + TiO2 (11)

2O + TiO2(h+) → OH• + H+ + TiO2 (12)

itania can be excited directly or indirectly through RB. If
xcited indirectly, the reaction with oxygen leads to the for-
ation of O2

−• (Eq. (6)). From subsequent reactions after the
ormation of the superoxide ion (Eqs. (7)–(9)) hydroxyl radicals
re formed. The direct excitation of titania through UV rays also
eads to the cationic dye radical RB+• and OH• (Eqs. (10)–(12)).
or the reaction of water respectively RB with the electron holes
f the excited titania, the adsorption of both on the titania surface
s necessary. As already mentioned above, the formation of OH•
s necessary for the N-deethylation of RB and therefore required
or the complete degradation of RB.

According to UV–vis spectroscopy after illumination of the
amples RB has disappeared and no other products detectable by
V–vis spectroscopy are left in the reaction mixture. To prove if

he concentration of the organic carbon decreases in course of the
xperiment, TOC measurements were carried out. A complete
isappearance of organic carbon would confirm the complete
egradation of RB, whereas only a small decrease in TOC would
ead to the assumption that only photobleaching occurs. Fig. 10
hows the normalized TOC in dependency of the illumination
ime for the RB degradation assisted by titania sol. After 3 h
llumination time, no RB could be detected by UV–vis spec-
roscopy and the carbon concentration decreased by about 70%
f the initial concentration. This demonstrates that no RB is left
n the reaction mixture, but it also seems to be certain that after
he decolourization of the dye, there is still some organic car-
on left – likely aldehydes/carboxylic acids – but no aromatic
ings, since these also could not be detected. So the reaction
ime for the complete degradation is longer than for complete
isappearance of RB in UV–vis spectra.

Additionally, the rate constants for the degradation of RB
ccording to UV–vis spectroscopy were determined, assuming

seudo-first-order reaction kinetics [17]:

n

(
c

c0

)
= −kt (13)

ine B to rhodamine [23].



24 P. Wilhelm, D. Stephan / Journal of Photochemistry an

F
n

w
c
d
f
n
0
S
t
fi
n
b

i
d
S
i
m
r
t
a

F
S
(

r
i
m
s
a
i
l
w
a
i
p
s
u
a
t
t
r
e
a

4

h
d
i
o
t
c
d
c

A

ig. 10. Decrease in TOC of rhodamine B aqueous solution in presence of titania
anosol during illumination.

here c/c0 is the normalized RB concentration and k is the rate
onstant. In comparison to the data of Wu and Zhang [17] who
etermined k as 0.01173 min−1, our determined rate constants
or pure titania and SiO2@TiO2 were 0.01719 min−1 for the tita-
ia sol, respectively 0.00348 min−1 for SiO2@TiO2 (590 nm),
.00465 min−1 for SiO2@TiO2 (470 nm) and 0.00473 min−1 for
iO2@TiO2 (220 nm) (Fig. 11). This confirms the fact men-

ioned in the beginning that the sol is more reactive than the
lm, but cannot be reclaimed. The coated spheres show a sig-
ificant lower reactivity compared to titania sol or film, but can
e easily reclaimed.

All experiments demonstrated that the titania coated sil-
ca particles have a significant photocatalytic activity towards
egrading the dye in aqueous solution. Only the large
iO2@TiO2 particles do not perform very well in this exper-

mental setup due to sedimentation effects. For further experi-

ents and practical applications this can be prevented by stir-

ing or pumping the suspension. The experiments also showed
hat RB was completely degraded and not only photobleached
ccording to the known degradation mechanisms.

ig. 11. ln (c/c0) of rhodamine B concentration versus time for titania sol (a),
iO2@TiO2 (220 nm) (b), SiO2@TiO2 (470 nm) (c) and SiO2@TiO2 (590 nm)
d). The slope refers to the rate constant k.
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It must be stated that the experimental conditions do not rep-
esent the solar radiation in middle Europe, as the solar radiation
n middle Europe is not as high as the one applied in the experi-

ent, so degradation under European solar conditions should be
lower. Even though the particles have their advantages as they
re non-toxic and can be reclaimed and therefore can be used
n cycle. The fast sedimentation of coarse particles could be uti-
ized for example in water purification plants. In comparison
ith the titania nano-particles, which have a higher photocat-

lytic activity, the coated particles could be used as one step
n water purification as they easily can be separated from the
urified water through sedimentation, e.g. simply stopping to
tir or pump the water. This separation is not possible when
sing the titania sol, as it will not sediment without flocculation
ids due to its colloidal particle size. Before the application of
he SiO2@TiO2 particles for real waste waters, more investiga-
ions have to be made in order to test the photocatalytic activity
egarding other organic as well as biological pollutants, get more
xperience in recovering the catalyst and collect data about the
ctivity of recovered particles.

. Summary

The experiments showed that the titania coated silica particles
ave a significant photocatalytic activity regarding the degra-
ation of rhodamine B in aqueous solution under solar light
rradiation and that the dye was completely degraded and not
nly photobleached. The coated particles are easily available
hrough well-known one-step synthesis followed by a hetero-
oagulation. Further investigations will be made in order to
etermine the photocatalytic activity when using other hydro-
arbons as pollutants in water.
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