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Abstract

Clay-supported TiO, photocatalysts can potentially improve the performance of
air treatment technologies via enhanced adsorption and reactivity of target volatile
organic compounds (VOCs). In this study, a bench-top photocatalytic flow reactor was
used to evaluate the efficiency of hectorite-TiO, and kaolinite-TiO,, two novel
composite materials synthesized in our laboratory. Toluene, a model hydrophobic VOC
and a common indoor air pollutant, was introduced in the air stream at realistic
concentrations, and reacted under UVA (Anax = 365 nm) or UVC (Agax = 254 nm)
irradiation. The UVC lamp generated secondary emission at 185 nm, leading to the
formation of ozone and other short-lived reactive species. Performance of clay-TiO,
composites was compared with that of pure TiO, (Degussa P25), and with UV
irradiation in the absence of photocatalyst under identical conditions. Films of clay-TiO,
composites and of P25 were prepared by a dip-coating method on the surface of Raschig
rings, which were placed inside the flow reactor. An upstream toluene concentration of
~170 ppbv was generated by diluting a constant flow of toluene vapor from a diffusion
source with dry air, or with humid air at 10, 33 and 66 % relative humidity (RH).
Toluene concentrations were determined by collecting Tenax-TA ® sorbent tubes
downstream of the reactor, with subsequent thermal desorption — GC/MS analysis. The
fraction of toluene removed, %R, and the reaction rate, 7,, were calculated for each
experimental condition from the concentration changes measured with and without UV
irradiation. Use of UVC light (UV/Ti0,/03) led to overall higher reactivity, which can
be partially attributed to the contribution of gas phase reactions by short-lived radical
species. When the reaction rate was normalized to the light irradiance, 7,/I;, the
UV/TiO; reaction under UVA irradiation was more efficient for samples with a higher
content of TiO; (P25 and Hecto-TiO,), but not for Kao-TiO,. In all cases, reaction rates
peaked at 10% RH, with 7, values between 10 and 50% higher than those measured
under dry air. However, a net inhibition was observed as RH increased to 33% and 66%,
indicating that water molecules competed effectively with toluene for reactive surface
sites and limited the overall photocatalytic conversion. Compared to P25, inhibition by
co-adsorbed water was less significant for Kao-TiO, samples, but was more dramatic

for Hecto-TiO, due to the high water uptake capacity of hectorite.

Keywords: 1:1 and 2:1 phyllosilicates, photocatalysis, indoor air quality, air cleaning,

air contaminant, titania.
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Introduction

Organic pollutants can be removed effectively from indoor air using active UV
photocatalytic oxidation (UVPCO) methods (/-4). Passive methods, in which volatile
organic compounds (VOCs) react over irradiated indoor surfaces, have also been
identified as promising pollution abatement technologies. For example, paint containing
photocatalytic pigments was shown to catalyze the oxidation of indoor VOCs, although
their efficiency still needs to be assessed (5,6). The use of photoactive coatings in
depolluting and self-cleaning external surfaces of buildings (such as glass windows,
cement, etc) has also been extensively studied, and is currently being implemented in
several commercial products (3,7,8). In each of these applications, the photocatalytic
particles —usually pure TiO,- are supported on materials that must be strongly attached
to building surfaces and/or to the air purifiers’ hardware, resisting environmental aging
and mechanical abrasion. Supports also should be chemically inert, or participate in the
chemical process facilitating pollutant elimination. Other requirements for good
photocatalyst supports include: 1) to facilitate mass transport to and from the active
sites, 2) to increase the effective residence time in the proximity of the photocatalyst,
and 3) to avoid blocking irradiation from the active sites. Support materials for TiO,
include, among others, glass (8-10), quartz (11), paper (12), cement (7); activated
carbon fibers (13,14), ceramics (15,16), stainless steel (17) and polymeric matrices such
as poly(ethylene terephthalate) (PET) and cellulose acetate (78,79). Similarly,
significant research efforts have been made to improve the photocatalytic efficiency of
Ti0,-based nanoparticles through chemical and physical transformations (20-25). Such
changes include doping with transition metal ions (23) and non-metallic elements (24),
as well as structural transformations at the nanometric scale such as the synthesis of p-n

juncture nanotubes (25).

Natural and synthetic clays are receiving increasing attention as supports of
TiO,-based photocatalysts for air and water remediation (26-30). Clays present often a
large surface area for reversible and irreversible adsorption of organic pollutants.
Experimentally determined sorption rates indicate that significant amounts of VOCs
adsorb onto internal clay surfaces, with inter-particle and intra-particle diffusional time
constants spanning two orders of magnitude (3/). Embedding TiO, nanoparticles in clay

matrices is expected to improve the photocatalytic performance by enhancing VOC
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retention through adsorption in clay pores. In addition, clays can also act as electron
acceptors or donors (32) and have the ability to catalyze diverse chemical processes
such as polymerization, reduction, decomposition or acid-base reactions (32-35).
Synthesis of TiO, nanoparticles embedded in the structure of porous clays avoids the
formation of macroscopic aggregates of photoactive particles that may lead to reduced
efficiency. Furthermore, clays are stable supports that protect the TiO, particles from

erosion or washing, and are inexpensive, non-toxic materials.

In the present study, we investigated the photocatalytic activity of two TiO»-
clay nanocomposite materials synthesized in our laboratory (36). The nanocomposites
were illuminated with either UVA (Agax = 365 nm) or UVC (Apax = 254 nm) radiation.
The UVC lamp used in our study generated secondary emission at 185 nm, in addition
to the principal line at 254 nm. Co-generation of ozone in UVPCO applications with
irradiation at 185 + 254 nm was shown to increase VOC removal efficiency, as
compared with irradiation at exclusively 254 nm, and with longwave frequency of 365
nm (37,38). Similarly, a recent study showed higher toluene oxidation rates and
mineralization for the combined oxidation process UV/TiO,/Os as compared with
UV/TiO; (39). Irradiation of the TiO, surface in the presence of ozone was shown to
have a positive effect on the regeneration of the photocatalyst, due to enhanced
elimination of non-volatile, partially oxidized byproducts that remained adhered to the
photocatalyst (40). For this reason, the combined UV/TiO,/O3 process is considered
effective in improving the overall VOC removal efficiency, minimizing the formation of
harmful partially oxidized volatile species and extending the lifetime of the
photocatalyst through elimination of non-volatile oxidation byproducts from its surface.
In UVPCO indoor air cleaning applications, excess ozone generated in the UV/Ti0,/O3
process should be removed from the air before being delivered to occupied spaces
through irradiation with ozone-degrading UV light of 254 nm and/or placing an

activated carbon bed downstream of the unit.

In several studies, reactions catalyzed by UV/TiO, and UV/Ti0,/O3 have been
performed in bench-scale experiments using gas-phase VOC concentrations that are
between 1 and 3 orders of magnitude higher than those that could be typically
encountered in a UVPCO air cleaning system, principally due to limitations of the

analytical methods used in those experiments (37-47). Recently, photocatalytic
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performance with ppbv-level VOC concentrations has also been reported (4,42). Here,
we investigate the potential of these reactions at VOC concentrations that occur in
buildings (in the low ppb range), by applying sampling and analytical techniques
commonly used in indoor air quality characterization (43). We also investigated the
adjuvant effect of ozone and other active oxygen species at low concentrations (< 250
ppbv O3), compared with the much higher values reported by other authors (e.g., 3-15
ppmv O3) (39).

The main purpose of the present study is to evaluate the performance of two
composites synthesized in our laboratory based on hectorite (Hecto-TiO,) and kaolinite
(Kao-TiO;), under UVA (UV/TiO,-clay) and UVC irradiation (UV/TiO;-clay/Os). We
compared the performance of the two composites with that of pure TiO, (Degussa P25)
under identical experimental conditions. We also investigated the effect of relative
humidity (RH) in the range 0-66 % on the photocatalytic process with UVC irradiation,
as well as on the direct photolysis/ozonolysis (UV/O;). The oxidation of toluene was
followed as a probe reaction. Toluene was selected as a model hydrophobic indoor air
pollutant for two reasons: it is a compound for which photocatalytic oxidation pathways
have been studied extensively (42,44-46), and it is one of the predominant VOCs in
indoor environments (47,48). This study is specifically focused on toluene, a model
hydrophobic VOC, because of its high levels indoors, and relatively lower removal
efficiency achieved by conventional UVPCO methods (4). Our results will help assess
potential benefits and challenges associated with the use of clay minerals as supports for

Ti0,-based photocatalysts.

Experimental Section

Materials

Kaolinite (ALSi,0s(OH)4; KGa-1b) from Washington County, Georgia, USA
and hectorite (NagsMg,7L103S140;0(OH),; SHCa-1) from San Bernardino County,
California, USA, were obtained from the Source Clays Repository of the Clay Minerals
Society (Washington, DC). The clays have been characterized in the literature (49), and

were used as received. Titanium tetraisopropoxide Ti(OCsH7)s (97%), was from
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Sigma-Aldrich (Milwaukee, WI); absolute ethanol ( > 98%) from Riedel-de Haen
(Switzerland); hydrochloric acid (reagent grade, 37%) from Aldrich (Milwaukee, WI).
TiO, (P25) was obtained from Degussa (Germany). Toluene of >99.5% purity from
Sigma-Aldrich (Milwaukee, WI) was used as model reactant without further
purification. All stock solutions were prepared using de-ionized water (Millipore,
17.6MQ-cm). Glass Raschig rings of 5 mm O.D. and 5 mm length were from Ace Glass
(Vineland, NJ).

Preparation of photocatalyst coatings

Clay-TiO, composites. Description of the synthesis and characterization of the

TiO,—clay nanocomposites has been previously reported (36). Briefly, a clay-water
suspension (1% w/w) was stirred for 2 hours. A TiO; sol-gel solution was prepared by
mixing titanium tetraisopropoxide with hydrochloric acid, nanopure water and absolute
ethanol. The concentration of Ti(OC3;H5)4 in the sol-gel solution (Solution A) was 0.4 M
with a H,0O/ Ti(OC;H57)s molar ratio of 0.82, and a pH = 1.27. Absolute ethanol was
used to dilute Solution A to a final Ti(OCsH7)4 concentration of 0.05 M (Solution B).
An aliquot of Solution B was added to a clay suspension and the TiO, content in the
suspension was 70% w/w, stirred for 24 h, and centrifuged at 3,800 rpm for 10 minutes.
Then, the solid phase was washed three times with nanopure water. The resulting TiO;-
clay composite was dispersed in a 1:1 water: ethanol solution and exposed to
hydrothermal treatment in an autoclave at 180°C for 5 hours. The product was
centrifuged once again at 3,800 rpm for 15 minutes, and resuspended in absolute

ethanol (Solution C).

Preparation of catalyst-coated Raschig rings. Fifty Raschig glass rings were

coated with each of the TiO,-clay composite samples and fifty more were coated with
P25. Before coating, the rings were initially sonicated for 5 minutes in acetone, for 5
more minutes in de-ionized water, and dried at 60 °C for 1 h. Each ring was dip-coated
for 5 seconds in suspensions containing a) Solution C corresponding to one of the two
Ti0O,-clay composites, or b) P25 suspended in ethanol. Coated rings were placed in an
oven at 110 °C for 5 hours to evaporate the solvent, and stored in ambient conditions

prior to use.
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The average mass of the photocatalytic material deposited in each ring was

determined as follows:

m, = e n

where my is the average mass of photocatalytic material per ring, m,. is the mass of 50
coated rings and m, is the mass of the same 50 rings determined before coating. The
average mass my, together with mgrios, the corresponding average mass of TiO,
deposited on each ring, is reported in Table 1 together with the BET surface area and

the average pore area corresponding to each photocatalyst.

TABLE 1. Preparation of photocatalyst-coated Raschig rings.

Material my TiO, content * my_tiop BET surj ace Average pore
area volume
(mg) (%) (mg) (m?g™) (cm*g?)
Hecto-TiO, 1.03 60.8 0.626 140 0.457
Kao-TiO, 0.367 2.9 0.0105 15.9 0.670
P25 0.762 100 0.762 60.7 0.308

“ Kibanova et al., 2009 — Reference (36)

Photocatalytic reactor and experimental methods

Experiments were carried out in the photocatalytic flow reactor illustrated in
Figure 1S (Supporting Information). It consisted of a cylindrical quartz tube containing
seven coated Raschig rings, which were irradiated by a UV lamp placed parallel to the
tube at a constant distance of 25 mm. Two different lamps were used: a UVA lamp with
Amax= 365 nm and irradiance of [355 = 0.77 mW.cm™ (UVP Model 90-0019-01), and a
UVC lamp with A= 254 nm and secondary emission at 185 nm with an irradiance of
L5y = 2.8 mW.cm™ (UVP Model 90-0004-01). Both lamps were manufactured by UVP
(Upland, California), and their irradiance at 25 mm from the source was determined

with a UVP radiometer calibrated at 365 nm and 254 nm, respectively. The lamp and
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quartz tube were housed in a metallic container provided with a shield covering a
variable length of the lamp, which was used to regulate the amount of UV light used in
the experiments. The shield position was adjusted to expose a lamp length equal to that
of the quartz tube containing the Raschig rings. This experimental arrangement allowed
us to identify the optimal reactor length leading to a measurable toluene removal. A
constant air flow of 500 mL-min"' was circulated through the reactor. Two mass airflow
controllers were used in parallel to adjust the flow of “zero” quality air from a
commercial cylinder (Airgas, California) with a precision better than 1%. One of the
airflows was saturated with moisture using a water bubbler, and the relative flows
adjusted to achieve the targeted relative humidity (RH). A constant flow of toluene
vapor was generated from a diffusion vial (VICI Metronics, TX) placed in a
thermostatic bath, operated at a flow of 3 cm’.min™, leading to a concentration of ~170

ppbv after dilution at the reactor inlet.

Temperature and RH were measured at the reactor outlet in real time using a
HOBO sensor (Onset Corp., MA). Ozone was monitored in real time with a photometric
analyzer (Model 400, API) downstream from the reactor. Integrated toluene samples
were collected at the reactor outlet using sorbent Tenax-TA ® tubes (Supelco
Analytical, PA) over 5-minute periods to accumulate enough analyte for GC-MS
analysis. Quantification of toluene samples was carried out by thermal desorption gas
chromatography with mass selective detection (TD-GC/MS) following the standard TO-
1 EPA method (50). An Agilent GC/MS (Model 6890/5973) was operated in electron
impact mode, and was interfaced with a thermal desorption inlet with autosampler
(Gerstel, Germany). A calibration curve for toluene in the range 5 — 150 ng was
developed from direct injections of diluted standard solutions in sorbent tubes using

bromofluorobenzene as internal standard.

Experiments were carried out by irradiating all the catalyst materials (rings
coated with P25, Hecto-TiO,, Kao-TiO, and uncoated rings) with UV light (UVA or
UVC) in the presence of toluene at 10% RH. Also, the influence of relative humidity
was explored using UVC irradiation at 0, 10, 33 and 66 % RH. In each experiment, the
diluted toluene flow was allowed to circulate through the reactor without UV
illumination for at least 30 minutes, in order to reach equilibrium with the photocatalyst

and other internal surfaces of the reactor. Considering the low toluene concentrations
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used in this study, the expected coverage is at the sub-monolayer level. At the end of
this initial period, toluene samples were collected sequentially at the reactor outlet to
determine the initial concentration, [Tol]y. Subsequently, the UV light was turned on,
allowing for at least 30 minutes of equilibration. During that period, toluene
concentration at the reactor outlet decreased to a lower value due to partial removal
through photocatalytic oxidation. After 30 minutes, at least three samples of toluene
were collected sequentially to determine the outlet concentration during steady-state
irradiation conditions, [Tol]ss. Finally, the UV lamp was turned off, allowing for a final
30-min equilibration period. At the end of this period, a new set of samples of toluene
were collected at the reactor’s outlet to verify that its concentration was restored to its
initial value, [Tol]o. Figure 2S (Supp. Info.) illustrates results from a typical experiment.
Given the very short reactor residence time of ~0.015 min, a 30-minute waiting period
before collecting samples (equivalent to ~2,000 air exchanges) was sufficient to reach a
new steady-state condition in each case. Comparison of sequentially collected samples,
under irradiation and in the dark, allowed us to verify that steady-state was achieved in

each case.

Results and discussion

The toluene % removal (%R) in each experiment was calculated as

%R:(l—%]xloo (2)
[Tol],

and the toluene removal rate, 7,, expressed in ng.min'l, was calculated as follows:
T, = f([Tol], —[Tol]) 3)

where fis the airflow rate (in mL.min™"), and the toluene concentrations are expressed in
ng.mL™". In Figure 1, %R results under UVA and UVC illumination at 10% RH and 21
°C are presented together with toluene removal rates normalized to the mass of

photocatalyst (7,/my), to the mass of TiO, present in the photocatalyst (7,/mzTio2) and to

10
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the UV light irradiance (7,/1;). The corresponding values of each of these parameters are

presented in Table 1S (Supporting Information).

(a) %R (b) T/m,
80%
60%
40%
20%
0% . " O. . "
P25  Hecto-TiO, Kao-TiO, P25  Hecto-TiO, Kao-TiO,
(c) Tr/I i (d)
200

150

100

50

P25 Hecto-TiO2 Kao-TiO2 P25 Hecto-TiO2 Kao-TiO2

Figure 1: Experimental results under UVA (blue bars) and UVC (red bars) irradiation.
(a) Toluene % removal (%R);
(b) toluene removal rate normalized to the mass of photocatalyst 7,/m, (in ng mintg™h;
(c) toluene removal rate normalized to the UV light irradiance 7,/L; (in ng cm?min* mw™);
(d) toluene removal rate normalized to the mass of TiO, present in the photocatalyst
T,/mgrio, (in Ng min™g™). Results are also listed in Table 1S (Supporting Information

section).
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Toluene removal under UVA

Toluene elimination rates were relatively high in the presence of P25 and Hecto-
TiO, composites. In contrast, toluene removal by Kao-TiO, composites was modest.
Oxidation rates 7, measured for the three photocatalysts were proportional to the
relative TiO, content of each material, as shown in Figure 2, indicating that TiO,
loading of the photocatalyst is the key parameter driving the photocatalytic process
under UVA. Experiments using uncoated rings were also performed, in which no
toluene degradation was observed under UVA illumination, and no formation of ozone
was detected at the reactor outlet. Gas chromatograms of samples obtained during
periods under UVA irradiation showed no benzaldehyde, nor any other byproduct of

toluene oxidation.

250

200

150

r

T (ng min™)

50 - UVA (UVITIO)
I ® UVC (UVITIOJO,)
o UVC (UV/O)
O _

0 20 40 60 80 100
TIO, content (%)

Figure 2: Toluene removal rate T, as a function of TiO, content for P25 (100%), Hecto-TiO, (61%6)
and Kao-TiO, (3%).

12
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Toluene removal under UVC

Irradiation with UVC light under identical flow conditions led to a significantly
higher toluene elimination. However, after normalizing to the radiance of each lamp, the
effective removal rates 77/I reported in Table 1S and in Figure 1 are lower for the UVC
lamp than for the UVA lamp, except for Kao-TiO,. Figure 2 illustrates that toluene
removal rates (7,) for the two samples with higher TiO, content (P25 and Hecto-TiO;)
follow a trend parallel to that observed for the UVA lamp, which extrapolates at 0%
TiO, to the 7, value measured with uncoated rings (i.e., UV/O3). Under ozone-
generating UVC irradiation (254 + 185 nm), 7, measured in the absence of
photocatalyst (i.e., UV/O3 oxidation) is relatively high. Ozone concentrations measured
at the reactor outlet were in the range 100 — 250 ppbv. However, direct ozonation of
toluene in the gas phase, with a bimolecular rate constant of k'3 =9.9 x 107? ppbv' 5™
(51) is a slow reaction, and would not take place during the very short reactor residence
time (~1 s). Instead, toluene reacted with short-lived species involved in ozone
formation and degradation pathways. Ozone was formed by photochemical dissociation

of O, molecules at 185 nm, as follows:

O, +hv (185 nm) — O('D)+ OCP) 4)
O('D) + 0, —» OCP)+ 0, (5)
OCP)+2 0,— 03+ 0, (6)

and decomposed by radiation of 254 nm:
Os+ hv (254 nm) — O('D) + O, (7)

The oxidation rate of toluene with OCP) is fast, with a bimolecular rate constant of
kt010(3p) =2.1x 107 ppbv™ s (52). The lifetime of toluene due to this reaction is likely
similar to the short reactor residence time. Hydroxyl radicals can be generated in the gas
phase by reaction of water vapor with O('D) atoms formed in the photolysis of O, and

031

O('D) + H,0 — 2 OH (8)

13
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and also by direct photolysis of water vapor

H,O+ hv (185 nm) — H+ OH (9)

Hydroxyl radicals can also react fast enough with toluene, having a bimolecular rate

constant of ko =0.16 ppbv™' s (53).

Figure 2 shows a significant positive deviation of 7, determined with the Kao-
TiO, sample from the linear behavior predicted by the other two samples, indicating the
presence of a large synergistic effect due to the combined presence of the photocatalyst,
UV illumination and ozone (UV/TiO;-clay/Os). The higher-than-expected reactivity in
the presence of Kao-TiO, surfaces could be explained by a) heterogeneous catalysis of
toluene oxidation by gas phase reactive species generated in reactions 4-9, and b) the
formation of other short-lived reactive species upon irradiation of the hydrated clay-
TiO, composite surface. Gas chromatograms of samples obtained during periods under
UVC irradiation showed no benzaldehyde, nor any other byproduct of toluene
oxidation. This result, similar to that observed for UVA irradiation, suggests that partial
oxidation byproducts likely include highly oxidized species, such as carboxylic acids,
with low vapor pressures and a higher tendency to remain adsorbed to the photocatalyst

or other internal reactor surfaces.

Effect of relative humidity on toluene removal

The effect of relative humidity (RH) on toluene removal under UVC irradiation
was investigated using dry air, and humid air at 10%, 33% and 66% RH, to cover a
broad ambient humidity range. In each case, experiments were performed using
uncoated rings (UV/O;), P25-coated rings (UV/Ti0,/O3) and rings coated with Hecto-
Ti0; and Kao-TiO, composites (UV/Ti0,-clay/O3). The values of 7, determined in each
condition are presented in Table 2. In all cases, we observed a maximum toluene
removal rate at RH = 10%, suggesting a positive effect of limited water coverage (i.e.,
less than a monolayer). This positive effect was counterbalanced by a larger negative
effect observed at higher RH conditions, in which excess water competed with toluene

molecules for reaction sites over the catalysts, in coincidence with previously reported

14
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results (54). Results presented in Table 2 indicate that water vapor plays a role not only
on the heterogeneous photocatalytic process, but also on the homogeneous gas-phase
chemistry under UVC irradiation, which also peaked at 10% RH. These results are
consistent with previous observations of dramatic (38) and moderate (55) increases in
gas phase reactivity of toluene under irradiation at (254+185) nm in the presence of

water vapor vis-a-vis dry conditions.

TABLE 2. Effect of the relative humidity on the toluene removal rate 7, under UV/O3, UV/TiO,/O4
and UV/TiO,-clay/Os;.

Tr (ng.min") Water loss
Experimental at 300 °C
conditions RH=0% RH=10% RH =33 % RH =66 % (% of 5amp|e mass)

. 9.08

UV/Hecto-TiO,/O4 15711 177+2 113+9 102 £28 (6.96)*
. 2.74

UV/Kao-Ti0,/03 103 +3 149+ 6 119+ 16 86+9 (0.98)°
UV/P25/0, 196 + 24 220+9 183+5 152+3 1.72
UV/O; 80+16 111 +£12 81 £26 617 n.a.

 native hectorite
b native kaolinite

The direct photolysis/ozonolysis (UV/Os3) rate was significant for all RH
conditions, but the toluene removal efficiency was improved in the presence of
photocatalyst in all cases. Pure TiO;, (P25) showed the highest overall toluene removal
efficiency across the RH range. The two clay-TiO, samples showed intermediate
performance, but Hecto-TiO, was more efficient than Kao-TiO,. For each photocatalyst
and for UV/O; reactions, the relative toluene removal rate 7,/T, 0 (where T, 0 is the
toluene removal rate at 0% RH) is plotted in Figure 3. The ratio 7,/ 7.° can be used to
compare the relative enhancement (7/7,° > 1) and inhibition (7,/7,° < 1) due to the
presence of moisture. We observed that Kao-TiO, presented the highest enhancement at
10% RH and 33% RH, and only moderate inhibition at 66 % RH, with respect to values
determined in dry air. Performance in UV/O; experiments was comparable to Kao-TiO,,

albeit with relatively higher inhibition by water. Given the overall low reactivity

15
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observed for Kao-TiO,, the RH effects observed with this photocatalyst can be mostly
attributed to gas phase chemical processes (UV/Oj; reactions). Samples in which the
photocatalytic process predominated (P25 and Hecto-Ti0O,) showed a relatively smaller
enhancement of 7, at 10% RH. At higher RH, Hecto-TiO, showed a particularly
significant inhibition of 7, (with 7,/7, .2 < 0.7 for 33% and 66% RH), indicating that
water uptake by the clay competed favorably with the adsorption and photocatalytic
elimination of toluene. This result coincides with high water contents of hectorite and of
the Hecto-TiO, composite in equilibrium with air in ambient conditions, reported in
Table 2 as mass loss upon heating at 300 °C. Incorporation of TiO; into hectorite led to
a large reactive surface area, from which an important fraction corresponds to small-size
pores of 1-30 nm (36). The incorporation of water into those nanopores likely limited
the photocatalytic reactivity of toluene, not only by competing for adsorption to
photocatalytically active sites, but also by excluding the hydrophobic pollutant from the

interior areas of the smaller pores.
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Figure 3: Effect of relative humidity (RH) on the relative enhancement (7,/T,” >1) or inhibition

(T,/T, < 1) of the toluene removal rate with respect to dry air conditions.
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Structural imperatives to improve elimination of hydrophobic VOCs using clay-TiO;

composite photocatalysts

Clay-TiO, composites such as those evaluated in this study present some
structural and physico-chemical characteristics that could be potentially advantageous
for the photocatalytic removal of air pollutants. In these materials, anatase nanoparticles
are embedded in the structure of porous clays, thus avoiding macroscopic aggregates of
photoactive particles that may lead to reduced efficiency. Furthermore, clays are stable
supports that protect the TiO, particles from erosion or washing. In our experiments
under UVC irradiation, in which Oz and short-lived reactive species were present,
contact with the clay structure was shown either not to quench the oxidation process
(Hecto-Ti0,), or to exhibit a positive synergy leading to an enhanced toluene removal

(Kao-TiO,).

However, the efficiency of clay-TiO, composite photocatalysts can be affected
by several factors. On a catalyst mass basis, the samples considered in this study did not
perform at the same level or better than P25. Relative humidity affected differently each
of the two clay-TiO, samples, being relatively favorable for Kao-TiO, but very negative
for Hecto-TiO,, compared to the effect observed for P25. Since indoor air cleaners
operate typically under moderate RH conditions, the reduced efficacy observed in the
presence of moisture is a critical parameter to be considered in order to design
photocatalysts that can eliminate hydrophobic VOCs. The effect of co-adsorbed water
on the photocatalytic removal of one VOC (toluene) over different photocatalysts (P25,
Hecto-Ti0,;, Kao-TiO,) reported here is consistent with our previous observations
comparing a mixture of several VOCs of different hydrophilicity on the same
photocatalytic surface (4). In both cases, our results suggest that competition of VOCs
with an excess of water on the surface of the catalyst is an important factor affecting
overall conversion. For Hecto-TiO,, even when the composite synthesis successfully
increased the (already large) available surface area in the clay for VOC adsorption
through incorporation of a large amount of titania, water adsorption and condensation
on the pores may severely limit its effectiveness in the elimination of hydrophobic
VOCs. Hence, clay materials combining high surface area and porosity (such as
hectorite) with relatively less hydrophilic surfaces (such as kaolinite) should be a more

effective photocatalyst for the elimination of hydrophobic VOCs. The effectiveness of
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UVPCO air cleaners coated with P25 or other pure TiO, particles is limited by the
relatively low conversion efficiency of alkanes, alkenes and aromatic hydrocarbons. For
that reason, replacing conventional photocatalysts with porous, relatively less polar
clay-TiO, composites has the potential for significantly improving the performance of

photocatalytic air cleaners.
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BRIEF
The performance of novel hectorite-Ti0; and kaolinite-TiO, photocatalysts is evaluated
by following the removal of realistically low toluene concentrations from dry and

humidified air.
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