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a b s t r a c t

In this paper the synthesis of photocatalytically modified core–shell composites is reported. The synthe-
sis was realized by hydrolysis and condensation of tetrapropylorthotitanate on ground quartz, which is
used as an additive in mortar and concrete. This allowed a controlled growth of titania layers on the par-
ticles with different thicknesses. The efficiency of the coating process was studied by interpretation of
XRF results. The morphology of the composites was analyzed via SEM. Photoactivity of the particles
was studied by analyzing the titania crystal phases of the shell (XRD) and calculating the photonic effi-
ciency of NO-degradation measurements. Moreover methylene blue degradation was performed to
reflect the self cleaning properties of the composite materials.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Since the first photocatalytically modified products were intro-
duced in the East-Asian market, more research works across the
world have started focusing on the characteristics, development
and application of photocatalysts [1–3]. Titania (TiO2) has turned
out to be the most effective photocatalyst in decomposing organic
and inorganic substances and is applied worldwide in different
kind of products [4,5]. Especially in the construction engineering
sector the application of photocatalysts is very promising. Photo-
catalytically modified products comprise self-cleaning and air
purifying characteristics and are already employed in concrete,
glass, mortar etc. for the maintenance of the aesthetic appearance
of buildings and the reduction of pollutants [6–8]. Limiting values
for pollutants like NOx, stipulated in the EU Directives on ambient
air quality [9,10] are partly exceeded at the moment. For instance,
over 50% of the German urban monitoring stations for NO2 re-
corded concentrations above the limiting value of 40 lg/m3 air in
2010 [11]. In inner-city areas an increase of NOx emission is fur-
thermore expected and limiting values will be more difficult to
achieve. Therefore the application of photocatalytic products for
the reduction of NOx has been tested in laboratories and in pilot
projects to assess their potential for air purification [12].
ll rights reserved.
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The problem that has been identified with photocatalytic prod-
ucts is a reduced photocatalytic activity in contrast to the pure
photocatalyst. Usually the photocatalyst is applied in the form of
nanoparticles, to work with a high specific surface area. But this
characteristic is also the reason for the high tendency of nanopar-
ticles to agglomerate. As a result, not only nanoparticles exist in
the products, but also agglomerates. Therefore a homogeneous
and efficient distribution of the photocatalyst is not guaranteed.
Hüsken et al. identified agglomerates of TiO2 formed at the surface
of photocatalytically modified paving blocks [13]. Methods to
avoid the formation of agglomerates during the mixing process
are modifying the concrete mixture by using additives, more water
or a high-shear mixer [13]. But mostly the particles are already
agglomerated before adding to the concrete mixture and in many
cases it is preferred to maintain the mixing formulation. In such
cases modified photocatalysts can be the answer.

In this paper the synthesis of such modified photocatalysts,
named core–shell composites is reported. By adjusting the size of
the systems and applying just a thin layer of titania on a cheaper
core material, agglomeration between nano-particles can be
avoided and costs can be reduced [14]. Moreover, these systems of-
fer variability in size and thickness of the core and shell respec-
tively. In the last decades silica–titania core–shell composites
have been prepared by different methods, such as sol–gel method,
flame processes or chemical vapor deposition [15–18]. In many
cases synthetically prepared and monodisperse silica cores were
used, which represented ideal morphology and purity [19,20]. This
work deals with the synthesis of core–shell composites based on
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industrial ground quartz as the core, coated via hydrolysis and con-
densation of tetrapropylorthotitanate. This provides a base to de-
velop composites, which are applicable for practical purposes.
The possibility of changing the shell thicknesses was studied and
the photocatalytical activities were determined.
2. Materials and methods

2.1. Preparation of the functional composites

Industrial quartz powder, Millisil W12 (Quarzwerke Frechen,
Germany) with an upper grain size of d95 = 50 lm was used as
the core material and tetrapropylorthotitanate (TPOT) (Merck, Ger-
many) for obtaining the titania shell.

For the coating process the quartz particles were dispersed
ultrasonically in an ethanol/water mixture with a water content
of 1 mol/L. The resulting silica dispersion was 14 wt.%. Different
amounts of an ethanolic TPOT solution with 28 wt.% were added
with a feed rate of 0.5 ml/min to the silica sol under continuous
stirring at room temperature (20 �C). The amounts of added TPOT
were equal to different weight percentages of titania in case of
complete hydrolyzation. The dosages were calculated on the basis
of the molecular weights of SiO2 and TiO2. Data are given in
Table 1.

The preparation was stirred for about 20 h following centrifuga-
tion and washing steps with ethanol until the supernatant was
clear. Afterwards the coated particles were dried and calcined at
650 �C. Finally the samples were centrifuged and washed again,
to remove possible titania-shell splinters.
2.2. Characterization

2.2.1. Physico-chemical characterization
Quantitative X-ray fluorescence analysis (XRF) was performed

(according to DIN/EN/ISO 12677) by using an X-ray fluorescence
Table 1
Amounts of quartz and ethanolic TPOT solution for the preparation.

Sample (wt.% SiO2/wt.% TiO2) Millisil W12 (g) TPOT solution (g)

90/10 50 70.6
80/20 50 158.8
70/30 50 272.2
60/40 50 423.5
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Fig. 1. Schematic drawing of the setup for analysis of MB-degradation after
spectrometer (PANalytical Axios, Netherlands) [21]. The particle
size analysis of coated and uncoated particles was performed via
a Laser Granulometer (Beckman Coulter, LS 230, USA). Data of spe-
cific surface area were collected through the BET physisorption
method (Autosorb-1 Quantachrome, USA) [22]. Morphology of
the particles was examined using a scanning electron microscope
(SEM, Carl Zeiss Supra 40VP, Germany) with voltages between 3
and 15 kV and a secondary electron detector. All specimens were
sputter-coated with gold prior to SEM-analysis. X-ray diffraction
(XRD) analysis was carried out with a D4 X-ray diffractometer
(Bruker AXS, Germany) at a voltage of 30 kV, a current of 40 mA
and a Lynx-Eye detector.

2.2.2. Photocatalytical characterization
Photocatalytic activity was tested via two different methods.
Degradation of methylene blue (MB) was examined in an aque-

ous solution with an apparatus designed after DIN 52980 [23].
30 mg of each sample was sedimented in 40 ml of an aqueous
10 lmol/L MB-solution, in a cylindrical glass beaker (£ = 3 cm).
The solutions were kept in the dark for two hours after which
the samples were irradiated with UV-A light having an intensity
of about 1.7 mW/cm2 for another 18 h. Illumination was provided
by two 20 W UV-lamps (Philips Cleo).

NO-degradation was studied via an apparatus designed after
ISO 22197-1 [24]. The sample container made of acrylic glass with
a cover made of quartz, had an area of 25 cm2 and a volume of
2.5 cm3 and was completely filled with the sample to be tested.
NO gas with a concentration of 1 ppm was streamed over this test-
ing area. Prior to the measurements, the samples were pre-exposed
to UV-A light of 1 mW/cm2 intensity for seven days. This ensured
that pollutants, which were already on the sample, were degraded.

The two test setups are illustrated in Fig. 1.

3. Results and discussion

3.1. XRF chemical analysis

TPOT is an organic titania precursor and reacts to TiO2 via
hydrolysis and condensation as the chemical equation (1)
describes

½TiðOC3H7Þ4� þ 2H2O! TiO2 þ 4C3H7OH ð1Þ

When quartz particles were added to the reaction, titania
monomers adsorbed on the quartz surface. Chemisorption and
physisorption were both possible. In case of chemisorption titania
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DIN 52980 (left) and NO-degradation based on ISO 22197-1 (right) [24].



Table 2
Quantities of titania and silica analyzed via XRF.

Sample (SiO2 wt.%/TiO2 wt.%) 90/10 80/20 70/30 60/40

XRF SiO2 [wt.%] 91 81 74 81
XRF TiO2 [wt.%] 8 18 25 18
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Fig. 2. BET specific surface area determined via gas adsorption analysis of uncoated
and coated samples after calcination at 650 �C.
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was chemically bound on the surface, in case of physisorption
small titania aggregates physically adsorbed on the surface via
van der Waals forces. In such a case, it was possible that very
weakly bonded aggregates were removed during the washing step.

XRF measurements were performed to study the efficiency of
the coating procedure. The XRF analysis yielded the real quantities
of silica and titania in the samples after washing and calcination at
650 �C and therefore gave information about the efficiency of the
hydrolysis and the loss of particles during the preparation process.
The sample names in this study equate to the percentage weight
ratios of quartz and titania, in case of complete transformation of
the TPOT precursor to titania on the quartz surface. For example
60/40 equates to 60 wt.% SiO2 and 40 wt.% TiO2.

These theoretically calculated values were compared to the data
of the XRF analysis in Table 2. The results show that the sample
compositions of the two samples with lower concentration of
TiO2 are very close to the theoretically defined ones. The samples
with 30 and 40 wt.% of TiO2 do not follow the trend and it seems
that approx. 20 wt.% TiO2 is the maximum which can be bound
to the given surface of the quartz powder.

3.2. BET specific surface area

The BET specific surface area of uncoated particles washed and
calcined at 650 �C was 0.69 m2/g, which is in good agreement with
the value of 0.9 m2/g given by the manufacturer.

Data of the BET surface analysis showed that the specific surface
area increased after coating with titania (see Fig. 2). The adsorption
of smaller titania aggregates caused a rougher surface, which in-
creased the specific surface area. The smaller the aggregates are,
the higher the specific surface is. The maximum specific surface
area was achieved for samples 80/20. The reason for the similar
BET values of sample 80/20, 70/30 and 60/40 can be due to the sim-
ilar titania quantities in these three samples. The results correlate
very well with the XRF results.

3.3. SEM analysis

By using a scanning electron microscope the morphology of
uncoated and coated quartz particles could be studied. Uneven
Fig. 3. Micrographs of uncoated quartz p
surfaces for uncoated particles were observed, as can be seen in
Fig. 3 in different magnifications. Tiny quartz splinters spread on
the surface as well as calderas and small holes could be identified,
too.

Fig. 4 illustrates several coated quartz particles of sample 70/30
before calcination. This shows that the quartz particles were suc-
cessfully covered by titania. Moreover the micrographs reveal that
the titania cover is not continuous, as it contains many cracks.
More and deeper cracks were observed for thicker coatings. The
articles in different magnifications.



Fig. 4. Sample ‘‘70/30’’ after drying at 40 �C.
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reason for this is the high water content of the initial titania
coating and the thermal stress resulting out of it during the dry-
ing-process. This postulation was supported by the observation
of more distinctive cracks in case of the calcined particles that have
undergone a higher thermal stress (see Fig. 5).

Fig. 5 shows several micrographs of a coated and calcined par-
ticle taken at different magnifications. This also allows a closer look
at the titania layer, where it is clearly visible that the layer is made
up of aggregated titania monomers of nanoscaled dimensions.

A collection of all coated samples together with close ups of
their shells is presented in Fig. 6.

As the quartz particles did not consist of even surfaces, the coat-
ing thickness also varied from one area to another area on one par-
ticle and also between the particles within one sample. It has to be
considered, that each core particle was shaped differently. The
shape has an influence on the adsorption of the titania monomers.
On some particles a thicker layer might have been developed,
whereas other particles possess thinner coatings or uncoated areas,
especially those particles with more sharp edges and lines. How-
Fig. 5. Micrographs taken at different magnification
ever, the shell thicknesses increased with higher amounts of titania
in the samples and the trend correlates well with the XRF data.

3.4. XRD analysis

XRD analysis was performed to study the mineralogical phase
composition of the samples. Only the anatase phase was found in
the coated samples as the XRD pattern reveals (Fig. 7). Moreover
it was discovered that sample 80/20 showed the highest crystallin-
ity, as the sharpest peaks were found in that pattern.

3.5. Photocatalytical characterization

Methylene blue (MB) degradation after DIN 52980 was per-
formed to reflect the self cleaning properties of the composite
materials. The degradation of NO gas after ISO 22197-1 [24] repre-
sents their capability to degrade air pollutants and remarks their
potential for the development of construction materials with envi-
ronmentally beneficial character. Technical data and operation de-
tails as well as schemes of the test setups are given in Section 2.2.2.
The results of both methods are shown in Figs. 8 and 9.

MB-degradation was tested for all samples and also for three
different calcination temperatures, exemplarily for sample 70/30
(Fig. 8). The results revealed the temperature of 650 �C as the most
effective calcination temperature. A comparative study of all sam-
ples identified sample 80/20 to be the most active one. One reason
for this could be the high crystallinity of that sample as found via
XRD. In highly crystalline materials fewer defects are observed. For
the photocatalytical degradation reaction radicals play an impor-
tant role, which are formed by electrons and holes generated in
the titania particle. Crystal defects promote the recombination of
electrons and holes and fewer radicals can be formed. But even
sample 90/10 showed higher activities than sample 70/30 and
60/40 which contained higher amounts of titania. As the amount
of titania was very low, peaks in the XRD pattern were not ob-
served for sample 90/10, which does not mean that the sample
did not consist of highly crystalline anatase. Photocatalytic activity
does also depend on the amount of titania exposed to the UV-light.
s of sample ‘‘80/20’’ after calcination at 650 �C.



Fig. 6. Micrographs of all coated samples calcined at 650 �C and shell thicknesses.
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Some samples consisted of more cracks or thinner titania layers. In
both cases a higher amount of the total titania in the sample is ex-
posed to the UV-light and can therefore be activated for the degra-
dation reactions.

When looking at the results of the NO-degradation test, increas-
ing photonic efficiencies were found with higher amounts of TPOT
added (Fig. 9). The photonic efficiency is defined here as the ratio of
the NO-degradation rate and the incident photon flux, for a mean
irradiation wavelength of 350 nm. The photonic efficiency f was
calculated via the following equations [25]:
I0 ¼
Ik

NAhc
I0 ¼ light flux

I ¼ light intensity ðJ s�1 cm�2Þ
NA ¼ Avogadro constant ðmol�1Þ
h ¼ Planck’s constant ðJ sÞ c ¼ light velocity ðm s�1Þ
k ¼ wavelength ðmÞ ð2Þ
fð%Þ ¼ DnNO

I0 � A
� 100

DnNO ¼ difference in inlet and outlet fluxes of NO ðmol s�1Þ
A ¼ illuminated area ðcm2Þ:

Samples 60/40 and 70/30 showed the highest photonic effi-
ciencies. Moreover the results revealed that standard nanoscaled
photocatalysts (P25 and Hombikat UV 100) measured under the
same conditions showed lower efficiencies than these two
samples. The reason for the high photoactivities can be the high
surface areas of these two samples. Sample 60/40 consisted of a
lower XRF identified amount of titania than sample 70/30 and
almost of the same amount as sample 80/20. Still photonic
efficiency was highest for this sample. It can be suspected that
the high surface area, the amount of NO molecules adsorbed on
the sample surface and the amount of titania exposed to the
UV-light, which varied due to cracks in the shell, were the influ-
encing factors. The photocatalytic activity also depends on the
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Fig. 7. XRD patterns of coated and uncoated samples after calcination at 650 �C. (Anatase peaks are marked with an A, the other peaks are those of the quartz core.)
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amount of surface hydroxyl groups and surface bound water that
reacts to radicals with electrons and holes respectively. The exact
reason is not clear.

The results of MB- and the NO-degradation test cannot directly
be compared with each other and therefore have to be examined
independently. In case of NO-degradation there was a lower
humidity in the gas reaction chamber. In contrast the MB-test
was performed in an aqueous solution of MB. Light intensity was
also lower and the testing areas were different.
4. Conclusions

Quartz–titania composites were successfully derived by hydro-
lysis and condensation of TPOT using ground quartz (d95 = 50 lm)
as the core material. The results indicated that 20 wt.% TiO2 was
the maximum which could be bound to the given surface of the
quartz powder. The formation of shell thicknesses between
approximately 100–550 nm of the sol–gel derived titania layers
could be controlled by supplying different amounts of TPOT during
the coating process. After calcination at 650 �C the shells were
composed of only the anatase phase. The shells were not continu-
ous and consisted of cracks, which are advantageous for the photo-
catalytic activity, as more active surface area of titania was bared.
All samples showed successful decomposition of MB and NO. Two
samples showed photonic efficiencies, which were above those of
P25 and Hombikat UV 100, frequently used as benchmarks for
photocatalysts. The results make the composites appealing for
application in building materials as the problem of agglomeration
between nanoparticles can be avoided. Therefore an efficient dis-
tribution of the photocatalyst in mortar mixtures for instance is ex-
pected. Further studies are going on to test these postulations.
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