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Abstract

A study was undertaken of the adsorption and photocatalytic conversion of NO, NO;
and NO3/HNOg3 using two photocatalysts (P25 and HT-ET). The HT-ET is a catalyst
synthesized in our laboratory comprised only of anatase phase and with a surface area
three times larger than that of the P25. In powder form, the catalyst was introduced into
and extended along the length of a tube with no type of compaction on the part of the
solid (pressure drops are negligible under these conditions). This tubular photoreactor
arrangement operates as a continuous reactor system enabling FTIR analysis of the
surface of the catalysts during the conversion process. NO adsorption was negligible,
though the FTIR studies revealed the formation of nitrites on the surface after 18 h of
reaction. Overall NO conversion efficiency rates were above 68% with both catalysts in
that reaction time. However, selectivity to NO, was very high with both catalysts. It was
also found with both catalysts that the number of NOx moles eliminated during NO
photocatalytic conversion coincided with the number of adsorbed NO, moles observed
in the adsorption studies performed with this molecule, indicating that the NO;
molecule is not efficiently converted photocatalytically.

It was observed that most of the NO, undergoes disproportionation on the surface of the
catalysts, giving rise to nitrates and NO. The FTIR studies showed that a significant
proportion of the NO, interacts with surface nitrates resulting in [(NO3)-(H20) ,-NO,]

complexes which are stable on the catalyst surface in an NO atmosphere.
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1. Introduction

There has been growing concern over recent decades about the increasing emission of
gaseous pollutants into the atmosphere, including volatile organic compounds (VOCs),
SOx, NOx, etc. The VOCs and NOX, in particular, have generated emergency situations
in some cities where air quality limits have been exceeded. There are two principal
methods to control NOx, namely modification of the conditions of combustion
processes to reduce their formation or treatment of the effluents [1-3]. The techniques
that have been developed to date for effluent treatment include physical adsorption
process with alkalis or acids [4, 5], adsorption with sieves, active carbon or metal oxides

[6-10] and NOx oxidation or reduction by means of catalysts [11, 12].

Among the oxidation processes are the so-called Advanced Oxidation Treatments
(AOTs), with heterogeneous photocatalysis playing a prominent role. The
photocatalytic conversion of NO has been widely studied in recent years. This molecule
has been used as a probe molecule in numerous studies to test the photocatalytic
efficiency of different photocatalysts. The proposed simplified NO photocatalytic

conversion process can be summarised in the following stages [13, 14]:

TiOZ(S)Jrhv TiOz(s)+hv
(9) Air+HZO(g) NoZ(g) Air+HZO(g)

NO NO; s
Semiconductors have thus been evaluated according to the photocatalytic oxidation
selectivity of NO to NO; or of NO to NOg3’, considering the more efficient catalysts to
be those which attain higher selectivity to NOjz". It should be noted that NO; is
significantly more toxic than NO [15]. Studies have been performed doping the TiO,
with Pd, for example, and have shown that this metal enhances selectivity of the
photocatalytic conversion of NO to NO3™ on Pd islands which are poisoned with nitrates
[16]. The effect of different exposed crystalline faces of the TiO, has also been studied,
with results revealing that catalysts with greater exposure of the (001) face, where the
photocatalytic oxidation reactions predominate, produce more NO; [17]. Studies have
even been performed incorporating TiO, in construction materials [18], carbon
nanotubes [19] or zeolites [20], with the main purpose of their incorporation in many

research studies being to avoid or reduce catalyst deactivation. Different studies have



indicated that nitric acid or nitrates, generated as final products of NO photocatalytic

conversion, block the photoactive centres, with the TiO, being thus deactivated [21-23].

The efficiency of NO photocatalytic conversion has therefore been demonstrated in
numerous studies, but important deactivation processes have also been detected [21-23].
Fourier Transform Infrared Spectroscopy (FTIR) studies have been undertaken of the
interaction of NO and NO; in closed cells with a view to determining the conversion
processes and mechanisms [24-27]. However, these FTIR studies were performed under
conditions significantly different to the conversion processes. The photocatalytic
conversion studies have generally been performed with the catalyst supported on
borosilicate glass plates, which complicates an FTIR spectrophotometric analysis of the

catalyst surface.

Given this, the present study considers the photocatalytic conversion of NO and NO,
with incorporation of the photocatalyst in powder form in the interior of a continuously
operating tubular reactor and with the semiconductor extended over the whole internal
surface of the tube, forming an uncompacted bed. The system can be regarded as a
piston-flow tubular reactor in which pressure drops can be considered negligible. The
photocatalyst bed on the internal wall of the tube remained stable throughout the tests.
In addition to studying the efficiency rate in pollutant elimination and selectivity, it was
in this way also possible to study the evolution of the species present on the surface. To
avoid dispersal of the catalyst in powder form, the flow rates of the pollutants, dissolved
in air with ambient humidity, were lower than those normally used with supported
catalysts. These studies were performed with P25, the most commonly used catalyst in
NO photocatalytic conversion studies, and a catalyst named HT-ET synthesized in our
labs and comprised solely of anatase phase with a surface area three times larger than
that of the P25.

2. Experimental

2.1. Catalysts

Two catalysts were used, the commercial P25 and the laboratory-synthesised HT-ET.

This catalyst was synthesized using the following process:



A mixture of 40 mL of ethanol and 17 mL of titanium tetrabutoxide were added
dropwise to a solution of 40 mL of ethanol and 15 mL of water. After this process the
mixture was maintained 30 minutes under stirring (1500 rpm). The gel obtained was
poured into a Teflon container, bringing it to a total volume of 150 mL with water. This
vessel was introduced in a steel autoclave at a pressure of 198.48 kPa, heating it to 423
K during 24 h. Next, the supernatant was removed and the gel was dried at 373 K for
another 24 h. The photocatalyst thus obtained was sieved with a 63 pum sieve.

2.2. Photocatalytic experiments

The reaction system used is shown in Figure 1. The system is comprised of a
borosilicate reactor (photocatalytic reactor) with an external diameter of 8 mm, an
internal diameter of 5 mm, length of 150 mm and with two particle filters at the two
ends. This photocatalytic reactor is connected to rest of the system via 1/8 copper
piping. The photocatalytic reactor output flow is mixed with a 1170 mL/min airflow in
the borosilicate mixer shown in Figure 1 before being introduced into the NOx analyser.

The desired concentration of NOy is obtained by dilution with air of a 100 ppm
concentration of NO (supplied by Air Liquide) using mass flow controllers. The NO/air
mix is carried out in circuit A of the reaction system (Figure 1). Once the desired
concentration has been reached in stable form the flow passes to circuit B which
contains the catalyst in the photocatalytic reactor. In the same way, in circuit B, the
NO/air mix is maintained until the desired concentration remains stable. Illumination is

initiated once stability of the mix had been attained.

Running blanks were also performed to study possible photolysis of the NO and NO..
While no conversion was observed in the studies with NO, a small conversion below
0.5% took place in the studies with NO,.

The catalyst (20 mg) was extended in powder form in the reactor. Total workflow was
30 mL-min! at 1 atm (2.21 pmol-h™ of NO) which corresponds to a space-time
relationship of 6.7 seconds in the photocatalytic reactor itself and 37.8 seconds when
considering the whole reaction system. With the flow rate employed, the catalyst was
not displaced at any moment throughout the tests. The tests began after 30 min of
adsorption onto the catalyst in darkness and were followed by illumination during 18 h.

The light source employed was a 60 W Philips Solarium HB175 lamp equipped with



four 15 W Philips CLEO fluorescent tubes with emission between 300 and 400 nm
(Amax = 365 nm, irradiance: 9 mW-cm™) in the photocatalytic studies. All the studies
were carried out at 30 + 0.5 °C. Quantification of NOx was performed using a Horiba
APNA-370 N/S analyser. All the tests carried out were performed three times. The
maximum errors committed in the analytical determinations are shown in the

corresponding figures.

To evaluate the efficiency of the process, the first task was to transform the
experimental data of the Horiba analyser, which are expressed in instantaneous
concentrations of NO and NO; for each reaction time, to molar flows of NO and NO»,
given that the speed of the volumetric flow (flow rate) is known from the mass flow
gauges and applying a mass balance to the photoreactor. Once the molar flows had been
determined, an integral method was employed over the temporal evolution of the flows

to determine, for each reaction time interval, the total number of moles of the species

involved. Thus, the number of NO moles introduced in the reactor (NO,, ) from time 0
t

to the time of measurement was estimated through: _[FNOm -dt, the number of NO moles
0

which reacted at each reaction time (NO,.) was calculated as the difference

t

Fro, ~dt—'[FNoDm -dt, the number of generated NO, moles (NO;) was calculated as
0

[ SE——

t
J.FNoz‘om'dt and the number of NOx moles eliminated during the photocatalytic
0

conversion of NO on the surface, in each period, per gram of photocatalyst,

(NOX)Nofphot, was calculated as:

(NOX )NO—phot (umobg_l) -

w,,, = mass of catalyst in grams.

In the NO, adsorption and photocatalytic studies, calculation was also made of the total
number of moles introduced in the reactor (NO, ;) from time O to the time of



t
measurement as.[FNozvm -dt, the number of NO, moles which reacted (NOjreac) as

t

Fuo,, -dt— _[ Fuo,, "dt, the number of generated NO moles (NO) as

0

[ S

t

Fro,, -dt—J‘FNOin -dt and the number of NO, moles eliminated in that period during
0

O —_—

the photocatalytic conversion studies (NOX)Noz_photor during the adsorption studies

(NO,)

NO,-ads *
The results of the NO conversion studies were expressed as:

- 9% conversion with respect to the total number of introduced NO moles in each

reaction time (%NOQOc.n,) and calculated as:
t

JO. OU!

_[ FNOin

0

- Selectivity in reference to the production of NO, with respect to the total number

(%NO,,, )=100-|1- 2

of converted NO moles, at each instant of the reaction (in the NO photocatalytic

conversion studies):

The results of the NO, conversion studies were expressed as:

- Total number of adsorbed NO, moles in the tests performed in darkness in a

given reaction time, (NO,)__ calculated as:

[Fuo, -d I o
0

W

cat

(NO) (umol g )

- Total number of converted NO, moles under illumination in a given reaction

time (NOX)Norphot, calculated as:



t t t

Fuo,, -dt- j Fuo,,, “dt+ j Fuo, -dt— j Fyo,, -t
0

0 0
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(NOX)NOZ—phot(umOI'gil): W

cat

- NO formed during disproportionation of NO, ((NO) ) was calculated as:

NO, —despro

t

t
IF mdt—J'F dt
(NO)NOZ—disprop (Mm()l'g_l) =2 " 0 -

W

cat

The same system was used for the FTIR studies of the interaction of NO or NO, with
the catlaysts with and without illumination (Figure 1). The spectra that are shown at
different reaction times correspond to separate studies. That is, the spectra obtained at 1,
2 and 18 hours of reaction, are separate studies of 1 h, 2 h and 18 h. After this reaction
time, the catalyst is removed from the reactor and placed in the CaF, cell where the
FTIR studies are performed. As previously indicated, each study was performed in
triplicate and evolution of the NO and NO, was followed using the Horiba analyser.
That is, the FTIR interferograms were always obtained a posteriori to the photocatalytic
tests to see what types of molecule derived from the treated gases (NOXx) interact with

the photocatalyst surface and what types of modification take place.

2.3 Analysis techniques

Phase composition of the HT-ET was estimated from XRD patterns recorded on a
Bruker model D8 Advance diffractometer equipped with a Ni filter and LINXEYE
detector using Cu Ko radiation (A = 1.5418 A).

BET surface area and pore volume by the Barrett—Joyner—Halenda (BJH) method were
determined using N, adsorption and desorption isotherms at 77 K measured with a

Micromeritics 2010 system.

A Thermo Scientific-Nicolet iS10 spectrophotometer was used for the FTIR studies.
The catalyst was placed between two CaF, mirrors, and a 4000-1000 cm!
measurement range, 2 cm * resolution and forward/backward mirror speeds of 10

kHz/6.2 kHz, respectively, were used.



3. Results

3.1 Surface area and phase distribution

Table 1 shows the crystalline phases and surface area of the catalysts used in the study.
The P25 has an 80/20 proportion of anatase/rutile phase, whereas the HT-ET only has

anatase phase. This latter catalyst has a surface area 3.34 times larger than the P25.

3.2 Characterization of the adsorbed water, hydroxyl groups and surface charge

Figure 2 shows the spectra of the P25 and HT-ET. Note in particular the band attributed
to isolated hydroxyl groups (3698 cm™), the bands attributed to adsorbed water (3600-
3000 cm™ and 1640 cm™) and finally the position of the baseline in each of the

catalysts.

The band observed in both catalysts at 1640 cm™ is attributed to the water bending
mode (v,), while the broad band between 3650 and 3000 cm™ is attributed to
antisymmetric (v3) and symmetric (v1) stretching vibration modes of the water [28, 29].
The intensity of the bands attributed to water in the P25 spectrum is significantly lower

than that in the HT-ET spectrum, and is related to the larger surface area of the HT-ET.

As stated above, another important aspect to note in the spectra of Figure 2 is the
position of the baseline, which is much higher in the HT-ET than the P25 catalyst. The
position of the baseline is related to the presence of surface traps of thermal electrons.
Due to the presence of these surface or shallow electron traps (Ti** type surface
defects), electrons are fed to the conduction band via thermal processes such as those
generated by the infrared radiation used to obtain the spectra. The electrons promoted to
the conduction band have a similar behaviour to that described for delocalised electrons
confined to a three-dimension box with infinite walls; the high density of generated

states gives rise to the continuous presence of excited electrons leading to a baseline



increase of the infrared spectrum [30, 31]. The results would seem to indicate that the

HT-ET catalyst has an important concentration of surface or sub-surface electron traps.

3.3 Photocatalytic conversion of NO

As indicated in the Experimental section, the NO photocatalytic conversion studies
were performed continuously with an NO flow of 2.21 pmol-h™. As also mentioned in
section 2.2, two blank reaction tests were performed before commencing each
photocatalytic study; one without illumination and without catalyst, and one without
illumination but with catalyst. During these blank studies, the formation of NO, was not

observed from the reaction:
2NO+0O,—2N0, (1a)

Figure 3 shows the evolution over time of the (% NOcony) for the P25 and the HT-ET
during the photocatalytic studies. During the first few minutes of the reaction a 100%
elimination rate can be seen with both catalysts of all the NO introduced into the
system. Subsequently, the efficiencies in NO elimination progressively decrease for
both catalysts, reaching values after 18 h of reaction time of 68% and 76% for the P25
and the HT-ET, respectively. It should be noted that the decrease in efficiency is
significant in the first six hours of reaction, with the variation in (% NOcony) being very
slight after this reaction time.

As indicated in the Experimental section, during the NO conversion studies it was
possible to follow the formation of NO, against reaction time and calculate the
selectivity of NO to NO,, taking into account the total number of NO moles consumed

in relation to the reaction time, and the total number of generated NO, moles. Figure 4
shows the evolution over time of selectivity of NO to NO, (SN%NO2 ) for both catalysts.
During the first 2 h of reaction with the P25, and during the first 4 h of reaction with the

HT-ET, the (SNOHNOZ) increases rapidly from 0 to 0.5 in the P25 and from 0 to 0.3 in

the HT-ET. After these instants, the (SNOHNOZ)continues to increase during the



subsequent reaction hours but at a significantly slower rate. Though the (% NOcgony) iS
significantly high during the period for both catalysts, over 68%, low (SNOHNOZ) are

only attained during the first few reaction hours. In other words, important eliminations
of NOx are only obtained in the first few reaction hours.

Very similar efficiencies in the % conversion of NO and selectivity have been obtained
in other studies with P25 deposited on different surfaces [19, 32, 33].

3.3.1 FTIR studies of adsorption and photocatalytic conversion of NO

Studies with both catalysts were carried out of NO adsorption using the flows as in the
conversion studies and, logically, without irradiation, with no appreciable decreases
being observed in the flows at the photoreactor outlet. However, in the analysis of the
spectra (Figure 5), the formation of a band was found at 1263 cm™ after 18 h of reaction
in the P25 and bands at 1605, 1582, 1471, 1378, 1356, 1294 and 1251 cm™ in the HT-
ET. The band observed at 1263 cm™ in the P25 is attributed to the vibration vs of ionic
nitrites. The bands observed in the HT-ET will be discussed in subsequent sections.

Spectra were taken at different reaction times during the NO photocatalytic conversion
studies indicated in section 3.3 (Figs. 4 and 5). Figure 6 (A and B) shows the FTIR
spectra obtained after analysing the P25 (A) and HT-ET (B) surfaces at different

reaction times.

In the spectrum obtained after analysis of the surface of the P25 in the region between
2000-1000 cm™ and after 1 h of reaction (Figure 6A), namely after (%NOcon) began to
decrease significantly, the formation was observed of a band at 1574 cm™, a broad band
centred at 1435 cm™, another at 1304 cm™ with a long shoulder, and another at 1264
cm™. After 2 h of reaction time, the band which was initially found at 1574 cm™ had
shifted to 1577 cm™ and the bands which were observed between 1500 and 1300 cm™
were more sharply defined. Finally, in the spectrum obtained after 18 h of reaction, the
clear definition was observed of a band at 1610 cm™ which had not been observed in the
initial spectra. The band which was initially at 1574 cm™ and at two hours at 1577 cm™
had now shifted to 1587 cm™. The broad band in the region between 1500 and 1300 cm’

! had increased in intensity and the wavenumbers changed to 1448, 1300 and 1264 cm™.
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The spectrum obtained with the HT-ET after 1 h of reaction (Figure 6 B) displayed
poorly defined bands similar to those obtained in the NO adsorption studies after 18 h of
reaction. At 2 h of reaction time, bands were observed at 1610, 1582, 1300 and 1251
cm’™. Finally, after 18 h of reaction, bands at 1615, 1490 and 1289 cm™ can be seen well
defined and with greater intensity. Bands are also observed at this reaction time at 1584

and 1245 cm™, though with less intensity than those observed in the P25.

The stability of the bands obtained from the sample at 18 h of reaction time was studied
in an air-only atmosphere. For this, an analysis was undertaken of the evolution over 12
hours of the bands observed in the spectrum obtained at 18 h of reaction time with NO.
Figure 7 shows the evolution over time of the bands with the HT-ET catalyst. As can be
seen, the bands at 1615, 1490 and 1289 cm™ progressively decrease in intensity and
produce, after 4 h, a spectrum similar to that obtained with the P25 after 18 h of reaction
(Figure 6A). The only notable difference can be seen in the position of the broad band,
which is found in the HT-ET at 1430 cm™ and in the P25 at 1448 cm™. After 12 h, a
spectrum is obtained formed solely of two almost symmetrical broad bands at 1410 and
1330 cm™ and a small band at 1043 cm™. It should be noted that the band at 1584 cm™,
which barely changed in intensity during the first 4 h, finally disappeared. The sample
obtained with the P25 after 18 h of reaction was subjected to the same process. The
spectrum obtained at the end was the same as that obtained with the HT-ET, namely
two almost symmetrical broad bands at 1410 and 1330 cm™ and a smaller band at 1043
cm™. These latter bands are attributed to vs vibrations of solvated nitrates [34].
However, attributing the initial bands is more controversial. These bands have been
observed in other studies at very similar wavenumbers and with very similar intensities
and have been attributed to asymmetric and symmetric vibrations of mono- and
bidentate nitrates [35, 36]. Nonetheless, mono- and bidentate nitrates are characterized
as being very stable compounds and once formed, can only be decomposed at elevated
temperatures [37]. In the present study, it was observed that these bands, in the absence
of illumination and in an NO-free atmosphere, are progressively transformed into the
aforementioned ionic nitrates. On the other hand, nitro-nitrite compounds also display
bands in the region between 1650-1300 cm™ depending on the coordination group [38-
40]. It has been reported that NO, can be adsorbed giving rise to an intense band
between 1630-1620 cm™ [41.42]. It has also been reported that NO, can react with
nitrates, forming complexes which give rise to bands in the 1600 cm™ region [43]. These

11



types of nitro-compound are stable in an atmosphere of NO and NO + O, but
decompose in other atmospheres [27, 44]. The final compounds of NO photocatalytic
conversion are nitrates and the observed bands correlate very well with those of the
reported [(NOs)-(H,0),-NO,] complexes. Thus, the bands at 1491 and 1289 cm™ can
tentatively be attributed to the v; (low) and vs (high) vibrations respectively of
monodentate nitrates interacting with NO, (band at 1615 cm™) and the bands at 1587
and 1263 cm™ to the v; (low) and vs (high) vibrations, respectively, of bidentate nitrates
interacting with NO,. This would explain the progressive shift observed in the studies
with the P25 of the band initially observed at 1574 cm™ and the width of the bands at
1490 and 1300-1289 cm™. Decomposition of the complexes is faster with the P25, and
so in the spectrum obtained after 18 hour of reaction the same bands are observed as in
the HT-ET after 4 h in an air-only atmosphere. The slower decomposition of these
species with the HT-ET compared to the P25 may be due to the presence of electron
traps in the HT-ET. It has been reported that NO activation and decomposition occur on
the same centres as those adsorbing oxygen. In fact, the behaviour of the NO molecule
is similar in several respects to that of the oxygen molecule [45, 46]. Interaction of the
NO with oxygen vacancies where nitrates, mono- and bidentate, which form complexes
with the NO,, may be stabilizing these complexes. However, when the catalyst is
extracted from the reactor and the NO atmosphere is lost, the oxygen must displace it
from these centres giving rise to the decomposition of the complexes observed in Figure
7.

3.4 Adsorption and photocatalytic conversion studies of NO,

The first intermediate in the photocatalytic conversion of NO is NO,. In the previous
section it was observed how this molecule intervenes in the formation of complexes
with surface nitrates. The NO, displays an important capacity for adsorption and
disproportionation on the surface of different materials [35, 47, 48]. In addition, some
studies have reported that photocatalytic conversion of the NO, to nitrates may be the
limiting stage of the process or not very efficient [19, 49]. The disproportionation
reactions of the adsorbed NO, may be taking place with surface oxygen ions [50], or the
water or surface hydroxyl groups [26, 51].
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3NO, 4 + of —— 2NO; 4 + NO (1b)

2NO, 4 + HZO(adS) — HONO(adS) +HNQO, (2b)
NO, .4 + HONO(adS) «—>HNO, ,, + NO, (3b)
3NO, .4 +20H i —>2NO, 4 + NO,, + HZO(adS) (4b)

Taking into consideration these aspects, the photocatalytic conversion was studied of an
NO,-NO mix (with initial flows of 1.79 pmol-h™* and 0.12 pmol-h™* of NO, and NO,
respectively). The NO was incorporated in the reaction mix to simulate similar
conditions to those of the NO conversion studies given that it has been observed
(section 3.3.1) that an NO atmosphere facilitates formation of the reported complexes.
As in the studies with NO, the NO,-NO mix with air is carried out in circuit A of the
reaction system (Figure 1). When the desired concentration is attained in stable form, it
is passed through circuit B which contains the catalyst to carry out the adsorption
studies. These studies were undertaken, with and without illumination, with a view to
determining the effect that NO, adsorption has on the process. Figure 8 (A and B) shows

the results for the two catalysts of the evolution over time of the total number of
adsorbed NO; moles per gram of catalyst, (NOZ)adsobtained from the studies in
darkness. Figure 8 also shows the evolution over time of the total number of converted

NO; moIes,(NOX) obtained from the photocatalytic conversion studies

NO, - phot ?
performed under illumination with the two catalysts. Also shown in these figures, for

purposes of comparison, is the evolution over time of the total number of NOy moles

eliminated during the photocatalytic conversion of the NO, (NOX) whose results

NO- phot

were indicated in the previous section (Figure 4). The equations used for the calculation
of the total number of moles at each reaction time have been indicated in section 2.2.

As can be seen, the behaviour of the molar profile for (NO,)__ is the same, with both

and to (NO,)

catalysts, to that which corresponds to (NOX) during the first

NO, - phot NO- phot

6 h of reaction. After this reaction time, the molar profile of the (NO,)_, is higher than

d

the (NO,) and the(NO,) However, in other studies in which NO,

NO, - phot NO-phot *

adsorption has been studied, without the presence of NO in the flow, adsorption of this

molecule was significantly lower than photocatalytically converted NO, [19]. With the
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P25 and the HT-ET, a slowing down takes place of NO; elimination under illumination
at 6 and 12 h of reaction respectively. A lower elimination of NO, is observed with both
catalysts in the NO, photocatalytic conversion studies than in the adsorption studies
(Figure 8).

Also shown (see Figure 8) is the (NOX) namely the total number of NOx moles

NO, - phot
eliminated during photocatalytic conversion of the NO with both catalysts. As can be

seen, the (NO,) is always lower than (NO,),

. and practically the same as

NO- phot

(NOX)Norphot. These results indicate that NO2 is not efficiently photocatalytically
converted.
The values of the(NO,)_, , (NO, ), i and (NO,) ., with the HT-ET are almost

twice as high as those obtained with the P25, which could be attributed to the larger
surface area of the HT-ET.

While the formation of NO was observed during the NO, adsorption studies, it was
barely detected during the photocatalytic studies. As was mentioned in section 2.2, a
small proportion (< 0.5%) of NO, is photolytically decomposed. Given that NO
concentrations are barely detected during the NO, photocatalytic studies, this would
seem to indicate that NO, adsorption does not inhibit photocatalytic conversion of the
NO added or generated as the result of disproportionation of the NO, or photolysis of

this molecule.

According to reactions (1b-4b), one molecule of NO is produced for each 3
disproportionated molecules of NO,. Figure 9 shows the evolution over time of the total
number of NO moles formed during the adsorption reaction time, (No)despmwo , the
product of [(No)dispmpwo ><3] in order to evaluate the number of NO, moles
consumed in the disproportionation, and the remainder from

(NG,)., —[(NO)disprorHNoz ><3] in order to evaluate the number of NO, moles which do

not undergo disproportionation via reactions (1a-4a). As can be seen, after 6 h with the
P25 and 12 h with the HT-ET, the NO, stops producing NO and, therefore,
disproportionation of the NO, ceases. However, the NO, continues to be adsorbed, and
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with a linear increase. (NO)disprorHNO decreases in the P25 when NO,

disproportionation stops. This could indicate reactions between NO and adsorbed

species.

3.5 FTIR studies during the adsorption and photocatalytic conversion of NO,

Figure 10 shows the spectra obtained after 18 h of reaction of the NO, with the P25 and
HT-ET with and without illumination. Also shown in Figure 10 for purposes of
comparison is the spectrum obtained after 18 h in the NO photocatalytic studies. The
spectra obtained with both catalysts of NO, photocatalytic conversion are practically
identical to those obtained during the NO photocatalytic conversion with bands at 1614,
1585, 1490, 1290 and 1249 cm™ in the HT-ET and bands at 1610, 1587, 1448, 1300 and
1264 cm™ in the P25. In the spectra obtained of NO, adsorption, the band at 1614 cm™
is of significantly lower intensity while the bands between 1300 and 1400 cm™ are of
greater intensity. These catalysts with the adsorbed species were left for 12 h in
darkness. In all cases, the elimination was observed of the aforementioned bands as well
as the formation of ionic nitrates, as was also observed in the studies performed with the

species generated from the photocatalytic conversion of NO.

3.6 Photocatalytic conversion studies of HNO3 and NOs*

In all the NO photocatalytic studies it was observed that the final product is HNO3 or
NOs. Some studies report that as a consequence of the presence of HNO3; on the
catalyst surface the photocatalytic conversion of NO results only in NO; [52]. Most of
the photocatalytic studies undertaken to date report that the nitric acid and/or nitrates
generated and adsorbed on the surface are responsible for deactivation of the
semiconductors as they block the available photoactive centres [53-55]. To avoid this,
studies have been carried out using nitric acid adsorbents as zeolites [20]. In the studies
of the present work described in the previous section, it was observed that the NO, is
not efficiently photocatalytically converted but rather undergoes disproportionation on
being adsorbed, giving rise to NO and nitrates. The FTIR analysis of the adsorbed
species revealed the formation on the surface of the catalysts of NO,-nitrates complexes
that, in the absence of an NO atmosphere, evolve into ionic nitrates. For this reason, and

with a view to a more profound study of these species, it was decided in the present
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work to also perform NO photocatalytic studies with the presence of HNO3; and/or NO3
adsorbed on the catalyst surface. Though these studies were performed with both
catalysts, only those for the P25 are shown as the results for both catalysts were similar.
Firstly, a study was made of HNOj3 photolysis. The catalyst was impregnated with
HNO; with a flow of 361 pmol/min during 15 min. Figure 11 A shows the total number
of NO, moles produced against reaction time. The results clearly show the occurrence
of HNO3 photolysis. It has also been reported that the adsorbed HNOg3 is photolytically
decomposed [56].

A study was also performed of the reaction of the NO with the HNOj3 adsorbed on the
catalyst surface without illumination (Figure 11 B). A progressive increase can be seen
of the % elimination of the introduced NO over the first 0.2 h, reaching 60% at that time
without NO, formation. Beyond this reaction time, the % elimination of NO remained
constant for the next 0.4 h before progressively declining. After 0.2 h of reaction time,
the progressive formation of NO; can also be observed, and after 0.4 h until the end of
the study a selectivity rate of 2 of NO to NO, was maintained. In other words, 2 NO,
molecules were formed for each eliminated NO molecule. The following reactions have
been proposed in different studies which may explain the observations made in the
present study [57, 58]:

HNO; .4 + NOg gy —> NO, , + HONO (1c)
HNO, .4 + HONQ ) —>2NO, , +H,0 (2c)
H. + NO; i <> Complex (1d)
Complex +NQO,, ., —>HNO, ., + NO, (2d)
2HNO, ,,, —>NQ, +NO, , +H,0,, (3d)
NO;, 4, +OF +2NO, ., —>3NO; (4d)
NO; 4 +2NO, 4 —> NO,, +2NO, (5d)
NO; 4 +2NO, o —>N,O; . + NO, (6d)
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These reactions also explain the decrease in(NO) dispropaNO, ! after the first 6 hours of

reaction, in the adsorption studies with P25 (Figure 9 A).

A study was also made of the species generated during this process (Figure 12). In the
initial spectrum obtained of interaction of the HNO; with the P25 surface, a shoulder
can be seen in the SOH water vibration band over 1658 cm™ and bands at 1577, 1427,
1325 and 1310 cm™. The bands at 1658 and 1310 cm™ are attributed to adsorbed
molecular HNO3, the bands at 1423 and 1320 cm™ to ionic nitrates [34] and the band
observed at 1577 cm™ to bidentate nitrates, which is similar to that observed in the P25
during the first hour of reaction [35, 36]. After the study with NO, the same bands were
observed as those obtained in the NO and NO, photocatalytic studies. The sample, after
the studies with NO, was analysed at different times and it was observed how the bands
evolved, as in the previous studies, to the formation of ionic nitrates (bands at 1423 and
1340 cm™). The same studies were repeated with the adsorbed HNO; but passing a
same flow of NO, as that used in the NO tests, with the same spectrum being obtained.
Therefore, it would appear that the bands observed at 1615, 1585, 1435(1480) and 1300
cm™ are due to [(NO3)-(H,0) ,-NO,] complexes, as indicated above. A higher relative
intensity of the band at 1614 cm™ was observed in the FTIR studies performed with NO
and NO; under illumination. It has been reported that adsorbed nitrates have a high
capacity to be hydrated, with this capacity being higher in monodentate than bidentate
nitrates. It has also been reported that NO, interacts with base centres like the hydroxyl
groups [26].

4. Discussion

The photocatalytic conversion process of NO has been described through three possible

mechanisms [59]:

) Oxidation with "OH radicals

TiO, +hv — TiO, (h* + ¢7) (le)
TiO, (h") + H,0,4 = TiO, + "OH,, + Hjy (%)
TiO, (h*) + OH,, — TiO,+ "OH,, (3e)
TiO, () + Oy, — TiO,+ O; (4e)
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NO,4 + "OH i —HNQO, ., (1f)

HNOZ,ads + .OHad - NOZ,ads+ HZOads (Zf)

NOZ,ads + .OHads - HNOS,ads < NO?:,ads +H;ds (Sf)
i) Oxidation with the holes

TiO, (h*)+ NO,, + H,0

ads

- HNOZ,ads + H;ds (19)

TIOZ (h+) + HNOZ,ads - NOZ,ads + H;ds (29)

1)  Oxidation with bridging oxygen
Tio, (h*,0F) — Tio,(0;) (1h)

TiO, (05, )+ NO,,, + H,0,, — TiO, () + HNO,  + OH (2h)

ads

TiO5(Os+) + HNOgags — TiO2(0s) + NOpags + H” (3h)
TiO, (0}, ) + HNO, = TiO, (0, ) + NO; 4+ Hyy (4h)
TiO, (05, ) + HNO, 4, — TiO, (1) + HNO, (5h)
TiO,(0,) + HNO;,, — TiO,(0;,) + HNO, 4, (6h)
TiO2(Os:) + HNOg3 ags — TiO2(Os:) + HNOs3qqs (7h)
TiO, (05, ) + NO, 4+ H,0, > TiO,(a) + HNO,, + OH,,  (8h)
TiO, (05, ) + NO, = TiO, () + NO; (9h)

However, in many studies the reaction of NO with O radicals is not taken into

account:

IV)  Oxidation by means of the O, radical
NO,;, + O, —> ONOO,, (11)

NO, .. +O;” — O,NOQ,, (21)

Different decomposition processes of the peroxynitrite and peroxynitrate have been
reported [60]:
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ads

ONOO,, ¢> [ONO" - 0" ] ¢ NO,,, + O, (3i)

[ONOOH]_ — NO, 4 + “OH,g (41)
ONOO;ds - NO;ds + Oz,ads (5|)
OZNOOa_ds - NOZ_,ads +02,ads (6|)

It should be borne in mind that, for oxidation of NO to HNO3/NO3s by means of
mechanisms I-111, the generation of 3 holes (h™) is necessary, and that, during the
formation of these three holes, 3 O, radicals are formed. Therefore, for each NO

molecule that is converted via mechanisms I-111, three NO molecules are converted via

the O, radicals.

The conversion of NO to NO, can also take place naturally through reaction (1a).
However, as mentioned in section 2.2, this reaction was not observed at any moment in
the studies performed without illumination. The natural oxidation process of NO to NO,
has been described through three different kinetic models [61,62]:

2NO + 0, » [ONOONO]" — 2 NO, (1j)
NO + NO — (NO), (1K)
(NO),+ O, - 2NO, (2k)
NO+ 0, NO, (10
NO + NO, -2 NO, (21)

All of the three models proposed display a very slow conversion of NO to NO, [61, 63].
The low space-time values obtained in the reaction conditions employed in the present
study, the low NO concentration values tested and the dynamic conditions are the main

reasons why this reaction does not take place.

It has been shown in the present work that the number of NOx moles eliminated during
the photocatalytic conversion of NO and NO, coincides or is lower than the number of

adsorbed or disproportionated NO, moles determined in the studies with NO,/NO mixes
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(section 3.4). According to the results, 56.7% of adsorbed NO, with the P25 undergoes
disproportionation producing NO, and 87.12% with the HT-ET. The rest of the NO; is
adsorbed without disproportionation, with no efficient photocatalytic conversion of NO,
being observed. The FTIR studies revealed bands which, in an NO-free atmosphere,
evolve into ionic nitrates and which are attributed to [(NO3)-(H20) ,-NO;] complexes.
The % of NO, which does not undergo disproportionation, as observed in the NO,
adsorption studies, may be due to formation of these complexes. It was also observed
with both catalysts that the NO, eliminated in the NO, adsorption studies was higher
than that eliminated in the NO, photocatalytic studies. In the studies with NO, +
irradiation the formation of NO was not observed as NO is photocatalytically converted
through reactions (2h and 3h), reacting with the surface O% (bridging oxygen). It was
observed in the FTIR studies that the stability of the [(NO3)-(H,0) ,-NO,] complexes
depends on the presence of an NO atmosphere. The absence of such an atmosphere and
the competition for bridging oxygen because of the photocatalytic conversion of the NO
may be the cause of the lower NO, adsorption under illumination than in darkness.
Interaction of NO with oxygen vacancies may be stabilizing the [(NO3)-(H,0) ,-NO;]
complexes. It has been reported that NO competes with oxygen for adsorption

centres/oxygen vacancies [45, 46].

It has also been shown in the present work that adsorbed HNO; photolytically
decomposes to NO,, and that NO reacts with HNO3 and/or NOs™-H" giving rise to NO,.
Therefore, reactions (3f) and (7h) do not take place, or of minimal importance. The
photolytic decomposition of adsorbed HNO3, or the reaction of NO/NO, with NO3’,
could explain why the photocatalytic conversion of NO, is not effective, with the
adsorption and disproportionation processes of this molecule being favoured. It is
confirmed that NO is photocatalytically converted to NO, and that the efficiency of this
reaction falls only to 32% with the P25 and 25% with the HT-ET after 18 h of reaction.
The NO, that is generated is eliminated from the outlet flow via its disproportionation
and/or its reaction with surface nitrates forming [(NO3’)-(H20) ,-NO;] complexes. The
centres where the NO, undergoes disproportionation may be responsible for the

reduction in the efficiency of NO photocatalytic elimination. This is seen in the fact that

the values of (NO, ), ..., are the same as those for (NO,) . and (NOX)NOrphot during

the first 6 h of reaction in which NO, disproportionation takes place producing NO. At
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longer reaction times, the profiles of (NO,) and (NO, ) are lower than

NO- phot NO, - phot

that of (NO2 )a . due to the surface changes that take place because of the formation of

d

oxygen vacancies.

The formation of [(NO3')-(H,0) ,-NO,] complexes may be inhibiting NO reactions with
HNO; and/or NO3™ and favouring, in this way, the final formation of nitrates.

Taking into account these results, the global mechanism of the photocatalytic
conversion of NO obtained from the studies carried out in this work is summarized in

Figure 13.
4. Conclusions

The reaction system used in the present work, with the catalyst unsupported and in
powder form, has given similar results of activity in NO and NOx elimination to those
reported in other studies with supported catalysts. Using this system, it has been
possible to analyse with FTIR spectroscopy the presence of different species adsorbed

on the surface of the catalysts after different reaction times.

A correlation is determined between NO, adsorption and NOy elimination in the
photocatalytic conversion of NO and NO, using commercial (P25) and laboratory
synthesized (HT-ET) catalysts. It is shown that NO; is not efficiently photocatalytically
converted, but rather is adsorbed undergoing disproportionation. It is also shown that
NO; interacts with the surface nitrates forming stable [(NO3)-(H,0) ,-NO;] complexes
in an NO atmosphere. In an NO-free atmosphere, these complexes decompose into ionic
nitrates. It is also shown that adsorbed HNO3; photolytically decomposes and that NO
reacts with HNO3/NOs™-H" giving rise to NO,. These reactions seem to be inhibited by
the formation of [(NO3’)-(H20) ,-NO,] complexes and appear to be responsible for the

non-efficient photocatalytic conversion of NO,.

The two catalysts used in the study, P25 and HT-ET, show the same behaviour
regarding % decrease of NO elimination, increase in selectivity of NO to NO,, and NO,
adsorption and disproportionation. The formation of the [(NO3)-(H20) ,-NO_] complex
was also observed with both catalysts, although the decomposition rate was higher with
P25. The larger surface area and the presence of surface electron traps may be behind
the slower decomposition rate of these complexes with the HT-ET catalyst.
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The results obtained in the present study will enable optimization of the design of

treatment systems for the photocatalytic conversion of NO.
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Figure 1. Reaction system

Figure 2. FTIR spectra of the P25 and HT-ET.

Figure 3. (% NOcony) Vs. reaction time. (Determination error £ 1.9 % maximum).
Figure 4. Cumulative selectivity of all the NO converted at each reaction time to NO..
Figure 5. FTIR spectra of the P25 and HT-ET after 18 h of NO adsorption in darkness.

Figure 6. FTIR spectra obtained during the photocatalytic conversion of NO with the
P25 (A) and the HT-ET (B) at 0, 1, 2 and 18 hours of reaction time.

Figure 7. Evolution of the bands obtained with the HT-ET (during the NO conversion

studies after 18 h) in an air-only atmosphere.

Figure 8. NO, moles eliminated during adsorption of NO,, (NOz)ads, NOx moles

eliminated during photocatalytic conversion of NO,, (NOX) and photocatalytic

NO,—phot ?

conversion of NO, (NOX) .- (Determination error = 7 umol/g maximum)

NO-pho

Figure 9. (NO) (black),  [(NO),.. o %3]  (red),  and

disprop—NO,
(NO,)_, —[(NO)C"WHNO2 XS] (blue), P25 (A) and HT-ET (B). (Determination error +
7 pmol-g™* maximum)

Figure 10. FTIR spectra obtained after 18 h of NO, adsorption, NO, photocatalytic
conversion and NO photocatalytic conversion with the P25 (A) and HT-ET (B).

Figure 11. NO, formed during HNOj3 photolysis (A) and reaction of the HNO3/NOs™-H*
adsorbed on the P25 with NO in darkness (B). (Determination error £ 40 umol/g).

Figure 12. FTIR spectra of: a) HNOj3 adsorbed on P25; b) HNO3 adsorbed on P25 + NO
during 2 h; c¢) the sample after b) in atmosphere without NO during 12 h; d) HNO3
adsorbed on P25 + NO, during 2 h; and e) the sample after d) in atmosphere without
NO during 12 h.

Figure 13. Global scheme of the photocatalytic conversion of NO.

Table caption
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Table 1. Crystalline phases and surface area of catalysts studied.
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Table

Catalyst | Anatase | Rutile | Surface area
% % (m*.g™)
P25 80 20 50+ 15
HT-ET 100 - 167 £5

Table 1.
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