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1. INTRODUCTION

Since the early ’70s heterogeneous photocatalysis has
attracted a lot of interest: many different fields of applica-
tion have been considered by the researchers, such as H,
production, water purification, environmental abatement
of both outdoor and indoor pollutants (such as volatile
organic compounds—VOCs), etc.!™

A large amount of photocatalysts has been proposed and
studied, but the most interesting system is represented by
TiO,, either bare or promoted/loaded by addition of tran-
sition/rare metal species.’

As far as water purification is pertained, quality and
safety of water is a worldwide concern that is grad-
ually becoming more important with increasing disrup-
tion of nature by human activities. Pollutants introduced
in ground water include organic, inorganic, biological
and radioactive contaminants produced from both natu-
ral and anthropogenic sources, almost all of which have
human and environmental health concerns. For this reason,

*Author to whom correspondence should be addressed.
Email: giuseppina.cerrato@unito.it

global and national organisations such as the World Health
Organisation (WHO) and the United States Environmen-
tal Protection Agency (US-EPA) set levels for pollutants
in drinking water that have negative impacts on the health
of the environment and those that live within it. However,
it is often found that these levels are exceeded, especially
in the developing countries, due to poor control of chemi-
cals released into the environment, bad conditions of water
supply networks, a misunderstanding of the future nega-
tive impact of pollutants or a lack of suitable remediation
techniques.*

Considering VOCs, it is well known that they are emit-
ted in the troposphere by both anthropogenic and biogenic
sources;’ moreover, they can be present in either outdoor
or indoor environments (offices, schools, houses, etc.) and
may form as such or as by-products/degradation products
of heavier molecules.® Among the many VOCs that can
be present in indoor locations, both aromatic and aliphatic
compounds can exist: for example, benzene, toluene, ethyl-
benzene and o-xylene (BTEX) are well known pollu-
tants that can accumulate indoor.” Their abatement from
gas-phase has been extensively studied employing TiO,-
based materials,!® focusing in particular on the relationship



between TiO, surface species and the consequent catalytic
efficiency.!!

Nevertheless, while for outdoor pollution several inter-
national regulations are in force to limit the hazard for
human health and the environment, no restriction is cur-
rently available for indoor contaminants. However, there
are clear guidelines that indicate limit threshold values for
specific pollutants, for instance those indicated in USA'"?
and EU reports."?

TiO,-based materials present several attractions for both
the degradation set-up and the economy of the pathway:
(i) the catalyst is almost inexpensive,

(ii) operations are carried out at ambient temperature,
(iii) the final by-products are usually CO, and H,O,
(iv) no other chemical reagent is needed.

Nevertheless, particular attention has to be paid to the size
of the particles the catalyst is made of: in fact, even if
few specific restrictions are present in this respect, sev-
eral studies have already evidenced the negative impact
of nanoparticles on human health (Ref. [14 and refer-
ences therein]). For these reasons, in the present paper we
focused our attention onto the photodegradation in gas-
phase of two different pollutants, namely isopropanol and
acetone, employing

(i) a series of commercial TiO, powders whose target
market is not photocatalysis and

(ii) a reference nano-sized TiO, powder by Evonik (P25)
specifically targeted for photocatalytic applications, and
comparing their behaviour on the basis of the obtained
results.

The two pollutants were accurately chosen because
acetone is also one of the by-products coming from the
photodegradation pathway of isopropanol and thus its
investigation can give precise information on the final steps
of the mineralization of the mother-molecule.

2. EXPERIMENTAL DETAILS

2.1. Materials

Five commercial TiO, materials by Kronos, Hundsman,
Sachtleben (two different powders) and Cristal (which will
be respectively quoted with the A-E letters in the fol-
lowing), all available in the market as pigmentary pow-
ders, have been selected with the following features: pure
anatase phase, uncoated surface, undoped material, not
sold as photocatalytic material. P25 by Evonik was cho-
sen as nano-sized reference material for its peculiar pho-
tocatalytic characteristics. All commercial powders were
used as received without any further treatment or activa-
tion process.

2.2. Methods
The specific surface area (SSA) of all samples was deter-
mined by N, adsorption/desorption experiments at 77 K

(BET method) using a Sorptometer instrument (Costech
Mod. 1042).

The crystalline nature of the samples was investigated
by X-ray diffraction (XRD) using a PW3830/3020 X Pert
diffractometer from PANalytical working in a Bragg-
Brentano geometry, using the Cu K, radiation (A =
1.5406 A). The calculation of crystallite size was per-
formed by applying the Scherrer equation:

D =0.9-A/(B - €08 Oyia)

where D is the crystallite size, A is the X-ray wavelength
of radiation for CuKe, f;,, is the full-width at half max-
imum (FWHM) at (hkl) peak and 6, is the diffraction
angle.

The morphology of the catalysts was inspected by
means of high-resolution electron transmission microscopy
(HR-TEM) using a JEOL 3010-UHR instrument (accel-
eration potential: 300 kV; LaB filament). Samples were
“dry” dispersed on lacey carbon Cu grids.

X-ray photoelectron spectra (XPS) were collected in
an M-probe apparatus (Surface Science Instruments). The
source was monochromatic Al Ka radiation (1486.6 eV).

Contact angle measurements were performed on the as-
received powders and after their irradiation for 3 h under
UV-A lamp in order to verify on all samples the presence
or absence of the super-hydrophilic nature, one of the more
interesting properties of a photocatalytic material.

2.3. Photocatalytic Tests
The photocatalytic activity of all samples was tested in the
gas-phase degradation of both isopropanol and acetone. In
the former case, specimens were prepared by depositing a
water-TiO, slurry on a flat glass slide, followed by oven
drying at 70 °C for 4 h; the amount of catalyst deposited
ranged from 0.5 mg to 0.7 mg, distributed on an area of
approximately 250 mm?. Three specimens for each TiO,
powder were produced and tested for isopropanol photo-
catalytic degradation in batch conditions. Each specimen
was placed in a 100 ml glass reactor with quartz win-
dow, inside which 1 ml of air saturated with isopropanol
was injected; the final isopropanol concentration in cell
was estimated to be approximately 2 ppmv. Irradiation was
provided by a 300 W UV-Vis lamp (Osram Vitalux) with
intensity of 15 Wm™2 in the UV-A wavelength range, and
lasted for 3 h. Degradation of isopropanol was followed
by repeated gas cromatography (GC) analyses; to exclude
absorption or leakage as sources of isopropanol disappear-
ance, its degradation was verified by observing the forma-
tion of its primary by-product, i.e., acetone, as described
in detail elsewhere.!3

As acetone is one of the by-products of the isopropanol
photodegradation, its abatement was followed in batch
conditions in a more suitable way. The setup was pre-
cisely described elsewhere.!*!® Photocatalytic degrada-
tions were conducted in a Pyrex glass cylindrical reactor



with diameter of 200 mm and effective volume of 5 L.
The amount of catalyst (in the form of powder deposited
from 2-propanol slurry on flat glass disks) used in the
tests was 0.05 g.!” The gaseous mixture in the reactor was
obtained by mixing hot chromatographic air, humidified
at 40%, and a fixed amount of volatilized pollutant, in
order to avoid condensation. The initial concentration of
VOCs in the reactor was deliberately increased at a very
high value, 400 ppmv, in order to verify the TiO, perfor-
mance even in very stressing conditions. Photon sources
were provided by a 500 W iron halogenide lamp (Jelosil,
model HG 500) emitting in the UV-A range at 30 Wm™2,
Acetone tests lasted 3 h, and the actual concentration of
pollutant in the reactor was determined directly by micro-
GC sampling.

3. RESULTS AND DISCUSSION
3.1. Physico-Chemical Characterisation of the
Powders

A thorough physico-chemical characterisation of all the
quoted samples has been carried out and reported
elsewhere.'® However, the main features of all materials
have been summarised in Table I, in which it is possi-
ble to observe that a residual, appreciable percentage of
rutile phase is present only in the case of the reference
P25 powder, exhibiting all the other TiO, samples only the
anatase phase. As for the mean dimensions of the crys-
tallites, the Scherrer equation was applied to the (101)
planes reflection, corresponding to the 26 = 25.5° diffrac-
tion peak: a good agreement between these indications, the
values of specific surface area (both listed in Table I) and
the morphological features observed by means of HRTEM
analyses (reported in Fig. 1), is evident in particular for
A, B and E materials. On the other hand, P25 but also
sample C present a nanometric nature, exhibiting crystals
size of about 25 and 40 nm, respectively, that accounts for
their higher specific surface area. Only in the case of sam-
ple D, it was not possible to perform calculations owing
to the co-presence of nano and micro-sized crystallites,
confirmed by HRTEM investigations. '

The surface chemical states of TiO, particles have
been analysed by XPS. No appreciable differences can
be singled out in the Ti 2p region among all samples

Table I. Main features of the various TiO, powders.

Anatase:  Average crystallite SSA OH/Oqor
Sample rutile size (nm) (m?/g)  XPS (XPS)
P25 75:25 26 50 Ti(IV) 0.14
A 100 105 12 TiIV) 032
B 100 95 11 Ti(IV) 0.12
C 100 40 23 TiIV) 0.1l
D 100 Mix (micro-sized+ 11 Ti(IV) 0.27
ultrafine)
E 100 180 11 Ti(IV) 0.24

Fig. 1.
section.

HRTEM images: the name of the sample is indicated in each

concerning the binding energies (BE) and the full width at
half-maximum (FWHM) values (not reported). The peak
of Ti 2p;, is always regular and its BE at about 458.4 eV
agrees well with the data for Ti(IV) in TiO, materials.'*2°

3.2. Photo-Degradation of the Pollutants

Two different test molecules have been considered as spe-
cific probes representing indoor pollution, i.e., isopropanol
and acetone. In particular, the latter is also present as inter-
mediate in the degradation pathway of isopropanol:'> see
Scheme 1.

Moreover, acetone is itself an important pollution source
in indoor environment and its own photodegradation kinet-
ics cannot be carefully studied in isopropanol degrada-
tion tests. Therefore, the evaluation of this second reaction
comes in cascade to fully characterize the degradation
reactions occurring from isopropanol to acetone to full
degradation.

A general starting consideration is necessary about the
possible adsorption of both pollutant model molecules
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Fig. 2. Trend of pollutants concentration in cell atmosphere as a func-
tion of irradiation time for the reference P25 powder.

onto TiO, particles: in both cases blank tests were carried
out in the same experimental conditions but in the absence
of UV irradiation, leading to a negligible adsorption.

As for isopropanol degradation, a first example of test
results related to P25 is reported in Figure 2. Data are
presented in form of percentage, which was calculated by
converting GC peak areas into concentration values. GC
revealed the gradual reduction of the isopropanol peak
to its complete abatement, with the concurrent formation
of a small secondary peak, increasing in magnitude with
irradiation time that was associated with acetone forma-
tion. After acetone appearance, a third peak, of smaller
intensity, was also noticed to form, which in turn was
associated with a non-identified acetone degradation by-
product (subsequently identified as acetaldehyde in the
second photodegradation set of tests performed with the
second experimental set-up). At the end of the reaction,
all the isopropanol was completely degraded and a 10% of
acetone was still present in the gas phase together with the
third species. The same trend, with different rates of iso-
propanol decomposition, was observed in all tests carried
out with all TiO, powders examined.

Figure 3 presents a comparison among degradation effi-
ciencies of isopropanol, calculated as the complementary
to 100% of isopropanol concentration in the reactor atmo-
sphere, in the presence of the different TiO, powders
tested. Data presented were calculated as the mean val-
ues of different tests performed on specimens prepared
in identical conditions. Results indicate the obtaining of
higher photocatalytic efficiency in the case of powder B,
closely followed by A; specimens C, and similarly D,
show slightly slower isopropanol degradation, close to that
observed in the case of the reference samples of P25.
Finally, powder E exhibited a net reduction of photocat-
alytic efficiency: only in this case 100% isopropanol degra-
dation was not reached within the 3 h of test.

Acetone is a very interesting molecule from the degrada-
tive point of view because it is a by-product of the
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Fig. 3. Degradation extent of isopropanol in the presence of different
photocatalysts as a function of irradiation time.

degradation of isopropanol, as previously confirmed.
Moreover, its reaction pathway passes through the forma-
tion of acetaldehyde as reported by Stengl et al.'® and con-
firmed by a previous paper by the authors:'4 see Scheme 1.

Not with standing the high pollutant concentration
inside the reactor, the nano-sized P25 and C samples
exhibited high photocatalytic efficiency (see Fig. 4), lead-
ing to the complete pollutant degradation within shorter
reaction time (less than 80 min) compared to the micro-
sized materials. Nevertheless, a very interesting behaviour
was observed for sample D (see Fig. 4), characterized by
a micro-sized nature with the co-presence of a fraction
of nano-sized particles which exhibited very fast acetone
degradation with the complete disappearance of the pollu-
tant after 60 min (vide infra).

Except for E sample, the only by-product of the reac-
tion was carbon dioxide, confirming the complete degra-
dation of both acetone and acetaldehyde without formation

:: B Time to 50% degradation - \\\
£ 120- § g §
F 90 § =z §

E P25

Powder type

Fig. 4. Summary of degradation extent reached by the powders tested:
emphasis is given to the time required to reach either 50% and 100%
degradation of the quantity of pollutant present in the cell.



of adsorbed by-products on the samples surface: the latter
feature was verified by FTIR measurements on the sample
surface after the kinetic runs (data not reported). A differ-
ent behaviour was shown by sample E, which exhibited
an incomplete degradation of acetone after 2 h of tests.
Interestingly, despite the low surface area, the micro-sized
samples A and B showed the complete pollutant degrada-
tion, with an increase in the time required to reach 100%
degradation of only 15-30% compared to P25.

The high photocatalytic activity of TiO, samples was
put in correlation with the surface OH concentration
detected by XPS measurements'** and reported in the sixth
column of Table I. In fact, the high OH concentration at the
surface can favor the adsorption of pollutants (and inter-
mediates of degradation as well), thus leading to a very
active photocatalyst.

However, considering only OH/Oqy; ratio, the cat-
alytic results presents some discrepancies. For example,
micro-sized samples A and B have higher hydrophilic-
ity/hydrophobicity ratio than P25 but lower catalytic effi-
ciency in the case of acetone degradation. On the other
hand, considering surface area and particle size (see
Table I), acetone photodegradation follows the trend: the
smaller is the crystallite size, the faster is the photocat-
alytic reaction kinetics, with an interesting discrepancy for
sample D, characterized by the co-presence of both nano
and micro-sized crystallites.

If we try to summarize the photodegradation results in
order to obtain “absolute” data (obtained dividing the pho-
todegradation % taken after 1 hour of reaction by the SSA
of each powder) for all the quoted samples, we obtain
the data reported in Table II. It is evident that for both
A and B powders the highest efficiency per unit specific
surface area has been reached, being B the best sample
among all, C and D exhibit intermediate values, being D
the best between the two, whereas E exhibits the lowest
specific efficiency, as well as, unexpectedly, the reference
nano-sized TiO,, i.e., P25.

The super-hydrophilic nature of all materials was veri-
fied by contact angle measurements performed on the as-
received samples and on the same irradiated for 3 h under
UV-A lamp. In Figure 5, the results obtained for P25 and
sample B are reported (the results obtained for plain glass
have been reported as a reference). The pristine nanomet-
ric sample exhibits a lower contact angle (10°) than all the

Table II. Absolute degradation values for the various TiO, powders.

SSA % degradation after 1 hour of % degradation/

Sample (m?/g) reaction (from Fig. 3) SSA
P25 50 42 0.84
A 12 83 6.91
B 11 99 9.00
C 23 57 2.48
D 11 51 4.63
E 11 6 0.55

Glass

Sample B after 3 h

P25 after 3h

Fig. 5. Contact angle measurements for sample B (left-hand section)
and P25 (right-hand section) materials (glass has been reported for com-
parison purposes: see top section).

other samples (average values 20°+/—5°). After 2 h irradi-
ation, all samples show a super-hydrophilic behavior with
a non measurable angle being less than 1°.

4. CONCLUSIONS

The present article compares the photocatalytic perfor-
mances of five commercial TiO, powders with those of the
reference P25 system, in the degradation of two important
VOCs, isopropanol and acetone, representative of indoor
pollution.

The different performances achieved by the various
materials are representative of the very different physico-
chemical features exhibited by all of them. If a trend can
be put into evidence, it is most likely to be related to the
correct ratio between the value of specific surface area and
the hydrophilicity (hydrophobicity) possessed by the com-
mercial powders with respect to that shown by the P25
reference system.

Last but not least, it is worth noting that the present
research indicated that also micro-sized TiO, powders, of
commercial origin and normally employed as pigments,
are very promising materials to be used in the photocat-
alytic degradation of indoor VOCs, such as isopropanol
and acetone, which would help limiting the risks for
human health deriving from the use of nanoparticles.
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