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Abstract

The effect of key experimental parameters on the removal of toluene under 254 +
185 nm irradiation was investigated using a benchtop photocatalytic flow reactor. Toluene
was introduced at low concentrations between 10 and 500 ppbv, typical of indoor
environments, and reacted on TiO,-coated Raschig rings. Two different TiO,-coated rings
were prepared: in one case, by dip-coating using a P25 aqueous suspension and, on the
other, using an organic/inorganic sol-gel method that produced thin films of mesoporous
anatase. Flow rates in the photoreactor varied between 4 L min™' and 125 mL min™', leading
to residence times in the range 100 ms < t < 2 s. For these conditions, toluene removal
efficiencies were between 30 and 90%, indicating that the system did not achieve total
conversion in any case. For each air flow rate, the conversion of toluene was significantly
higher when the reactor length was 10 cm, as compared with 5 cm; however, only marginal
increases in conversions were achieved in the two reactor lengths at equal residence time
and different concentration of toluene, suggesting that that the reactor is effectively
behaving as an ideal reactor and that the reaction is first-order in the concentration of
toluene. Experiments were carried out between 0 and 66% relative humidity (RH), the
fastest reaction rate being observed at moderately low humidity conditions (10% RH), with
respect to both dry air and higher humidity levels. Formaldehyde was formed as a partial
oxidation byproduct at low and at high residence times (240 and 960 ms), although higher
formaldehyde molar yields (up to 20%) were observed at low 1t (240 ms) and moderate
humidity conditions (10 and 33%), suggesting that both t and RH can be optimized to
reduce the formation of harmful intermediates. Toluene removal efficiency increased with
the TiO, thickness (i.e., mass) until a maximum value of 500 nm, beyond which the
removal efficiency decreased. This should be attributed to limitations on the rates of
toluene decomposition imposed by radiation transport through the film and/or internal

diffusion resistances, which can take place within the porous photocatalytic films.
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1. Introduction

Building materials, furnishings and electronic equipment used indoors emit volatile
organic compounds (VOCs). These pollutants reduce indoor air quality in residential and
commercial buildings, and have been associated to a high incidence of asthma, allergies
and building-related symptoms (BRS) [1,2]. Air cleaning technologies that rely on UV
photocatalytic oxidation (UVPCO) can eliminate VOCs and have the potential to
significantly improve indoor air quality and to maintain acceptable pollutant levels with
reduced outdoor air supply and concomitant ventilation energy savings. In the US, a total of
5.2 quads of energy are used for heating, cooling, and ventilation, from which ~1 quad is

used for ventilation in the commercial stock [3].
Multiple aspects of TiO, photocatalytic oxidation of organic compounds in the gas
phase have been addressed by a profuse scientific literature over the past 20 years [4-9]. In

heterogeneous TiO, photocatalytic systems, after irradiation of the photocatalyst by UV

light, the electron-hole generation takes place:

TiO,+ hv —> hbv+ + ech (1)

The water absorbed at the TiO, surface acts as an electron donor, leading to OH" formation:

hyy + H,0 (OH) — 'OH (2)

and, if O, is present, conduction band electrons are captured, inhibiting the deleterious

recombination of charge carriers:
e + 02— Oy 3)
Hydroxyl radicals can react fast enough with toluene in the gas phase, with a bimolecular

rate constant of k™o = 0.16 ppbv’' s [10], and this is the first step leading to the

mineralization of the organic compound.
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Recently, a few studies investigated the removal performance of UVPCO at low VOC
concentrations comparable to those encountered in buildings [11-15]. With VOC
concentrations in the ppbv range, the low catalyst surface coverage led to different kinetics
and mechanisms with respect to reactions using high gas phase concentrations (in the ppmv
range), and the competition between different VOCs for reactive surface sites was shown to
be insignificant. Results from a full-size UVPCO air cleaner prototype, which was sized to
meet the requirements of a small office building, indicated that: a) the UVPCO unit was
able to reduce VOC concentrations in the 20-80% range for a wide range of typical indoor
pollutants, being more efficient for polar, hydrophilic compounds (€.g., alcohols); b)
formation of partial oxidation byproducts was significant, and included indoor pollutants of
concern such as formaldehyde and acetaldehyde; and c) the generation of these harmful
byproducts could be controlled by post-treatment with sorbent and chemisorbent materials

placed downstream of the UVPCO unit [12,13].

In addition to provide efficient abatement of undesired oxidation byproducts, the
use of adsorbents or chemisorbents downstream of the UVPCO unit may also allow to
perform the photocatalytic oxidation of pollutants under other interesting conditions than
those achieved with long-wave UV irradiation of 365 nm. Several studies suggested that
photocatalysis using ozone-generating short-wavelength UV light [16-20] or in
combination with atmospheric non-thermal plasma [21-24] can be suitable alternatives for
indoor air cleaning. These radiation sources present the additional advantage of generating
excess ozone, as well as other potentially harmful, reactive species that should be prevented
from being introduced into occupied spaces. These compounds can be quantitatively
removed from the air stream by a sorbent or chemisorbent bed placed downstream in an
integrated air cleaner, thus enhancing the oxidative power of UVPCO while efficiently

scavenging its undesired byproducts.

Irradiation at 185 + 254 nm is reportedly effective in improving the overall VOC
removal efficiency in UVPCO, while minimizing the formation of partially oxidized
volatile species and extending the lifetime of the photocatalyst through a more efficient
elimination of non-volatile oxidation byproducts from its surface [17-20]. In this case,

ozone is formed by photochemical dissociation of O, molecules at 185 nm, as follows [25]:
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0, + hv (185 nm) — O('D) + OCP) 4)
O('D) + M — O(CP) + M (M = O, or N») (5)
OCP)+20,— 03+ 0, (6)

and decomposed by radiation of 254 nm:

03 + hv (254 nm) — O,('Ay) + O('D) (7)

The oxidation rate of toluene with O(3P) 1s fast, with a bimolecular rate constant of kmlo(gp)
=2.1x 107 ppbv™' s [26]. The lifetime of toluene due to this reaction is likely similar to
the short reactor residence time. Due to the generation of ozone in this process,
photocatalytic oxidation under 185 + 254 nm is often termed UV/Ti0,/O5[17,18-27].
However, this acronym may be misleading since gas-phase ozonation (i.e., direct oxidation
of the VOC molecule by molecular ozone) is a relatively slow reaction for most VOCs. In
almost all cases, direct ozonation does not take place during the short residence times
typical of UVPCO operation (from hundredths of a second to a few seconds). In particular,
that is the case for toluene, the model VOC used in this work, with a low bimolecular

reaction rate of k“’lo3 =9.9x 10" ppbv™' s [28].

In addition to the photocatalytic generation of hydroxyl radicals through reaction
(2), these oxidants can be generated in the gas phase also by reaction of water vapor with

O('D) atoms formed in the photolysis of O, and Os at wavelengths lower than 300 nm:

O('D) + H,0 — 2 'OH (8)

by direct photolysis of water vapor:
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H,O + hv (185 nm) — H + ‘OH 9)

or through the formation of H,O, and its subsequent photolysis by irradiation of ozone in

water with near-UV light (A > 300 nm), which produces H,O, quantitatively [29]:

O3 +hv +H,O — H,0, + O, (10)

H202+h\/—>2'OH (11)

Additionally, ozone can capture the photogenerated electrons, either directly [7]:

eb + 03> 0" +0, (12)

or indirectly, generating an ozonide radical, O;":

02._ + 03 — Oz + 03'_ (13)

At the TiO; surface, the ozonide radical can split or react with adsorbed water:

05" > 0, + 0" (14)
03._ +H,0 — ‘OH + HO + 0, (15)

In this study, we identified key parameters and optimal conditions for the effective
removal of toluene, a model hydrophobic air pollutant, at realistically low concentrations in
the range of double-digit to a few hundred parts-per-billion (ppbv). This systematic
evaluation was performed using a bench-scale plug-flow reactor, with better control of the
experimental conditions than that allowed by a full-size equipment. We used a UV low-
pressure Hg-lamp with A, = 254 nm that also produced secondary emission at 185 nm.
Previous reports on the photocatalysis of VOCs under ozone-generating radiation used
target pollutant concentrations 1 to 3 orders of magnitude higher than those that could be
typically encountered in a building air cleaning system [17,20-30], and experimental

conditions leading to unrealistically high O; concentrations (e.g., 3-15 ppm) [19]. Here, we
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investigated the reaction of toluene in the low ppb range, in conditions that generate < 300
ppb ozone, analyzing the effect of the residence time and the reactor length on the toluene
removal and formaldehyde formation. The effect of the relative humidity and film thickness

on the toluene removal efficiency was also studied.

2. Experimental

2.1. Materials

TiO, (P25) was provided by Degussa AG, Germany, and used without further
purification. Polyoxyethylenesorbitan monooleate (Tween 80, Aldrich), 2-propanol
(Fisher), acetic acid (Fisher) and Ti tetraisopropoxide (TTIP, Aldrich) were used to prepare
films by sol-gel. Toluene used in the flow reactor (> 99.5 % purity) was from Sigma-
Aldrich. Compressed air (zero quality) and nitrogen was provided by Airgas California.
HPLC-quality water (J.T. Baker) was used in the humidification system and in the HPLC
analysis. Carbonyl-free acetonitrile (B&J) was used to extract DNPH (2,4
dinitrophenylhydrazine) cartridges and in the HPLC analysis. A calibration curve for the
quantification of formaldehyde was prepared using a formaldehyde-DNPH hydrazone
standard (Aldrich).

2.2.  Plug-flow reactor and ancillary experimental setup

The plug-flow reactor used in this study has been previously described [27]. It
consisted of a cylindrical quartz tube (1 cm internal diameter) containing a variable number
of Raschig rings coated with TiO,. The rings were irradiated by a UV lamp placed parallel
to the flow tube at a constant distance of 25 mm. The lamp (UVP model 90-0004-01)
emitted principally at Ap.x = 254 nm, with a secondary emission at 185 nm. Its irradiance,
Eoss = 3.0 mW cm'z, was determined at 25 mm from the source using a calibrated UVP
radiometer measuring 254 nm radiation, positioned at the center of the lamp. Both the
quartz flow tube and the lamp were housed in a metallic container provided with a shield to
partially cover the lamp and adjust the amount of light used in each experiment. The length
of lamp uncovered was similar to the length of the quartz tube containing the photocatalyst-
coated Raschig rings, allowing adjustments to a variable reactor length. Details of the

methods used to prepare the coated Raschig rings are provided below (Section 2.3).



Photocatalytic Oxidation of Toluene in Air Quici et al — final draft — 9 July 2009

]
i S
Mass flow
controller 1
& o2
N Mass flow °0
controller 2 o
Zero air Humidifier
Toluene source,
diffusion vial
Fam
&) D
Peristaltic
pump I:_Thermostat
Sampling
pump
®<—|: Photoreactor
Tenax TA

sorbent tube T RH

Vent excess

Figure 1. Experimental setup.

The complete experimental setup is illustrated in Figure 1. In each experiment, a
constant flow of air (in the range 0.125 to 4 L min™') was combined with the flow originated
in the toluene source (3 mL min™) upstream of the reactor. The toluene source consisted of
a diffusion vial (VICI Metronics, TX) containing the pure liquid, placed in a thermostatic
bath at room temperature (25 °C). Concentrations of toluene obtained after dilution with air
were in the range 15 — 480 ppbv. The air flow was divided into two streams, one connected
directly to the reactor (i.e., dry air flow) and the other saturated with water by bubbling in a
humidifier bottle. The flow of each of these air streams was adjusted using mass flow
controllers to obtain the desired relative humidity and total air flow, and were measured

with a calibrated flowmeter (Dry Cal, BIOS Int.).

Temperature and relative humidity (RH) were monitored continuously inside a

secondary chamber placed downstream of the reactor, using a HOBO datalogger (Onset
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Corp.). The concentration of ozone was measured during periods in which sorbent tubes

samples were not collected (see section 2.5., below), using a photometric detector (API

Model 400).

2.3.

Preparation of photocatalyst-coated Raschig rings

Two different TiO,-coated Raschig rings were used in this study. The

physicochemical characterization of each coated material is provided in Table 1.

Table 1. Physicochemical properties of TiO, coatings

Parameter p25° Sol-gel®
BET surface area (m” g') 60.7 147
Pore volume (cm’ g) 0.31 0.22
Porosity (%) n.d. 46
Average pore size (nm) 20.5 5
Crystalline phase Anatase 80% /rutile 20% Anatase
Crystallite size (nm) 17.4 9

* Determined for P25 powder [31]
® From ref. [32]

a) P25 films obtained by a dip-coating method: rings with internal diameter of
4 mm, external diameter of 6 mm and 20 mm length were frosted prior to the dip-
coating procedure. The rings were immersed in a 5% m/V TiO, aqueous suspension
at pH 2.5 (HClO,), and dip-coated at a rate of 3 mm s™'; then, the coated rings were
dried in an oven for 24 h at 130 °C, and the process was repeated three times. The
amount of TiO, deposited on the rings was 500 pg cm™, as measured by mass
difference before and after coating. The rings were calcined for 2 h at 450 °C at a
7.5 °C min™' heating rate [33]. These rings were used in the study of the effect of

residence time and of relative humidity.

b) Anatase films obtained by a sol-gel method: rings with internal diameter of
4 mm, external diameter of 5 mm and 5 mm length were prepared by dipping at
12.8 cm min™ in a titania sol, following a method described previously [32]. The

10
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organic/inorganic sol was prepared by dissolving Tween 80 in 2-propanol, which
was esterified by addition of acetic acid. The titania precursor TTIP was added
under vigorous stirring, in the molar ratio Tween 80:2-propanol:acetic acid: TTIP
1:45:6:1. Films were dried at room temperature for 1 h and calcined at a rate of 3 °C
min™ up to 500 °C. That temperature was maintained for 15 min. Five different ring
batches were prepared, by repeating this procedure 1, 3, 5, 7 and 9 times, thus
obtaining the film thicknesses reported in Table 2. These five different samples
were used to investigate the dependence of photocatalytic efficiency on that
parameter. Film thickness was determined by environmental scanning electron
microscopy (ESEM Philips XL 30). Figure 2 shows ESEM images corresponding to
the cross section of the TiO, thin film immobilized onto the glass substrate. In the
photographs it can be seen that there is a uniform TiO; layer when the thickness is
around 350 nm (after 3 coatings). The mass of anatase incorporated was estimated

using the film porosity and thickness determined experimentally.

Table 2. Samples prepared for the study of film thickness by a sol-gel method.

Number of coatings 1 3 5 7 9
Film thickness (nm) 100 + 35 230+ 55 35070 500+45 635+55
TiO, mass (mg cm™) 20+ 7 50+ 12 72+ 14 96+12 119+15

Figure 2. ESEM images of the TiO, thin film cross section (sol-gel coating, 350 nm thickness). A) with 2 pm
resolution (zoom area indicated with a box); B) with 500 nm resolution.

11



Photocatalytic Oxidation of Toluene in Air Quici et al — final draft — 9 July 2009

2.4.  Irradiation experiments

Individual experiments comprised three phases. In the first one, with the UV lamp
off, the air flow containing toluene was allowed to circulate for a minimum of 30 minutes
to establish the adsorption equilibrium with the catalyst. Due to the low toluene
concentrations, coverage of the catalyst was at the sub-monolayer level [34]. At the end of
this initial period, the toluene initial steady-state concentration was determined by
collecting three sequential samples. After turning on the UV lamp, a second period of 30
min allowed the reaction to proceed and reach a second steady-state regime, under
continuous irradiation. Three consecutive toluene samples were collected after 30 minutes
of irradiation, to determine the new toluene concentration, [Tol]ss. Finally, the UV lamp
was turned off and the system equilibrated during a final 30 min period, at the end of which
a final set of three samples was collected to verify that toluene concentrations were restored
to the initial value. The initial (and final) toluene concentration, [Tol], was determined by
averaging the results obtained in the initial and final phases, both with the UV lamp off.

The reactor residence time was defined as:

T=" (16)

where V is the reactor volume (in mL) and f is the air flow rate (in mL min™"). More
formally, the residence time is defined as the first moment of the residence time distribution
function, E(t) [35]. Hence, the parameter defined by equation (16) would be more strictly
described as space time, which is equal to the residence time only for gas phase reactions in
which there is no pressure drop, isothermal operation and no change in the total number of
moles. However, since these conditions are valid in our case, we use the term residence
time (which is more commonly used in the UVPCO literature) instead of space time.
Considering the very short residence times (between 7= 120 ms and 7= 1920 ms), an
equilibration period of 30 min was deemed sufficient to reach a steady-state situation under

illumination and dark conditions.

12



Photocatalytic Oxidation of Toluene in Air Quici et al — final draft — 9 July 2009

2.5.  Sampling and analysis

Integrated toluene samples were collected in Tenax TA ® sorbent tubes during
periods of ~5 min each at a flow rate of 20 — 80 mL min™', corresponding to volumes in the
range 100 — 1000 mL. Samples were analyzed by thermal desorption gas chromatography
with mass selective detection (TD/GC/MS), following the US EPA standard method TO-1
[36]. Analysis was carried out in an Agilent GC/MS Model 6890/5973 operated in the
electron impact mode, and interfaced to a thermal desorption inlet with an autosampler
(TDS 3, TDS A, Gerstel, Germany). A calibration curve for toluene in the range 5 — 150 ng

was used for quantification, using 1-bromo-4-fluorobenzene as internal standard.

Formaldehyde was collected at the reactor outlet by in-situ derivatization using
(DNPH)-coated silica cartridges (Waters, MA). The cartridges were preceded by ozone
scrubbers to eliminate all traces of ozone formed under UV irradiation. DNPH cartridges
were extracted with 2-mL carbonyl-free acetonitrile and analyzed by HPLC with UV
detection at 360 nm, following the US EPA Standard Method TO-11 [37].

3. Results and Discussion

3.1.  Effect of air flow rate and residence time on toluene removal
The toluene removal (i.e., the conversion of toluene in the reactor) in each test, X,

was calculated as a percent fraction:

X :[1_”0']%}100 17)
[Tol],

The dependence of X on the flow rate and on the residence time is shown in Figure 3 for the
two different reactor lengths considered in this study (L = 5 and 10 cm). All the
experiments shown in Figure 2 were carried out at RH = 10%, at which we observed the

maximum reactivity (vide infra, section 3.2).

13
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Figure 3. Toluene removal (X) for two different reactor lengths L = 5 cm (white squares) and L = 10 cm

(black squares), as a function of: (A) flow rate, f; (B) residence time, 7.

The experimental conditions are reported in Table 3. Initial toluene concentrations,
[Tol]o, were in the range 10 — 500 ppbv, as determined by the dilution of the primary
toluene source required to achieve the desired total flow rate. Flow rates varied between 4
and 0.125 L min™', and residence times spanned from 7 = 120 to 1920 ms. In that range, the
toluene conversion efficiency increased from ~ 30 to 90%, indicating that, under all the
experimental conditions, the system did not achieve complete conversion. Previous studies

showed that at such low toluene concentrations, the removal efficiency was shown to be

14
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independent of the initial concentration [13,15] which suggested low coverage of the
catalyst surface and first-order dependence on toluene concentration. In our case, for a
given flow rate, the removal efficiency observed at the longest reactor length (L = 10 cm)
was significantly higher than that observed for L = 5 cm (Figure 3-A). However, at equal
residence time and different toluene concentrations, we observed only a marginal increase
in X when the reactor length was doubled (Figure 3-B), which suggests that the reactor is
effectively behaving as an ideal reactor in terms of flow and mixing conditions, and that the
reaction is first-order in the concentration of toluene. The slight difference between the two
curves should be attributed to the effect of the developing flow in the region near the
reactor inlet and the first catalyst ring, which will affect more significantly the shorter
reactor (smaller conversion) than the longer one. However, the length of this initial region
is estimated to be small compared to the total length of each reactor since the difference
between the two curves is only ~10% or less, comparable to the average experimental error
on X. The observed increase in conversion with residence time is consistent with previously
reported results [14]. The observed first-order reaction is consistent with the limiting case
of a langmuirian rate equation of toluene oxidation when the concentration of toluene
approaches very low values. However, in the present system, it should be observed that the
reaction of toluene also occurs in the gas phase (see below), so the overall reaction cannot
be attributed only to a heterogeneous reaction on the surface of the photocatalyst but to a

contribution of both homogeneous and interfacial processes.

Table 3. Experimental conditions: reactor length L, initial toluene concentration [Tol]o, air

flow f and reactor residence time .

L =5cm
[Tollo (ppbv) 32 84 152 365 479
f (L min™) 200 1.00 040 025 0.125
7 (ms) 120 240 600 960 1920
L=10cm
[Tollo (ppbv) 16 40 79 155 257
f (L min™) 400 200 080 050 025
7 (ms) 120 240 600 960 1920

15
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3.2.  Effect of the relative humidity on toluene removal
The effect of relative humidity was evaluated for two of the experimental conditions

described above, in order to consider cases with low and high toluene conversion:

a) low X: L=5cm and f=1 L min”, corresponding to a residence time of
240 ms;
b) high X: L = 10 cm and f = 500 mL min™', generating a residence time of

960 ms (i.e., 4 times longer).

Considering that conversion and residence time are independent of reactor length
(i.e., apparent first-order kinetics) and assuming that intermediate byproducts have a
negligible effect on the kinetics, the average toluene removal rate per unit reactor length,

Ty, can be expressed as:

Tr= 1 ([Tol1, - [Tol1,) (18)

Equation 18 also assumes that the average reaction rate is constant all throughout the
experiment, with minimal catalyst inactivation. This assumption is reasonable considering
the short duration of the irradiation (30-45 min) and the low toluene concentrations (in the
ppb range). For much higher concentrations (in the hundreds of ppm), rapid inactivation of

the photocatalyst has been reported [38].

Figure 4 shows the average reaction rates T, determined as a function of RH for
both series of experiments. In either case, the reaction was faster at 10% RH than under dry
air, suggesting a positive contribution of low levels of water vapor on the kinetics. As RH
increased further to 33% and 66%, the net effect was an inhibition that led to reaction rates
lower than those measured with dry air. The effect of low levels of water can be interpreted
as a contribution of adsorbed water to the regeneration of active surface species at low
water coverage (i.e., 10% RH), since H,O molecules adsorb dissociatively to TiO, surfaces
at low RH, generating surface OH groups [39,40]. For RH > 15-20%, the amount of water
adsorbed on the surface of TiO, amounts to more than a monolayer [41], and the net effect

is likely a competition with toluene for adsorption to the active surface sites that leads to a
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decline in toluene reaction rates with increasing RH. Competitive desorption of toluene
from TiO; surfaces in the dark upon increased water vapor has been described by
Demeestere et al. (2003), who observed equilibrium adsorption coefficient reductions of up

to one order of magnitude when RH increased from 0 to 58% [34].

Figure 4 also includes results obtained under identical flow conditions with
uncoated Raschig rings, to estimate the contribution of non-photocatalytic processes to the
overall reaction. For both residence times, we observed a significant reaction of toluene in
the absence of TiO,, amounting to between a quarter and half of the toluene loss observed
in the presence of the photocatalyst. This can be attributed to gas phase reactions with
active oxygen species formed upon UVC irradiation (equations 4-11), as well as to direct
photolysis of the aromatic molecule, particularly at low A (€;85nm = 43,200 M! cm'l; €254nm
=100 M cm™) [42]. The non-photocatalytic reactions rates also increased upon increasing
RH from 0 to 10% (particularly in the case of the longer residence time), indicating
additional contribution by OH' radicals formed by photolysis of water molecules as
indicated by equations 8-11. However, T, decreased with added water vapor at 33% and
66% RH, showing almost no significant differences between long and short residence
times. Additional tests performed in N; atmosphere (not included in Figure 3) showed a
similar toluene removal rate as shown in the absence of the photocatalyst under dry air,
suggesting that direct toluene photolysis was the predominant non-photocatalytic chemical

process.
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Figure 4. Reaction rate per unit reactor length, Tr, as a function of relative humidity, RH. Black bars: L =10 cm, f
=500 mL min™', T = 960 ms; White bars: L =5 cm, f=1L min, t = 240 ms; Striped bars (//) L = 10 cm, f = 500
mL min™', T = 960 ms in the absence of photocatalyst; Striped bars (\\\) L =5 cm, f=1 L min™, © = 240 ms in the

absence of photocatalyst.

Our observations of optimal humidity conditions around 10% RH for the
degradation of low concentrations of toluene in the presence and in the absence of
photocatalyst are consistent with results reported by other researchers. The photocatalytic
oxidation of toluene at 500 ppb and 290 ppb was shown to peak for ~2000 ppm H,O
(equivalent to ~ 10%RH) [43]. Sleiman et al. [15] observed the same inhibition of toluene
photocatalytic oxidation at high RH using TiO; supported in a paper matrix, with ~100%
conversion for all experiments performed at RH < 20%. Van Durme et al.[44] described a
maximum degradation rate for 500 ppb of toluene vapor at 26% RH for its oxidation by
non-thermal plasma (an emerging, complementary technology for gas phase photocatalytic

air purification), but the processes under dry air and higher humidity conditions were less
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efficient. However, this effect cannot be generalized to other organic pollutants and/or to
other experimental conditions. For example, Thevenet et al. [45] reported a continuous
reduction in the reaction rate as RH increased for the oxidation of high levels of acetylene

(thousands of ppm), both for photocatalytic oxidation and for non-thermal plasma methods.

3.3.  Effect of reactor parameters on the formaldehyde yield

Formaldehyde is produced as a partial oxidation byproduct in the photocatalytic
oxidation of toluene [12,15]. However, experimental conditions may be conducive to very
different formaldehyde yields. The latter effect has not been systematically explored, and it
is a critical aspect in the development of effective air cleaners. We define the formaldehyde

molar overall yield Y as:

YF:( [Flss jxlOO (19)
[TOI ]0 - [TOI ]ss

where [F]ss is the formaldehyde concentration at the reactor outlet determined at steady-
state during irradiation. In equation (19), all concentrations are expressed in mol L™". In
Figure 5, Yr is represented as a function of RH, in the range 0-66% for two different
conditions. Two sets of experiments were carried out at the experimental conditions a and b
described above, respectively, in order to explore conditions of low and high residence

times.
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Figure 5. Formaldehyde yield Yg as a function of RH. Data shown for: L=5cm; f=1L min'; 7= 240 ms
(white bars), and for: L = 10 cm; f= 500 mL min™; 7= 960 ms (black bars).

Formaldehyde yield was highly dependent on the relative humidity, particularly for
the experiment carried out at short residence time, in which Y reached values as high as
~20% for intermediate RH levels (10% and 33%). Instead, dry air conditions did not favor
the formation of formaldehyde in either case, suggesting that the presence of surface OH
groups may play an important role in the pathways leading to formation of this byproduct,
presumably through oxidative cleavage of the methyl group (side chain), as opposed to the
oxidation of the aromatic ring [46]. The population of surface OH is regenerated through
dissociative chemisorption of water vapor under humidified air, thus becoming a limiting
factor under dry air [39,40,43]. On the other side, the multilayer water film formed at 66%
RH on the surface of the photocatalyst [41] has the potential capacity to retain larger
amounts of polar oxidation byproducts and reduce their gas-phase levels. These arguments
may justify in qualitative terms the observation of maximum Yy for intermediate humidity

conditions at low residence time. With a 4-fold increase in 7, Yr was reduced at all RH
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conditions. Since toluene conversion was higher at 7= 1.2 s than at =300 ms across the
RH range (see Figure 3), it is reasonable to assume that formaldehyde oxidation proceeded
also to a larger extent at the longer residence time, allowing for a more complete

elimination of this intermediate byproduct.

These results can be compared with those from a previous study of the performance
of a full-size UVPCO prototype [12], in which we determined a Yr = 16% for the reaction
of 28 ppbv of toluene at 47%RH. The UVPCO reactor consisted of two 30 % 30 cm
honeycomb monoliths of 2.5 cm length each, operating at a flow of 752 m® h™'. The
effective residence time of toluene vapor in the monoliths was 7 = 21 ms. In that
experiment, the much higher air flow determined a residence time one order of magnitude
shorter than in the bench-scale experiment with the short z. Our results suggest that
increasing the contact time between the target pollutant and the photocatalyst could produce
significant improvements in terms of reduction of byproduct emissions, which is one of the
major limitations of UVPCO air cleaners. Longer contact times of the target compounds
(and their harmful oxidation byproducts) with the surface may be increased by altering the
engineering of the air cleaner (for example using recirculation loops), but also through the
introduction of nanostructured photocatalysts with significantly higher surface area, and/or
photocatalysts supported on matrices with high surface area [27,31]. A higher adsorption
capacity can contribute to retaining the target compound for a longer exposure time at the

catalyst surface.

3.4. Effect of TiO, film thickness on toluene removal

The effect of the TiO, thickness was evaluated for the same two sets of reactor
parameters a and b described above, using five different ring samples, each coated a
different number of times, with different thickness. Description of these coated ring
samples is given in Table 2, and experimental results are presented in Figure 6. For both
residence times, we observed an initial increase of toluene conversion as the photocatalyst
thickness increased from 100 to 500 nm. A similar increase in the photocatalytic
performance of thin films in the range 100 — 350 nm was reported by Addamo et al. for the

degradation of 2-propanol [47]. The increased performance with respect to film thickness
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was more marked for the experiment performed at the short residence time: X showed a 3-
fold increase (between 11.5 and 35%) in the short residence time experiment, but it only
increased ~ 25% (from 67 to 85%) in the long residence time experiment since the
conversion of toluene was already high for the thinner films. However, as observed in
Figure 6, at a certain film thickness (above 350 nm), the conversion appears to reach a
plateau. Finally, at thicknesses higher than 500 nm, the conversion appears to drop. These
results highlight the critical importance of controlling the thickness of the photocatalyst
film, particularly when operating at the low residence times typical of building heating,

ventilation and air conditioning (HVAC) systems.

The increase of the toluene conversion with the increase of the film thickness is
consistent with a system in which the entire mass of the catalyst is effectively irradiated
with UVC photons and in which transport of reactant by diffusion through the porous
photocatalytic film is not limiting. However, in a supported “thick” photocatalytic film, the
reaction space is confined to the region effectively irradiated; therefore, if the film is thick,
only a small portion of it, close to the surface, may be effectively irradiated with photons,
rendering the deeper portion of film inactive. In addition, internal diffusion of the reactant
may also influence the reactivity. Both transport of photons and diffusion hinder the
reactivity and conversion, the extent of these limitations being determined by the

“effectiveness factor” [48], defined as:

3 observed reaction rate (20)
reaction rate at surface concentration and surface photon flux

The optical thickness and the ratio of the characteristic diffusion time over reaction
time affect the value of the effectiveness factor and, therefore, the extent of the limitations
imposed by the geometry of the catalyst. These two independent factors are measured by
the Thiele modulus (@) of the film, which for a first-order surface reaction on both the
concentration of toluene and the photon flow is given by Camera-Roda and Santarelli [48],

in analogy with conventional catalysis in porous catalytic particles:

¢ =05, kP/k, /D, 21)
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where 6 is the geometrical thickness of the film, K is the first-order kinetic constant, P Lis
the initial spectral radiant power at the surface of the photocatalytic film, k, is the
absorption coefficient of the film at the wavelength of the incident radiation, and D, is the
effective diffusivity of the limiting reactant through the porous structure of the film. This
analysis was developed originally for plane films, but we extend the conclusions of that

study to the case of curved ring surfaces used in our case.

Multiple coatings of the same substrate imply multiple heating cycles of the TiO,
layers deposited in a sequence. As a result, it is not unconceivable to imagine that the
porosity of the photocatalytic films may be reduced after each deposition. This
progressively decreases the value of D, through each inner layer and therefore produces the

increase of the Thiele modulus, with the consequent limitation on the reaction rate.

In parallel, a progressively less porous structure of the film in the transversal
direction may result in smaller value of kj (i.e., larger values of the Thiele modulus) since
photon transport by forward scattering through the porous structure of the film may be
progressively suppressed. Data on coatings vs. film thickness and UV absorbance by Choi

et al., (2006) support smaller values of k, as the number of coatings was increased.

Finally, Figure 6 shows that at thickness higher than 500 nm the conversion appears
to drop. According to the experimental results, it can be suggested that the “effectiveness
factor” is less than the unity at a thickness of the film higher than 350 nm. The increase in
the Thiele modulus by a progressive reduction of the porosity of the film explains also the
drop in conversion observed for the sample with a film thickness of 635 nm. Other factors
may be at play at higher thickness leading to reactivity losses, such as, for example, effects
related to curved substrate surfaces leading to diverse irradiation angles, as compared with

the flat surfaces modeled by Camera-Roda and Santarelli [48].
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Figure 5: Toluene conversion, X, under dry air as a function of the mass of photocatalyst coating. The thickness of
the photocatalyst film is indicated for each experimental data point. White data points: L =5 c¢m, f=1L min™, 7=
240 ms. Black data points: L = 10 cm, f= 500 mL min™', 7= 960 ms. Triangular points represent X for experiments

carried out with uncoated rings.
4. Conclusions

Our results illustrate the effect of key parameters on the performance of TiO; films
irradiated with UV light of 254 + 185 nm in the photocatalytic degradation of toluene, and
the interplay between some of these parameters. Experiments were carried out at realistic
toluene concentrations (ppb range), with conversions X in the range 30-90%. Low coverage
of the catalyst surface with toluene and first-order dependence on toluene concentration
were observed consistent with the limiting case of a langmuirian-type rate equation of

toluene oxidation when the concentration of toluene approaches very low values. Relative
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humidity clearly influenced toluene removal efficiency, and both RH and 7 affected
dramatically the yield of formaldehyde, an intermediate byproduct. These results highlight
the importance of controlling these parameters in air cleaning operations in order to
minimize the impact of undesired byproducts. Additionally, the thickness of the TiO, film
can be finely tuned to maximize the removal efficiency while avoiding the inhibitory effect
observed for thick photocatalyst films. The limitations imposed by radiation transport and
reactant diffusion in thick photocatalytic films may be alleviated by preparation techniques
which would not change the porous structure of the supported catalyst in multiple coatings,

such as using hydrothermal sol-gel method or low temperature anchoring methods.
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