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ABSTRACT

Gas-phase photocatalytic oxidation (PCO) and adsorption of diethyl sulfide and ethanol in a batch reac-
tor using Cr-modified TiO,-loaded MCM-41 silica and commercial TiO, as photocatalysts were studied
with in situ FTIR method. Mesoporous molecular sieves MCM-41 modified with Cr were synthesized by
hydrothermal method; Si:Cr atomic ratio was 80:1 or 20:1. Final deposition of 25% TiO, was conducted
by sol-gel method using titanium isopropoxide as a precursor. Adsorption measurements in a static
reactor were used to estimate the Langmuir isotherm parameters (monolayer capacity and adsorption
constant). Photooxidation experiments under UV irradiation demonstrated that TiO, loading on Cr-MCM-
41 improve its activity in diethyl sulfide removal but decelerated the CO; formation. On the contrary,
the rate of ethanol oxidation increased strongly as a result of TiO; loading and the highest activity was
observed for 25% TiO,/MCM-41 photocatalyst without chromium. Sulfate species were detected on the
TiO, surface after complete diethyl sulfide oxidation. Water and CO, were identified as the final products

Photocatalytic oxidation
Visible light

whereas acetaldehyde and CO were identified as by-products of ethanol photocatalytic oxidation.
Visible light activity was not detected for TiO,/MCM-41 and TiO, /Cr-MCM-41 photocatalysts in oxida-

tion of gas phase diethyl sulfide and ethanol.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Technologies for removal of air pollutants based on adsorption
are well known and widespread due to their simplicity and good
efficiency [1]. Due to their high throughput they can be used for high
load problems like solvent recovery [2]. However, adsorption is a
non-destructive method and toxic adsorbed compounds need fur-
ther treatment. Thus, methods of chemical destruction have been
developed for very toxic compounds like chemical warfare agents
(CWA). Popular methods for CWA degradation include perhydrol-
ysis [3], oxidative chlorination, and chemical binding [4,5]. Each
chemical method has its own advantages but all of them have one
common disadvantage, viz. large amounts of either degassing solu-
tions or toxic gaseous derivatives are formed and require further
utilization.
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Method of TiO, mediated photooxidation of gaseous organic
compounds is attracting increasing attention. Photocatalytic oxi-
dation (PCO) over near-UV (A <400 nm) irradiated titanium dioxide
has already been tested for the removal of sulfur organic
compounds [6,7]. This method leads to relatively non-selective
oxidation of practically any organic compound with formation of
inorganic species, CO,, H,0 and inorganic acids, as the final prod-
ucts [8].

The common problems of PCO over TiO, are the low quantum
efficiency observed and the absence of activity under widespread
and cheap solar irradiation. These problems can potentially be
solved by doping TiO, with transition metals and combining TiO,
with adsorbents like silica or activated carbon [9]. However, these
approaches are mostly studied for liquid phase reactions and their
combination has not received much attention [10]. Adsorption
capacity and photocatalytic oxidation activity for TiO,/MCM-41
material was demonstrated previously [11].

In the present study, pure TiO, and loaded on MCM-41 doped
with chromium was utilized for comparative study on air purifi-
cation via processes of adsorption and photocatalytic oxidation.
Diethyl sulfide (DES) and ethanol were chosen as representatives
of organic air pollutants for adsorption and activity measurements
under ultraviolet and visible irradiation.
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2. Experimental
2.1. Synthesis of TiOy-loaded Cr-MCM-41 specimens

Cr-modified MCM-41 was synthesized according to the method
described previously [12]. The precursor of chromium was
CrCl3-6H,0 purchased from Fisher. The Si:Cr atomic ratio was
adjusted to 20:1 or 80:1, and the synthesized samples were marked
as Cr-MCM-41/20 and Cr-MCM-41/80, correspondingly. In a typical
preparation procedure, 35 mL of Ludox HS-40 colloidal silica (40%)
was added to 14.6 mL of water under stirring and then 18.2mL
of 40% tetramethylammonium hydroxide (FLUKA) was added.
Independently in a separate beaker, 18.25 g of cetyltrimethylam-
monium bromide (CTABr, Alfa Aesar) was dissolved in 33 mL of
water and subsequently 7 mL of 28% aqueous NH3 was introduced.
Finally, these two solutions were mixed. The corresponding amount
of CrCl3 was dissolved in water and added dropwise to the resulting
mixture. The final mixture was stirred for 30 min and then trans-
ferred into a Teflon bottle and treated in an autoclave at 100 °C for
3 days. The obtained slurry was then filtered, washed, dried, and
calcined at 550°C for 10 h in airflow.

To prepare TiO,-loaded photocatalysts, previously synthesized
samples Cr-MCM-41/20, Cr-MCM-41/80 or pure MCM-41 (typi-
cally 1.5 g) were dispersed in 100 mL of 2-propanol, and titanium
isopropoxide was added to achieve 25% TiO, loading. The mate-
rials were dried while stirring at ambient temperature and then
placed in an oven to dry at 100°C for 1h. Finally, the photocat-
alysts were calcined at 450°C for 3h with a temperature ramp
2 °C/min. Synthesized samples are designated TiO, /Cr-MCM-41/20,
TiO,/Cr-MCM-41/80 and TiO,/MCM-41.

2.2. Adsorption and photocatalytic activity measurements

Diethylsulfide (DES) (98%) from FLUKA and ethanol (95%) from
REACHIM were used as supplied. Adsorption and photocatalytic
testing was performed in a 300cm3 batch reactor which was
installed in the IR Spectrometer Vector 22 (Bruker) cell compart-
ment. The reactor was designed in such a way that one could
record IR spectra of either the gas phase or the catalyst surface with
adsorbed species without opening the cell [13]. Each IR spectrum
was averaged from 32 scans in the 900-4000 cm~! wavenumber
region with the 2 cm~! resolution.

The high pressure Hg lamp DRSh-1000 (Russia) was used as the
UV light source. Sample irradiation was conducted by condensed
light passed through a water filter (Amax ~ 365 nm, I=20 mW/cm?).
Light intensity was measured by a microvolt meter F-136 (Russia)
equipped with a semiconductor light intensity detector calibrated
with a ferrioxalate actinometer. A ZhS-11 optical glass filter was
placed between the light source and reactor for exclusion of the UV
light from lamp spectrum for measuring visible-light activity. The
ZhS-11 filter transmission spectrum is presented in Fig. 1.

Samples for photocatalytic activity measurements were pre-
pared as follows. Aqueous suspension of photocatalyst sonicated
during 15 min was uniformly deposited onto the CaF, glass with
diameter 20 mm and thickness 1 mm, and dried at room temper-
ature. The concentration of suspension was chosen so that after
drying the density of deposited photocatalyst was ~1mg/cm?.
The prepared samples were placed into the thermostated reac-
tor installed in the cell compartment of the FTIR spectrometer. All
experiments were conducted using CO, and H, O free air inside the
reactor. After placing the photocatalyst sample in the reactor, it
was purged with cleaned air at 100 cm?/min flow rate for 1 h. Then,
0.5 L of liquid DES or ethanol was injected into the reactor and
evaporated at ambient temperature to achieve adsorption equilib-
rium. The concentration of DES and ethanol vapors in the reactor
without adsorption would be 380 and 703 ppm, respectively. Then
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Fig. 1. Transmission spectrum of ZhS-11 optical glass filter used for visible-light
experiments.

irradiation of photocatalyst was started and IR spectra of gas-phase
and surface were registered at certain intervals.

For adsorption isotherm measurements, 0.2-1.4 L of DES was
injected into the IR cell containing 0.5 g of photocatalyst and the
reactor was left for 30 min for the adsorption equilibrium to be
established. Then, gas phase FTIR spectrum was registered. The
concentration of DES in gas phase was calculated from the area
of 2750-3100cm~! absorption band whereas the CO, concentra-
tion was calculated from 2200 to 2450 cm~! absorption band using
integral form of Beer-Lambert’s absorption law. The quantity of
the adsorbed DES was calculated from the DES mass balance. There-
after, additional quantity of liquid DES was injected. The adsorption
measurement procedure was repeated several times for obtaining
the adsorption isotherms.

3. Results and discussion
3.1. Adsorption of DES

The developed porous structure and high surface area of meso-
porous silica materials render them very suitable for adsorption
applications. Reduced sulfur compounds are prone to oxidation
and the adsorption capacity toward them could be increased by
loading adsorbents with oxidizing species. The effect of combin-
ing MCM-41 with TiO, and Cr** species on adsorption of DES was
investigated by taking DES adsorption isotherms. Fig. 2 shows the
isotherms for all the catalysts used in the present study. One can
observe that the highest adsorption capacity is observed for Cr-
MCM-41/80. Higher loading with Cr and especially loading with
TiO, decreased the DES adsorption. Adsorption over commercial
TiO, Degussa P25 and Hombifine N was comparable to that over
TiO, loaded MCMs.

All the taken isotherms are well described by the Langmuir
equation

a— amKC
T 1+KC’

where a is the amount of DES adsorbed (mol/g), an, is the mono-
layer adsorption capacity (mol/g), K is the adsorption constant
(ppm~1), Cis the equilibrium DES concentration (ppm). The param-
eters obtained from fitting this equation to the experimental data
points are shown in Table 1. This table also lists literature data on
the BET surface area, pore volume and pore size of the catalysts.



P.A. Kolinko et al. / Journal of Photochemistry and Photobiology A: Chemistry 232 (2012) 1-7 3

Cr-MCM-41/80

Cr-MCM-41/20
TiO,/Cr-MCM-41/80
TiOZ/Cr-MCM-41/20
TiOleCM-41
—o——20
T
750 1000
0.4 N
g ] o
£ 0.3- *
0?‘9 0.2_. O pegussa P25
< | ¥ Hombifine N
0.1 4
0.0 T T T T T T T T T 1
0 100 200 300 400 500

DES vapor concentration, ppm

Fig. 2. DES adsorption isotherms at room temperature. Solid lines represent fit of
experimental data points with the Langmuir isotherm.

The parameters of Langmuir isotherm confirm that Cr-MCM-41/80
has the greatest monolayer capacity and the second high adsorp-
tion constant, while TiO,/Cr-MCM-41/20 exhibited the greatest
adsorption constant K. Commercially available TiO, Hombifine N
and Degussa P25 demonstrated lower monolayer capacity but high
adsorption constant.

The values of monolayer capacity should demonstrate correla-
tion with the available surface area. There is general correlation
among samples with the same preparation procedure. The mono-
layer capacity per surface area is 2.3 and 2.5umol/m? for
Cr-MCM-41/80 and Cr-MCM-41/20, correspondingly. This means
about 0.7 nm? area per each DES molecule in monolayer. The TiO,
loaded samples have capacity of 0.54 and 0.74 wmol/m? for/80
and/20 samples, and 0.87 wmol/m? for TiO,/MCM-41. Interest-
ingly, the highest monolayer capacity per surface area was obtained
over TiO, P25 and is equal to 8.2 wmol/m?2. This can be associated
with the fire preparation method of this TiO, and possibly high
availability of surface five-coordinated titanium sites Tisc.

3.2. Photodegradation of DES
Adsorption provides only phase change of air pollutants from

gas phase into the adsorbed state. Complete destruction into
innocuous products is desirable for safe disposal of spent adsorbent.

Table 1
Adsorption and textural properties of photocatalysts under investigation.
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Fig. 3. Kinetic curves of DES vapor removal during PCO in the static reactor under
UV irradiation.

Thus, photocatalytic oxidation of DES was performed over all the
catalysts under the current study. After the injection of liquid DES,
the reactant evaporated and the gas phase concentration equi-
librated for 30 min. Without adsorption effects, the initial DES
concentration would be 380 ppm. After the adsorption of DES has
been established, UV irradiation started and the changes in DES
and oxidation products concentration were traced with FT-IR spec-
troscopy. Fig. 3 shows changes in the gas phase concentration of
DES during PCO. The kinetic curves for different catalysts are dif-
ferent in two respects. The initial concentration is different due
to different parameters of adsorption isotherm over the catalysts.
The highest initial concentration is observed over commercial TiO,
Degussa P25 and Hombifine N. The lowest initial concentration is
observed for Cr-MCM-41/80 in accord with its highest monolayer
capacity and high adsorption constant (Table 1).

The second difference is in the slope of the DES concentration
kinetic curves which is determined by the rate of DES consumption
in the initial oxidation step. The initial part of the curve during at
least 50 min is well described by a linear function for the catalysts
studied. Table 2 gives the values of DES removal rate from gas phase
in the second column. The highest rate of DES removal is observed
for TiO, Hombifine N and the second high is for Degussa P25. Among
the MCM based materials, the highest DES consumption rate is
for TiO,/Cr-MCM-41/80 sample. This is in accord with its higher
surface area compared to TiO,/Cr-MCM-41/20. The surface area is
essential for DES removal during the first stage of photocatalytic
oxidation as demonstrated earlier [6].

Catalyst DES adsorption approximated with Langmuir isotherm, T=298 KNitrogen adsorption
an, (mmol/g) K(x10-3 ppm™1) Sger (M?/g) Pore volume (cm?/g) Pore size (A)

Cr-MCM-41/80 23 8.44 999 0.99 40
Cr-MCM-41/20 1.67 3.88 664 1.14 69
TiO,/Cr-MCM-41/80 0.42 5.93 777 0.65 32
TiO,/Cr-MCM-41/20 0.41 20.14 547 0.81 57
TiO2/MCM-41 0.77 7.27 890 0.77 32
Hombifine N 0.57 7.28 341 - -
Degussa P25 0.46 7.71 56 0.25 175

The morphology data calculated from nitrogen adsorption isotherm was taken from [20] except the data for Degussa P25 which were taken from [21].
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Table 2
Activity of different catalysts in DES oxidation under UV light.

Catalyst DES initial removal CO, formation rate
rate (ppm/min)

Initial Average

(ppm/min) (ppm/min)
Cr-MCM-41/80 0.20 0.27 0.16
Cr-MCM-41/20 1.0 0.48 0.32
TiO,/Cr-MCM-41/20 0.99 0.35 0.275
TiO,/Cr-MCM-41/80 1.7 0.07 0.056
TiO,/MCM-41 14 0.19 0.202
TiO, Hombifine N 4.9 0.20 1.1
TiO, P25 3.9 0.18 3.6

The initial rates were calculated for the first 30 min of irradiation. The bold values
indicate the highest value.

Then, we compare the characteristic time of air purification
based on the intersect point of the linear initial kinetic curve
with the abscises axis. In this manner, we find that commercial
TiO, samples purify air in ~100 min, and TiO,/MCM-41 purifies
air in 110 min. TiO,/Cr-MCM-41/80 sample purifies air from DES
in 150min. As shown above, the greatest adsorption capacity
was observed for Cr-MCM-41/80. However, its activity for DES
destruction was the lowest among the systems tested. One of the
possible explanations of such behavior is the strong adsorption
of the reactant which hinders DES molecules from subsequent
transfer onto the photocatalytically active sites of Cr-MCM-41/80
material. By studying catalysts with other transition metals, it has
been shown that this catalyst shows the greatest activity in oxi-
dation of 4-chlorophenol in aqueous solution under UV-light and
shows activity under visible light [14]. In gas phase, the activity
under visible light was not detected, which justifies that different
mechanisms are operational in gas and liquid phase photocatalytic
oxidation. It should be noted that all the studied catalysts are capa-
ble of complete air purification from DES vapor via photocatalytic
oxidation. It is especially interesting phenomenon for samples Cr-
MCM-41/80 and/20 since they do not contain TiO5.

For additional correct comparison of the different photocata-
lysts, it is necessary to consider the process of DES deep oxidation
into CO,, water and surface sulfates. Fig. 4 demonstrates the CO,
concentration kinetic curves taken during DES PCO. The curves
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Fig. 4. Kinetic curves of CO, accumulation in PCO of DES in the static reactor under
UV irradiation.

demonstrate strongly non-linear character but one can always take
several initial points for calculating the initial rate. Table 2 presents
the initial and average rate of CO, production (third and fourth
columns, respectively). The highest CO, production rate is for P25
and the CO, concentration reaches a plateau value of 680 ppm at
about 200 min. TiO; Hombifine N is also very active. The high photo-
catalytic activity of TiO, P25 is explained by the synergistic effect
of anatase and rutile allotropic forms present in this material, an
effect described in the literature [15]. For the deep DES oxidation,
its higher compared to TiO, Hombifine N activity should be ascribed
to higher stability of TiO, P25 surface toward deactivation by oxi-
dation products and higher selectivity to complete oxidation. The
combustion high temperature preparation method of P25 makes its
surface stable to chemical dissolution by H,SO4 which is complete
oxidation product of DES.Among the MCM-based photocatalysts,
the highest CO, evolution rate is observed over Cr-MCM-41/20. Its
high activity may be due to the strong oxidizing power of Cr species
present in the MCM framework in the highest content. Deposition
of TiO, decreases activity and the lowest CO, production rate is
observed over TiO,/Cr-MCM-41/80 while it possesses the highest
rate of DES vapor removal. Obviously, Cr® ions induce signifi-
cant photocatalytic activity in MCM-41 containing samples and this
activity is proportional to the Cr content. This can be explained by
the fact that TiO,/Cr-MCM-41/80 has larger surface area compared
to TiO,/Cr-MCM-41/20, but the amount of Cr6* in the latter is higher
which leads to an increase in the rate of carbon dioxide forma-
tion [16]. The results on ethanol oxidation presented lower confirm
that Cr-MCM-41/20 is a balanced photocatalyst with high activ-
ity in adsorption, initial stage of photocatalytic oxidation and deep
oxidation into inorganic products.Besides the final gaseous prod-
ucts CO, and H, 0, we also detected DES partial oxidation products,
namely ethylene and acetaldehyde. They result from the oxidation
of adsorbed DES molecule with photogenerated holes that finally
can be converted into carbon dioxide [17].

The surface processes during PCO can be conveniently traced
by using absorption spectra of photocatalysts. Fig. 5 demonstrates
absorption spectra of TiO, Hombifine N taken at half hour inter-
vals during the 240 min of DES PCO in the low frequency region.
Initially, only low intensity bands at 1380, 1517 and 1641 cm™!
are observed on pure TiO,. They correspond to adsorbed water

1 1 1
1200 1500 1800

-1
Wavenumber, cm

Fig. 5. Evolution of the FTIR absorption spectrum of the TiO, Hombifine N during
PCO of DES under UV light. D is absorbance.
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Table 3
IR spectral features and their assignment for DES photooxidation over TiO,.
Absorption bands (cm™') Assignment Ref.
P25 Hombifine N
1048 1046 Monodentate sulfate [22,23]
1126 1129 Monodentate and bidentate sulfate
1210 1205 Carbonate
1257 1255 DES 8(—CH,—S—)
- 1278 DES CH, wagging
1306 1307 Carbonate
1381 1380 8s(CH) [24]
1419 1418 Carboxyl vs(0—C—0)
1451 1454 8(CH2), 8as(CH3)
- 1517 Carboxyl species vs(C—0—0) [17]
- 1562 Carboxyl species v,s(C—0—0) [22]
1628 1641 H,0 [17,22]
1715 1714 Carbonyl v(C=0) [22,24]

and impurities such as carbonates and carboxylates arising from
the photocatalytic oxidation of traces of adsorbed organic species
and sulfates arising from TiO, synthesis precursor TiO(SO4). Admis-
sion of DES results in generation of absorption bands at 1046, 1129,
1205, 1255, 1380, 1418, 1454, and 1562 cm~'. These bands corre-
spond to adsorbed DES and to products of its partial oxidation. After
the oxidation process comes to its conclusive stage at 420 min, one
can observe intensive absorption bands at 1046, 1129, 1205, 1641
and 1714 cm~!. The assignment of these bands has been carried out
using literature data and is given in Table 3.

Since the CO, production kinetics is different over TiO, P25,
the surface changes have been recorded for this sample as well.
Fig. 6 shows how the TiO; IR spectrum changes during the DES
PCO. Compared to TiO, Hombifine N, the absorption band inten-
sity is lower for TiO, P25 primarily due to the smaller quantity of
intermediates as a result of the smaller surface area of the latter
photocatalyst. The organic intermediates such as carboxyl species
(1517 and 1562 cm~!) are present on TiO, P25 in much smaller
quantities and this is related to their faster oxidation into inorganic
products. Therefore, the activity of P25 is above that of Hombifine
N though in many other cases of gas phase PCO the highest activity
is observed for Hombifine N.

Accumulation of surface sulfates was observed during photooxi-
dation leading to the catalyst deactivation. Earlier it was shown that

0,6

240 min
180 min
120 min
90 min
60 min
30 min

5 min

0 min
Tio,

1000

1500
Wavenumber, cm”

1250 1750 2000

Fig. 6. Evolution of the FTIR spectrum of TiO, P25 during PCO of DES under UV light.
D is the absorbance.
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Fig. 7. Kinetic curves of ethanol concentration during the ethanol PCO under UV
light in the static reactor.

sulfates can lead to reduction of activity of the catalyst as a whole.
However, the deactivation was reversible since the produced sul-
fates were removed by washing the catalyst surface with water and
thus completely restoring the photocatalyst’s activity [18]. Irradi-
ation of any of the photocatalysts with visible light did not result
in any notable consumption of DES or formation of oxidation prod-
ucts.

3.3. Photodegradation of ethanol

Ethanol molecule is very easy to be oxidized and serves as
an electron donor in photocatalytic processes. Its complete and
partial oxidation has been demonstrated for many ultraviolet and
visible light active photocatalysts, respectively. Therefore, it was
interesting to compare the oxidation of DES and ethanol vapors
for all the studied photocatalysts. For each test, liquid ethanol
was injected into the IR cell, evaporated and equilibrated with the
photocatalyst for 30 min. Then, irradiation started and continued
for 5-8 h. Fig. 7 shows changes in ethanol concentration during
PCO. Table 4 summarizes the rates of ethanol consumption and
carbon dioxide formation. The highest rate of ethanol consumption
is observed for TiO,/MCM-41 photocatalyst, while the commercial
TiO, photocatalysts P25 and Hombifine N demonstrated com-
parable but lower activity. This contrasts drastically from the
DES PCO rates. Chromium species possibly play inferior role in

Table 4
Activity of catalysts in ethanol photooxidation.

Catalyst EtOH initial CO, formation rate

consumption

rate (ppm/min) Initial Average

(ppm/min) (ppm/min)

Cr-MCM-41/80 0.098 0.082 0.038
Cr-MCM-41/20 0.078 0.051 0.007
TiO,/Cr-MCM-41/20 24 0.255 0.29
TiO,/Cr-MCM-41/80 1.1 0.24 0.41
TiO,/MCM-41 10 2.6 5.2
TiO, Hombifine N 7.3 215 27.2
TiO, P25 6.3 83 20

The initial rate values were calculated for the first 30 min of reaction. The bold values
indicate the highest value.
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ethanol oxidation contrasting to DES oxidation. TiO, seems to be
essential for ethanol oxidation and the catalysts without TiO,,
Cr-MCM-41/80 and Cr-MCM-41/20, showed only very low activity.
Bhattacharya et al. [19] showed that activity in the oxidation of
methanol on similar catalysts depends on the content of TiO, in
the samples TiO,/M-MCM-41, crystallite size and surface area.
Their results also show that the effect of TiO, crystallite size in the
photo-catalytic properties relate mainly to the larger surface area
and hence to the enhanced number of chemisorption sites, rather
than to the changes in electronic properties. Therefore, the most
active catalyst in the deep oxidation of ethanol is Hombifine N.

Acetaldehyde is the partial oxidation intermediate product that
often appears in ethanol photocatalytic oxidation in gas phase. This
compound appeared during ethanol PCO over all the photocatalysts
in the present study. Fig. 8 demonstrates acetaldehyde concentra-
tion kinetic curves. The curves have a bell-shaped form typical for
intermediate products for all catalysts except the TiO,/Cr-MCM-41
samples which probably have too low activity for further oxidation
of acetaldehyde. This is confirmed by comparing Figs. 7 and 8. After
300 min of reaction, the ethanol concentration decreased below
detection limit but evolution of acetaldehyde continued and con-
sumption did not proceed. Thus, oxidation of acetaldehyde into
deeper oxidation products is a slow process compared to acetalde-
hyde generation. The slope of the acetaldehyde consumption part
of kinetic curve is indicative of acetaldehyde consumption rate. For
commercial TiO, samples the rate is close to each other while for
TiO,/MCM-41 the rate is lower. The acetaldehyde production is
faintly seen for Cr-MCM-41 samples.

Analysis of IR spectra of gas phase inside the cell showed that
carbon monoxide was formed during ethanol PCO. The CO con-
centration was quantified for all the photocatalysts tested and
is shown in Fig. 9. The highest CO build up is observed for the
TiO,/Cr-MCM-41/20 photocatalyst. For commercial TiO, Degussa
P25 and Hombifine N, CO concentration reaches maximum values
after approximately 80 min of irradiation. Then, CO is consumed
and transformed into CO,. However, for the MCM-41 based photo-
catalysts, CO consumption was not noted probably because of their
low activity.

The final oxidation products of ethanol are carbon dioxide and
water. While it is difficult to trace the concentration of water due

P.A. Kolinko et al. / Journal of Photochemistry and Photobiology A: Chemistry 232 (2012) 1-7

450 A
= B = Cr-MCM-41/80 ©
= ® = Cr-MCM-41/20 I
o
= 0=Ti0,/Cr-MCM-41/80 cP@
= O ==Ti0, /Cr-MCM-41/20 0
= =Ti0,/MCM-41 o®
300 e d
= O = Degussa P25 ng
= % == Hombifine N ocQ a
J ﬁ

CO concentration, ppm

Irradiation time, min

Fig. 9. Kinetic curves of CO formation during ethanol PCO under UV light.

to its high adsorption on the photocatalyst surface, it is easy to
measure the CO, concentration. Fig. 10 reveals the CO, concen-
tration kinetic curves for all the photocatalysts. Table 4 gives the
values of the CO, formation rates. The highest deep oxidation rate
is observed over TiO, Hombifine N. The CO, concentration reaches
a plateau at about 85 min of UV irradiation. TiO, P25 is only slightly
less active. Photocatalyst TiO,/MCM-41 is also capable reaching
plateau of CO, concentration at time 200 min, but the plateau con-
centration is lower because some carbon stays in carbon monoxide
and possibly as species adsorbed over non-irradiated parts of this
photocatalyst. Photocatalysts without TiO, loading demonstrated
very low activities in contrast to the DES PCO case. Thus, the MCM-
41 photocatalysts proved to be active photocatalysts but their
composition and properties should be further adjusted for attaining
the PCO activity standards set by commercial TiO, photocatalysts.

We also tested our catalysts in the ethanol oxidation under
visible light. They have not shown photocatalytic activity during

=N = Cr-MCM-41/80 —0= Degussa P25

=@ = Cr-MCM-41/20 =¥ = Nombifine N

4 —O=Tio, Cr-McM-41/80 —O=Tio,MCM-41
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Fig. 10. Kinetic curves of CO, concentration during ethanol PCO under UV light.
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diethyl sulfide oxidation under visible light but ethanol should
be oxidized under visible light easier than diethyl sulfide. How-
ever, ethanol oxidation was not revealed at all. Probably it can be
explained by cutting a large part of light by ZhS-11 filter so that the
irradiance left was too low (130 mW/cm?).

4. Conclusions

Adsorption and oxidation of DES on various catalysts have
been studied. We observed the complete removal of DES vapor
from the gas phase after 200 min and this removal took less than
100 min on the most active catalyst P25. Catalysts on the basis of
MCM-41 removed DES vapor due to the high adsorption capacities
whereas commercial catalysts possess greater photocatalytic activ-
ity. Therefore, use of catalysts on the base of supported MCM-41 and
commercial TiO, catalysts is possible. During PCO water, carbon
dioxide, surface sulfates and other species were formed. Ethanol
is fast oxidized on commercial catalysts and forms two gaseous
byproducts carbon oxide and acetaldehyde.
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