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A B S T R A C T

Silver-montmorillonite/TiO2 composites were prepared using various mixing ratios. The optical

properties of the catalyst composites were evaluated DR-UV–vis spectrophotometry. Their photo-

catalytic efficiencies were tested in the degradation of ethanol vapour at a relative humidity of�70% in a

closed circulating reactor. Light sources used were 15 W lamps, one rich in UV (l � 254 nm) and one

emitting visible light (l � 435 nm). The course of photodegradation of ethanol vapour was monitored by

gas chromatography. By incorporating silver ions into clay minerals/TiO2 mixtures with different ratio,

we obtained composites capable of degrading ethanol in the visible wavelength range about twice as fast

as the reference photocatalyst, type P25. The synergistic effect is interpreted as the result of the excellent

adsorption capabilities of layer silicates combined with the advantageous effect of silver nanoparticles

and silver oxides on light absorption in the visible range.
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1. Introduction

The preparation of semiconductor oxide thin films (TiO2, ZnO and
SnO2) [1] and the analysis of their photocatalytic efficiency represent
an important possibility for the utilization of solar energy [2–9]. As
the excitation threshold energy of the titanium dioxide is 3.2 eV
(l = 387 nm), it is necessary to use high-energy UV light for the
excitation of TiO2 nanoparticles. It has been reported in many
publications that photon absorption on the surface of photocatalysts
in the visible range can be increased by incorporation of metal ions
(second-generation photocatalysts) [10–16]. Hamal and Klabunde
synthesized titanium dioxide doped by silver, carbon and sulphur
(Ag/C–S–TiO2) [17]. They compared the photocatalytic activity of the
silver-doped composite with that of the reference, Degussa P25 TiO2,
in gas-phase degradation of acetaldehyde. When using a UV light
source (320 nm < l > 420 nm), P25 TiO2 proved to be more
efficient, whereas in the case of a visible light source (l > 420 nm)
nm) silver-doped TiO2 was found to surpass the reference in
efficiency. It was established that the shift in the excitation
wavelength of the catalyst towards the visible range is due to silver
doping. The same result was arrived at by Seery et al., who studied
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the degradation of the dye rhodamine 6G using a light source with a
sun-like spectrum [18]. Incorporation of metal ions into the
crystalline structure of TiO2, however, does not always enhance
photocatalytic activity [19] and the stability of the suspension may
also decrease due to aggregation, hindering practical utilization in
suspension [20].

Another field of this type of research is generation of
semiconductor metal oxides on the surface of catalyst supports
[21–23]. Supports with large specific surface areas such as layer
silicates are capable of accelerating photooxidative processes and
they form stable composites. According to Kun et al. [24] the
increased adsorption ability is due to the large specific surface area
of the clay mineral and to the interlamellar incorporation of TiO2

particles [25,26]. This phenomenon is termed the synergistic effect
of layer silicates, which is responsible for the enhanced activity of
TiO2 nanoparticles in composites as compared to pure TiO2.

Liu et al. prepared an Ag–TiO2/montmorillonite composite
powder and compared its structure and photocatalytic activity to
that of P25 TiO2, montmorillonite and TiO2/montmorillonite [27].
They studied the photocatalytic activities of the composites under
UV irradiation in the degradation of methylene blue, in aquatic
suspension at solid/liquid phase. They found that the Ag–TiO2/
montmorillonite composite with large specific surface area was
more efficient in degrading methylene blue than was P25 TiO2

photocatalyst.
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Our objective was to increase the photooxidative degradation
rate of ethanol vapour by creating the most efficient TiO2

photocatalyst/clay composites. To this end the clay mineral,
(sodium-montmorillonite) was exchanged by silver cations in
aquatic suspension. The catalysts obtained, exhibiting novel
optical and structural properties were characterized by various
physical methods. For photocatalytic experiments thin films (ca.
1 mm) were prepared from the nanocomposites using ‘‘spray
coating’’ technology on a quartz glass cylinder surface in the
photoreactor. We studied the degradation of ethanol vapour at the
solid/gas interface at �70% humidity in closed circulating system,
in the presence of UV-rich (l � 254 nm) and visible (l � 435 nm)
light sources.

2. Experimental

2.1. Sample preparation

We used TiO2 Typ P25 (Evonik, former Degussa AG) and the fine
fraction of Na-montmorillonite EXM-838 as layer silicate
(d < 2 mm, Süd-Chemie AG, Germany) for composite powder
preparation. The clay mineral was exchanged with silver nitrate in
aquatic suspension (1 mmol g�1 clay). The schematic pictures of
the structure of the Ag-clay/TiO2 powder mixture composite have
been presented in an earlier publication [28]. The compositions of
the catalysts – prepared for thin film using spray coating technique
on the glass cylinder was�1 mm thick – were the following: 20/80,
35/65, 50/50 and 75/25 Ag-clay/TiO2 ratio.

2.2. Sample characterization

Diode array spectrophotometer (Ocean Optics Inc.) equipped
with an integrated sphere was used to record the diffuse
reflectance spectra (DRS) of the samples. The optical properties
of Ag-ion-exchanged clay/titania catalysts compositions are listed
in Table 1.

The specific surface area and the porosity of Ag-clay/TiO2

nanocomposites were determined by a Micromeritics gas adsorp-
tion analyzer (Gemini Type 2375) at 77 K in liquid nitrogen. The
structural properties of samples were also characterized by XRD
experiments. We can establish that only the disoriented (delami-
nated) silicate layer structure exists and no intercalation with TiO2

occurs in the composite. (See schematic picture in Fig. 3.)
X-ray photoelectron (XP) spectra were taken with a SPECS

instrument equipped with a PHOIBOS 150 MCD 9 hemispherical
electron energy analyzer operated in the FAT mode. The excitation
source was the non-monochromatic Ka radiation of a magnesium
anode (hn = 1253.6 eV). The X-ray gun was operated at 250 W
power (12 kV, 14 mA). For data acquisition and evaluation both
manufacturer’s (SpecsLab2) and commercial (CasaXPS, Origin)
software were used.

Photooxidation of ethanol vapour was performed in a reactor
(volume: ca. 700 ml) at 25 � 0.1 8C. The experimental setup and
schematic drawing of the photoreactor are described in our previous
paper [28,29]. The light sources of the reactor were two types of 15 W
low pressure mercury lamp (LightTech, Hungary) as ‘‘light source 1’’
with characteristic emission wavelength at lmax = 254 nm and ‘‘light
Table 1
Structural and optical characteristics of Ag-clay/TiO2 composite samples.

Metal content (wt%) as
BET (m2/g) as

mp (m2

Ag-clay/TiO2 20/80 2.16 49.5 0.44

Ag-clay/TiO2 35/65 3.78 48.0 0.94

Ag-clay/TiO2 50/50 5.40 50.9 3.84

Ag-clay/TiO2 75/25 8.93 43.0 1.57
source 2’’ with characteristic emission wavelength at lmax = 435 nm.
The catalyst was sprayed onto the outer side of the inner quartz tube
from 10 to 20% aqueous dispersion under N2 stream. The surface of
the catalyst film on the tube wall was 44.8 cm2, and the coating
density was 0.28 � 0.02 mg cm�2. The film thickness was ca. 0.7–
1.0 mm. The reactor was filled with dry synthetic air ([H2O] < 5 ppm)
to a final pressure of 760 Torr. After delivery of ethanol and water
vapour, the system was left to stand for 30 min for the establishment
of the adsorption equilibrium on the catalyst surface. The composi-
tion of the vapour phase was analyzed in a gas chromatograph
(Shimadzu GC-14B) equipped with a thermal conductivity (TCD) and
a flame ionization detector (FID). The flow rate of the gas mixture in
the measuring system was 375 cm3 min�1. The initial concentration
of ethanol was 0.25 mol m�3 at relative humidity of �70%.

3. Results

3.1. The specific surface areas and the porosities of the catalysts

For characterization of the catalyst composites we have
measured the N2 adsorption at 77 K. The N2 adsorption isotherms
exhibit adsorption hysteresis. The pore size distribution function
was determined from the appropriate region of desorption branch
after recording the isotherm, using the Barrett–Joyner–Halenda
(BJH) method [30]. This effect show a pore system and the average
diameter of whose pores varies between d = 3–4 nm. The specific
surface area nearly constant (43–50 m2 g�1), but the surface area of
micropores (amp) and the volume of the pores are increasing with
higher montmorillonite content in the composite catalyst. This
data are characteristic only for the surface properties of the powder
catalyst samples, but not for the prepared films. However this data
show that the presence of the layer silicate in the catalyst give the
possibility for adsorption and incorporation of the ethanol and
water molecules under the catalytic process. It is well known the
swelling properties of clay minerals in aquatic environment,
because in the interlayer space there are huge internal surfaces for
adsorption of small polar molecules [33].

3.2. Diffuse reflection spectrophotometric studies

Titanium dioxide composite thin films were subjected to diffuse
reflection measurements in a diode array spectrophotometer that
yields information on the excitability of TiO2 particles. The DR
spectra obtained are shown in Fig. 1. Silver ion content is seen to
bring about an increased absorbance in the visible wavelength
range (l = 450–650 nm). The Ag-clay/TiO2 samples have a
broadened absorbance peak maximum at 465 nm (Eg = 2.66 eV)
in the visible range, indicated by the brown color of the powder
samples. The excitation energy of Degussa P25 TiO2 is well-known
from the literature: Eg = 3.2 eV (lg = 387 nm). The optical char-
acteristics of Ag-clay/TiO2 composites are summarized in Table 1.

3.3. Chemical (XPS) analyses

The XP spectra of O 1s and Ag 3d regions of Na-montmorillonite,
TiO2 (P25), the ion-exchanged montmorillonites and the compo-
sites are shown in Fig. 2. The values obtained are normalized to the
/g) Vmp (�10�3 cm3/g) d (nm) lg (nm) Eg (eV)

- 3.5 402 3.08

0.09 3.5 400 3.10

1.63 3.6 397 3.12

0.47 3.4 387 3.20



Fig. 1. Diffuse reflectance UV–vis spectra of different Ag-clay/TiO2 composites: (a)

Ag-clay/TiO2 20/80, (b) Ag-clay/TiO2 35/65, (c) Ag-clay/TiO2 50/50 and (d) Ag-clay/

TiO2 75/25.

Fig. 2. (a) XP spectra of the O 1s regions of Na-montmorillonite and ion-exchanged mont

bond energies of the Ag 3d doublets of silver-clay before and after photocatalysis and

Table 2
Surface composition of pure and Ag-clay/TiO2 catalyst samples.

Atomic concentration (%)

Ti O Ag Si Al C

Na-montmorillonite – 62.02 – 22.97 8.30 3.19

TiO2 (P25) 27.99 60.87 – – – 11.14

Ag-clay – 61.88 1.27 25.27 7.77 3.81

Ag-clay/TiO2 50/50 8.70 61.14 1.08 16.54 5.81 6.73
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binding energy of external carbon (285.1 eV). The samples were
measured before as well as after photocatalysis, in order to
investigate changes brought by irradiation under 70% humidity.
The surface compositions of the samples are summarized in
Table 2. The spectra of montmorillonites reveal (Fig. 2a) that when
Na-ions are exchanged for Ag-ions, the binding energy of oxygen
(Eb = 532.7 eV) is shifted towards higher energies (Eb = 534.5 eV)
and its intensity is also slightly increased. As a result of silver
addition, the binding energies of the Ti 2p doublets of titanium
dioxide and their intensities are altered, which is in good
agreement with the results reported by Zhang et al. [31]. These
authors found that the intensities of the peaks corresponding to the
Ti orbits were increased by the incorporation of Ag-ions. The
binding energy of the reference sample (P25 TiO2) is Eb = 458.7 eV.
In the case of the silver-containing sample a shift by about�0.4 eV
morillonite clay, (b) O 1s regions of Ag-clay/TiO2 before and after photocatalysis, (c)

(d) Ag 3d doublets of Ag-clay/TiO2 before and after photocatalysis.



Fig. 3. The surface migration mechanism of Ag+ ions in the presence of water vapour

to the TiO2 surface.

Fig. 4. (a) Changes of ethanol concentration under UV–vis irradiation (light source

1) and (b) formation of CO2 as a function of irradiation time.
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towards the lower energy range is observed (Ag-clay/TiO2

Eb = 458.3 eV). The position of the Ti 2p3/2 component (458.7 eV)
corresponds to the oxidation state of +4 of titanium dioxide
[12,31].

In the case of the Ag-clay/TiO2 composite (Fig. 2b), the binding
energy of the oxygen derived from TiO2 is modified from
Eb = 531.07 eV to 531.74 eV by irradiation during photocatalysis
and its intensity is reduced; in contrast, the energy of the oxygen
peak associated with montmorillonite (Eb = 534.19 eV) is only
slightly shifted (by�0.1 eV) towards the higher bond energy range
and its intensity is only minutely increased.

The binding energies of the Ag 3d doublets of silver-containing
montmorillonite samples (Eb = 375.04 eV and Eb = 369.09 eV) are
not modified by irradiation (Fig. 2c). The difference between the
spin energies of the two peaks was measured as 6 eV, in good
agreement with the results of Yang et al. [15]. After the addition of
TiO2 (Fig. 2d) the peaks cease to be symmetrical and a low-
intensity shoulder appears, which is decreased by irradiation.
Moreover, after the addition of TiO2 the spectrum is shifted
towards the lower energy range by �1.5 eV, indicating that two
new states of silver have appeared, of which the appearance of the
peak with higher intensity (Eb = 367.5 eV) is attributable to the
formation of silver oxide [32].

To sum up, bond energies are shifted in silver ion-exchanged
composites in the course of irradiation during photocatalysis,
which is due to the chemical reactions taking place on the surface.
Based on our XPS measurements, we propose the following
hypothesis to explain the conversions taking place on the surface:
according to our hypothesis (Fig. 3), during photocatalysis in the
presence of water vapour a multimolecular water layer is formed
on the surface of the layer silicates, which makes possible the
migration of silver ions on the adsorption layer, on the surface of
the support, thus the resulting system contains both silver oxide
and silver hydroxide. We suppose a surface reaction:
2Ag+ + H2O! 2Ag2O + 2H-montm. or Ag+ + H2O! AgOH + H-
montm. occurs in contact with the TiO2 catalyst. A detailed
verification of these surface migration mechanisms, however, will
necessitate further XPS and catalytic measurements.

3.4. Photocatalytic efficiency

The photocatalytic efficiency of ion-exchanged composites was
tested in ethanol oxidation at a relative humidity of 70%. The
reference catalyst thin film was pure TiO2 P25. The degradations
were also carried out without catalyst with both light sources;
ethanol concentration did not decrease in either case, which means
that no self-photolysis takes place in the system. In the course of
the measurements the decrease in ethanol concentration and the
extent of carbon dioxide production were monitored (Figs. 4a, b
and 5a, b). The reference chosen for the determination of the
synergistic effect of the catalyst thin films was the decrease in
ethanol concentration (DcEtOH) produced by pure TiO2 (P25) in
10 min. Since composites with TiO2 contents of 35%, 50%, 65% and
80% were prepared, the reference value was corrected according to
the different TiO2 contents (w1) of the composites. The synergistic
effect can be calculated by the following the following equation:

synergistic effect ¼
DcðEtOHÞAg�clay=TiO2ðmeasuredÞ

w1 DcðEtOHÞTiO2

� 100 (1)

where DcðEtOHÞAg�clay=TiO2
is the decrease in ethanol concentra-

tion produced by the Ag-clay/TiO2 composites in 10 min, and
w1 DcðEtOHÞTiO2

is the decrease in ethanol concentration in 10 min
based on the mass ratio (w1) of pure TiO2 photocatalyst. The data
are shown in Figs. 4–6.

Inspection of the degradation curves (Fig. 4a and b) reveals that
under l � 254 nm irradiation the reference material, TiO2 P25 does
not degrade the entire amount of ethanol present in the reaction
system even in 60 min, whereas the Ag-montm./TiO2 composite
catalysts degrade the entire amount within less than 20 min.
Comparison of the values measured to the data of the photo-
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oxidative degradation of ethanol calculated from the results of
measurements on pure TiO2 film (Fig. 6a) reveals the synergistic
effect of silver-montmorillonite, i.e. an approximately five- to
sixfold increase in efficiency relative to the calculated value in the
case of the Ag-montm./TiO2 composites of 20/80, 35/65 and 50/50
ratios.

Under irradiation in visible range (l � 435 nm), according to
the evidence of the degradation curves on Fig. 5a the degradation
of ethanol DcEtOH is 0.1 mol m�3 in the flow system by the
reference material TiO2 P25. For silver-containing composites, the
degree of photooxidation is higher in the case of Ag-montm./TiO2

20/80 sample (DcEtOH = 0.18 mol m�3). The same results can be seen
in Fig. 5b for the CO2 formation on different catalyst composites.
It is important to mention that under 60 min experiment the
photodegradation of ethanol is not completed, because we have
intermedier products showing the gas chromatograms. The
Fig. 5. (a) Changes of ethanol concentration under visible irradiation (light source 2)

and (b) formation of CO2 as a function of irradiation time.

Fig. 6. The measured and calculated DcEtOH as a function of Ag-clay/TiO2

composition under (a) UV–vis and (b) visible irradiation.
representation of the synergistic effect (Fig. 6a and b) reveals that
the actual efficiency of the composites are much higher as the
efficiency calculated for simple addition of TiO2 and silver-clay
content due to the presence of Ag-clay/TiO2 composite sample.

To summarize our findings, it can be established that silver-
montmorillonite has no significant photoactivity, since the initial
amount of ethanol is not decreased after 1 h of UV irradiation.
Ethanol is degraded more efficiently under UV-C irradiation
(l � 254 nm) than under visible light (l � 435 nm) by each of
the catalysts tested. The efficiency of photooxidative degradation
by the various composites is significantly higher than the efficiency
of the pure TiO2 catalyst. The synergistic effect is due, on the one
hand, to the excellent adsorption capability of the clay mineral for
adsorbing ethanol, and on the other hand, to an increase in light
quantum efficiency brought about by adding with silver ions into
the clay/TiO2 composite, caused by increased photon absorption in
the l = 450–650 nm wavelength.

4. Conclusion

Sodium-montmorillonite was exchanged with silver ions and
the silver-montmorillonite was used for the preparation of various
composites with TiO2. The composites exhibiting novel optical
properties were characterized by DR-UV–vis spectrophotometry.
The energies of the samples were determined (lg exchanged from
387 nm to 402 nm) and it was shown that photon absorption
maximum of the catalyst in the visible range (450–650 nm) is
significantly increased by the incorporation of silver into the
composites.

XPS measurements suggest that silver oxide and silver
hydroxide nanoparticles modify the surface of TiO2. The detailed
verification of these surface migration mechanisms, however,
necessitate further surface chemical studies. Thin composite films
were prepared, whose photocatalytic properties were tested in the
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degradation of ethanol vapour on the solid/gas interface, at a
relative humidity of 70%. The efficiency of ethanol degradation was
much higher under UV-C irradiation than in visible light for each
catalyst and catalyst composite. The efficiency of the Ag-clay/TiO2

composite with a mixing ratio of 20/80 was five- to sixfold higher
than that of pure TiO2.
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Palmisano, L. Palmisano, F. Parrino, S. Yurdakal, Applied Catalysis A: General
349 (2008) 182–188.

[9] V.N. Kuznetsov, N. Serpone, Journal of Physical Chemistry C 111 (2007) 15277–
15288.

[10] N. Serpone, Journal of Physical Chemistry B 110 (2006) 24287–24293.
[11] M. Anpo, M. Takeuchi, Journal of Catalysis 216 (2003) 505–506.
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