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The uses of metal oxide nanoparticles in modern paint and sunscreen formulations are widespread. Through materials
characterization and kinetic experiments, it is demonstrated that fresh surface coatings of paint and sunscreen photocatalytically
degrade gaseous naphthalene. The primary metal oxides are TiO2 in the form of the rutile phase in paint and as anatase in sunscreen
formulations. Other metal oxides present are Al2O3 and ZnO. Several organic fillers that are photochemically active are also present
in paint and sunscreen samples but are unidentified. Reaction rate constants increased with increasing air relative humidity, due
to the production of surface hydroxyl radical, and decreased with increasing coating thickness, due to mass transfer limitations.
Photocatalytic degradation on these freshly generated surfaces is observed to be fast, with naphthalene half-lives shorter than
30 minutes. This work demonstrates that large, semivolatile organic compounds can react photochemically on freshly generated
paint- and sunscreen-coated surfaces and may impact air quality in both indoor and outdoor environments.

1. Introduction

The widespread commercial use of nanotechnology has far-
reaching environmental impacts and implications. Modern
paint and sunscreen formulations contain large quantities
of ultrafine metal oxide particles, often between 10 and 20
weight percent in paints, and up to 25 weight percent in
sunscreens [1–4]. Micron-sized TiO2 has been used for many
years as a UV absorber and pigmentary agent. The use of
nanoscale metal oxides in these formulations dramatically
increases the total number of particles and specific surface
area relative to their micron-sized counterparts. Since some
of these metal oxides are well-known photocatalysts, this can
also dramatically increase their reactivity towards gas-phase
pollutants.

The photocatalytic degradation of small organic mol-
ecules, such as formaldehyde, methanol, and 2-propanol,
on paint-coated surfaces or thin films containing embedded
TiO2 nanoparticles has been studied [5–10]. To date, few
studies have examined the destruction of large, semivolatile
organic compounds (SVOCs) on paint films. Naphthalene

is a representative SVOC. It is a common air pollutant,
a byproduct of incomplete combustion of industrial pro-
cesses, and is widespread [11]. Photocatalytic destruction
of SVOCs is of particular importance since a variety of
partial oxidation products further give rise to secondary
organic aerosol (SOA) in air [12]. Some of the naphthalene
partial oxidation products are known to be toxic, and more
hazardous to human health than the parent compound [11].
Thus, naphthalene degradation on paint- and sunscreen-
coated surfaces to partially oxidized products, or complete
mineralization to CO2, may even affect local ambient air
quality. Because interior paint also contains high loadings of
photoactive metal dioxide nanoparticles, the potential exists
for indoor air quality to be also affected.

In addition to photocatalytic reactions on paint-coated
surfaces, sunscreen products which contain metal oxide
nanoparticles may also support photocatalytic transforma-
tions on the material surface. In this capacity, human skin
serves as a substrate on which photocatalytic reactions can
take place. Several studies have already demonstrated the
potential dangers to human skin in contact with reactive
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oxygen species (ROS) produced by photo-excited nanopar-
ticles [4, 13–20]. To date, few researchers have examined the
photocatalytic degradation of volatile or semi-volatile species
on sunscreen surfaces.

The primary objective of this work is to demonstrate
that paint- and sunscreen-coated surfaces are photocatalyt-
ically active towards gaseous, semi-volatile species. Reaction
kinetics is studied as a function of both material thickness
and ambient relative humidity, inside batch reactors under
controlled laboratory conditions and UV light illumination.
Paint and sunscreen materials are characterized with respect
to metal oxide content, crystalline phase, and surface struc-
ture in order to better understand and interpret the kinetic
data. Finally, both gaseous and surface-adsorbed reaction
products are evaluated.

2. Materials and Methods

Two types of paint were used and were obtained locally. Both
are latex-based paints; one sample is an interior paint (P1),
the other is an exterior paint (P2). The sunscreen (S1) sample
(SPF 50) was obtained from a local retail store. Both paint
and sunscreen materials were shaken prior to each use but
otherwise were used straight from the container and not
modified in any way. Naphthalene was obtained from Aldrich
(99%, scintillation grade).

2.1. Determination of Sample Metal Oxides Content. The
metal oxide content (TiO2, Al2O3, and ZnO) of the paint
and sunscreen samples was measured by acid digestion.
The complete acid digestion procedure is available elsewhere
[21]. Briefly, 0.1 grams of sample was added to a Teflon
microwave digestion tube, to which was added a mixture
of 70% HNO3, 48% HF, and 98% H2SO4. The materials
were then digested by microwave-assisted acid digestion in an
Anton Paar Multiwave 3000 microwave system, following the
US EPA Method 3052. Following digestion, the remaining
liquid (which contained no suspended solids) was diluted
with 3% HNO3 and analyzed by ICP-MS (Perkin-Elmer
ELAN 9000) following US EPA Method 6020. Blank samples
were analyzed to subtract out background metal concentra-
tions, and recoveries of TiO2, Al2O3, and ZnO were measured
by digesting the pure powders using the same procedure.
Recoveries of metal oxides were 16%, 6%, and 54% for TiO2,
Al2O3, and ZnO, respectively. Sample concentrations mea-
sured by ICP-MS were then adjusted for the recovery of each
metal oxide. Standard quality control procedures were used,
including adding sample internal standards, and analyzing a
minimum of 12 samples per paint or sunscreen sample.

2.2. Sample Preparation. Surface coatings of paint and
sunscreen were prepared on one-half inch thick drywall
discs. Paint discs were prepared by using a paint roller to coat
the discs, in a procedure that would mimic the application
of paint to an interior or exterior wall. “Thin” samples were
given one coat of paint; “thick” samples were given two coats.
Paint thicknesses were measured by a differential displace-
ment apparatus described elsewhere [21], which can measure

differences in coating thickness to four decimal places. The
average thickness of a “thin” paint surface was 500 ± 11μm,
whereas the average thickness of a “thick” paint surface was
1000 ± 26μm. For sunscreen, the estimated thickness of a
“thin” surface was 533 μm, and the estimated thickness of a
“thick” layer was 1040 μm. Sunscreen samples were prepared
by spreading 5.0 ± 0.1 grams (thin) or 10.0 ± 0.2 grams
(thick) of sunscreen uniformly across the top of a drywall
disc. Paint samples were allowed to dry for a minimum of 48
hours before experiments; sunscreen samples were used wet,
in keeping with attempting to mimic the natural state and
application of these materials as closely as possible.

2.3. Experimental Apparatus. The experimental setup of the
photoreactor is shown in Figure 1. The apparatus consists
of two activated carbon beds to remove water and other
contaminants from the high-pressure air stream, a naph-
thalene saturated vapor generator (SVG), a deionized water
bubbler and hot plate (Thermolyne, Cimarec 2) to generate
humidified air, the reactor/box apparatus, and a second
carbon trap at the outlet to adsorb any residual naphthalene
before the outlet stream was vented to the fume hood.
Regulators on the air supply for the naphthalene saturated
vapor generator and deionized water bubbler enabled control
of the gas flow to each of these streams. The SVG was
prepared by mixing hexane, naphthalene, and Chromosorb P
(Supelco, acid washed, 60–80 mesh) overnight on a stir plate,
then evaporating the solvent. The resulting naphthalene-
loaded powder was used to fill a stainless steel packed column
(0.5 in. O.D., 31.5 in. long).

Prior to beginning an experiment, valves V1 and V2 are
opened and the vapor space inside each reactor is saturated
with a mixture of naphthalene and humidified air for 10
hours. These two valves are then closed, to enable each of
the three individual reactors to function in the batch mode
throughout the photocatalytic experiment. During the batch
experiments, the vapor phase inside each reactor is stirred
by its own dedicated pump to maintain a homogeneous gas-
phase concentration.

An overhead view and picture of the reactor box setup
and a schematic and picture of an individual reactor are
shown in Figure 2. Each reactor is a custom-made cylindrical
vessel (height 4.85 in., diameter 4.25 in.), with an internal
volume of 1.0 liter after the drywall disc has been loaded
into the bottom (for details, see [21]). Each reactor has a
quartz window in front (3 in. × 3 in. by 1/8 in.) to enable
illumination of the sample by the UV lights. The reactor is
sealed with a flange lid, using a silicone gasket and twelve
screws to generate an air-tight seal around the lid.

The reactor box is made of stainless steel and encloses
two UV lamps (UVP, model #F15T8, 280 nm < λ < 390 nm,
λmidpoint = 302 nm) in the front for illumination of the
three reactors. Average UV light intensity inside the reactors
was measured by a radiometer (UVP UVX Radiometer
with UVX-31 sensor) at λ = 310 nm and was found to
be 1368 ± 316μW·cm−2. The three individual reactors
can be inserted into and removed from the box from the
top. When the reactors are in place, the box provides an
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Figure 1: Experimental apparatus for photocatalytic reaction on paint and sunscreen surfaces. When saturating the gas-phase inside each
reactor with naphthalene prior to the start of an experiment, valves V1 and V2 were open. Both valves were then closed prior to turning on
the reactor pumps and UV lamps for an experiment, to enable batch operation of the 3 independent reactors during an experimental trial.
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Figure 2: A schematic of the reactor box (view from the top) and individual reactor inside the box. Note that there are three such reactors
inside the box.

enclosed environment where ambient light is blocked out,
temperature is regulated to 30 ± 5◦C, and illumination can
be controlled by switching the UV lamps on or off. Each set
of experimental conditions (3 materials, 2 thicknesses, and
2 values of relative humidity) was run twice in a series of
three independent reactors, for a total of 6 independent data
points per experiment at each sampling interval. Additional
details of the experimental setup and procedure are provided
elsewhere [21].

2.4. Gas-Phase Naphthalene Sampling and HPLC Analysis.
Gas-phase samples were collected from each reactor using
VICI Co. Pressure-Lok 2 mL syringes. The gas was bubbled
into 2 mL GC vials (Agilent, with PTFE screw cap and
red rubber septa), prefilled with 1.0 mL of acetonitrile
(Mallinckrodt, 99.8%, liquid chromatography/UV spec-
troscopy grade), and analyzed by HPLC (Hewlett Packard
Series 1110 model with a Hewlett Packard 1046A fluores-
cence detector), using US EPA 550 method and several
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Figure 3: SEM images of (a) P2 paint surface structure, (b) metal
oxide nanoparticles in sample P2, and (c) SEM image of sunscreen
surface structure at 1.04 kX magnification.

Application Notes by Agilent [22, 23]. A mixture of solvents
(30% water, 70% acetonitrile), at a flow rate of 0.5 mL/min,
is used as the mobile phase.

2.5. Product Analysis. Surface adsorbed products and resid-
ual surface adsorbed naphthalene are measured by extracting
the pre- or postreacted paint or sunscreen surfaces in hexane,
and analyzing the extract on the GC-MS (Agilent 6890N
GC with Agilent 5973 MSD). Further details of the surface
extraction procedure are available elsewhere [21].

2.6. Scanning Electron Microscopy. For the interior paint,
exterior paint, and sunscreen samples used in these exper-
iments, the local surface structure, surface roughness,

Table 1: Metal oxide content of paint and sunscreen formulations
used in photocatalysis experiments.

TiO2 (wt %) Al2O3 (wt %) ZnO (wt %)

P1 11.6% ± 2.5% 2.6% ± 0.4% 0.002% ± 0.001%

P2 11.3% ± 0.5% 4.5% ± 0.6% 0.03% ± 0.006%

S1 0.2% ± 0.01% 0.05% ± 0.01% 0.001% ± 0.0002%

porosity, and TiO2 primary particle size must be determined
because they directly affect the kinetic behavior of the
photocatalytic reaction. SEM images were obtained on a
Cambridge Stereoscan 260 SEM. Both reacted and unreacted
surface samples of paint and sunscreen were imaged and were
prepared using standard techniques.

2.7. X-ray Diffraction. The crystalline structure (anatase,
rutile, or brookite) of the TiO2 phase is an important
piece of information, since it impacts the reaction kinetics.
Thin films of paint and sunscreen were prepared for X-
ray diffraction analysis by coating circular glass slides (1 in
diameter, 1/8 in thick) to a uniform thickness. As with
the drywall coated samples for the reactors, paint samples
were allowed to dry before analysis, while sunscreen was
analyzed wet. Samples were processed on a Bruker/Siemens
D5000 automated powder X-ray diffractometer with Rietveld
analysis software. Library search routines were performed
against standard diffraction patterns using the software, to
determine the TiO2 crystalline phases. Pure anatase and
rutile powder standards were also examined, to verify the
sample diffraction patterns and library match results.

3. Results and Discussion

Acid digestion analysis reveals that the paint samples contain
11-12 wt% TiO2 and 3–5 wt% Al2O3. In contrast, the
sunscreen sample used in these experiments contains less
than 1 wt% TiO2. The complete metal oxide analysis is
provided in Table 1. Measured values of titanium dioxide
content are in excellent agreement with ranges reported by
the paint manufacturers in the material safety data sheets
for the products. Sunscreen manufacturers do not report the
TiO2 content of their formulation; however, the United States
Food and Drug Administration has established 25 wt% as the
maximum allowable limit for titanium dioxide in sunscreens.

Results of the XRD analysis indicate that for both paint
samples, the primary TiO2 crystalline phase is rutile, whereas
for sunscreen, the primary crystalline phase is anatase, which
is consistent with previous studies [24–26]. Because anatase
has a much greater photocatalytic activity than rutile, the
naphthalene photocatalytic reaction kinetics are expected to
be faster on sunscreen surfaces than on paint surfaces [27–
33].

Figure 3(a) shows an example SEM image of the P2
paint surface. As can be seen from the images, the surface is
very rough and also very porous. The significant porosity of
the surface is expected to increase mass transfer limitations,
by retarding diffusion of the gaseous naphthalene into
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the surface pores. The surface roughness, especially at the
microstructure level where the metal oxide nanoparticles
are visible, increases both the number of particles and
the particle surface area available for reaction and would
be expected to increase the reaction rate of the gas-phase
naphthalene on the paint surface. Figure 3(b) shows an SEM
image of metal oxide nanoparticles on a paint-coated surface.
As seen in the image, there are substantial amounts of
nanoparticles in the paint, which agrees well with the metal
oxide content shown previously. It is also important to note
that the particles are mostly dispersed and exist as individual
particles maintaining their nano size, not as agglomerates
or clusters. This particle dispersion should be expected,
since paints deliberately include several types of dispersants
and fillers to prevent particle agglomeration and provide a
uniform coating [34, 35]. Dispersed particles greatly increase
the specific surface area available for the reaction and are
expected to increase the reaction kinetics. Analysis of the
SEM images reveals that the primary particle sizes in paint
formulations is 125–175 nm, while those in sunscreen are
more monodisperse, at about 125 nm. Compared to Figures
3(a) and 3(b), the surface morphology of a sunscreen-coated
surface is very different than that of paint. The sunscreen
surface shown in Figure 2(c) does not appear to be porous
and contains significantly fewer particles than paint surfaces,
which is in good agreement with the metal oxide analysis.

Rate constants were obtained by finding the average and
standard deviation of the slope of ln(CA/CA0) versus t plot,
at each set of conditions. 5% of the average was added
to the standard deviation to account for HPLC analytical
error, because the linear calibration over the course of the
experimental trials drifted by as much as 5%. Thus, the
reported error in the rate constants and the error bars on
the forthcoming concentration versus time plots include
all experimental, measurement, and analytical errors. The
calculated rate constants were then normalized by particle
specific surface area as well as available mass of TiO2, in
order to eliminate dependence due to specific surface area
and catalyst mass from the experimentally determined first-
order rate constants.

For the batch reactor experiments, the fractional conver-
sion of gaseous naphthalene is given by [36]

fA = CA0 − CA

CA0
, (1)

where fA is fractional conversion of naphthalene, CA0 is
initial gas-phase naphthalene concentration (μg L−1), and CA

is final gas-phase naphthalene concentration (μg L−1).
Seventy minutes was found to be the shortest reac-

tion time of any experiment, the time at which gas-
phase naphthalene concentrations in the reactor dropped
below detectable limits; the fractional conversions for all
experiments are therefore reported at 70 minutes, to enable
comparisons among materials and experimental conditions.

Results of the naphthalene background experiments are
shown in Figure 4. Two types of background data were
collected, one set in which the UV lights were turned on
with uncoated drywall discs inside the reactors, and another
set in which paint- or sunscreen-coated discs were used,

Naphthalene photocatalytic degradation: background test

T= 303 K

UV light, no paint

Paint, no UV light

0 20 40 60 80 100 120 140 160

Time (min)

18

16

14

12

10

8

6

4

2

0

N
ap

h
th

al
en

e 
co

n
ce

n
tr

at
io

n
 (
µ

g/
L)

Figure 4: Background experiments of the photoreaction of gas-
phase naphthalene without paint or UV light.

but the UV lights remained off. No loss of naphthalene
by reaction occurs in either experiment; therefore, for a
photocatalytic reaction of gas-phase naphthalene to occur,
both a paint/sunscreen surface and UV light must be present.

Figures 5, 6, and 7 show comparisons of reaction data
at 30% and 70% relative humidities for the three surfaces
(P1, P2, and S1). For experiments at 30% relative humidity,
the naphthalene degradation is faster on thin surfaces than
on thick surfaces, likely reflecting the role played by the
pore-diffusion resistance to mass transfer. At 70% relative
humidity, fewer differences are observed between thin and
thick surfaces, because at high relative humidity, generation
of hydroxyl radicals by the photocatalyst at high water vapor
concentration likely dominates the system.

Table 2 gives the calculated rate constants, naphthalene
fractional conversion, and half-lives, for all experiments.
The rate constants reflect the trends previously observed
in Figures 5–7 that photocatalytic degradation of gas-phase
naphthalene is generally faster on thin surfaces than on thick
surfaces, and at higher relative humidity. The seemingly low
fractional conversions on paint surfaces are a consequence
of calculating the conversions at a standard time. Because
the reactions on sunscreen surfaces are faster, naphthalene
gas-phase concentrations drop below detection limits sooner
than for experiments with either paint. If fractional con-
version is calculated at the end time for each experiment,
naphthalene fractional conversions on interior and exterior
paint surfaces are nearly all greater than 96%. Analysis of the
normalized rate constants, based on particle specific surface
area or available photocatalyst, reveals no new insights into
the data. As previously discussed, a variety of factors influ-
ence the observed surface reaction rates, including surface
morphology, porosity, and mass transfer characteristics, as
well as particle size, surface area, and crystalline phase.

As paint and sunscreen are complex mixtures of
polymers, solvents, pigmentary agents, stabilizers, and
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Table 2: Calculated rate constants, half-lives, and fractional conversions for naphthalene photocatalytic degradation experiments.

Rate constant
(min−1)

Normalized rate constant based
on specific surface area

(g min−1 cm−2)

Normalized rate constant
based on available TiO2

(min−1 g−1)

Half-life
(min)

Fractional
conversion at

t = 70 min

30% RH

P1 thin 0.023 ± 0.006 2.23 × 10−7 150 30.1 70%

P1 thick 0.020 ± 0.007 1.94 × 10−7 170 34.7 68%

P2 thin 0.024 ± 0.006 2.54 × 10−7 53.0 28.9 81%

P2 thick 0.012 ± 0.002 1.27 × 10−7 26.5 57.8 61%

S1 thin 0.044 ± 0.024 3.48 × 10−7 1730 15.8 94%

S1 thick 0.033 ± 0.009 2.61 × 10−7 1300 21.0 88%

70% RH

P1 thin 0.025 ± 0.0046 2.43 × 10−7 162 27.7 86%

P1 thick 0.036 ± 0.012 3.49 × 10−7 311 19.3 90%

P2 thin 0.029 ± 0.011 3.07 × 10−7 64.1 23.9 87%

P2 thick 0.024 ± 0.010 2.54 × 10−7 53.0 28.9 80%

S1 thin 0.061 ± 0.025 4.83 × 10−7 2400 11.4 96%

S1 thick 0.049 ± 0.025 3.88 × 10−7 1920 14.1 95%

photosensitizers, a complete reaction mechanism cannot
presently be proposed. However, due to the high concentra-
tion of metal oxide particles in the formulation, combined
with the well-known photocatalytic activity of titanium diox-
ide, several reasonable conclusions can be drawn to interpret
the experimental data collected herein [28, 30]. Even though
the titanium dioxide content of paint is substantially higher
than that of sunscreen, reaction rates on sunscreen surfaces,
thick or thin, are significantly faster than those on paint at
any thickness. This is a consequence of the different phases of
TiO2 nanoparticles used in paint and sunscreen. The anatase
titanium dioxide used in sunscreen is widely accepted to have
much greater photocatalytic activity, especially in the UV
regime, than the rutile TiO2 particles used in paint. A more
active photocatalyst, combined with a high specific surface
area, results in much faster reaction kinetics on sunscreen,
even in the presence of fewer total particles. Calculation of
the quantum yield for these experiments also confirms this
trend.

The quantum yield is an important parameter in pho-
tocatalytic processes and can provide a measure of how
efficiently the photocatalyst uses the incident UV light to
drive the chemical reaction. The incident photon flux was
measured in each reactor using a UVP UVX Radiometer with
UVX-31 sensor (λ = 310 nm). Results for the three reactors
were averaged, to yield a photon flux of 1368 μW/cm2. The
quantum yield is plotted against catalyst mass (Figure 8)
to enable comparison among materials of differing catalyst
content.

Once the photon flux was measured, the quantum yield
was calculated for each experiment using the following
equation [37]:

QYI = R

φI
, (2)

where QYI is quantum yield (dimensionless) based on light
incident on surface, φI is photon flux (μmol min−1) incident
on the paint/sunscreen coated surface, and R is reaction rate
(μmol min−1).

It is also important to note that the quantum yield is
often (more correctly) defined with respect to the amount of
photons absorbed by the surface (or photocatalyst). Because
the photon absorption could not be measured for this
system, the incident photons must be used to calculate the
quantum yield, which prevents comparisons from being
drawn between this system and other photocatalytic thin
films. Of the total UV light incident on the surface, only a
fraction is generally absorbed by the photocatalyst while the
remainder is reflected; in this regard, the quantum yield cal-
culated here is expected to underestimate the actual quantum
yield based on UV light absorption by the photocatalyst.

The quantum yield for the reaction plotted against mass
of available TiO2 photocatalyst is shown in Figure 8. The
plot demonstrates that the conversion efficiency of TiO2

particles in sunscreen is greater than that for paint, on a unit
mass of catalyst basis. This result is consistent with the XRD
analysis, which showed that the predominant TiO2 phase in
sunscreen is anatase, whereas that in paint is rutile. Because
anatase TiO2 has a much greater photocatalytic activity than
rutile TiO2, the conversion of naphthalene on sunscreen-
coated surfaces should be more efficient. The quantum yield
results demonstrate that a greater fraction of the UV light
incident on a sunscreen-coated surface is used to drive the
photocatalytic reaction than on paint-coated surfaces. In all
systems shown in Figure 8, the quantum yield is very low.
Much of the UV light incident on the surface is absorbed by
the organic fillers, binders, and dispersants, which are also
photochemically active, or is simply scattered by the surface
and reflected away and is not used to drive the photocatalytic
reactions on TiO2 surfaces [10, 34]. The quantum yield per
mass of photocatalyst is significantly greater for sunscreen
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Figure 5: Photocatalytic reaction of gas-phase naphthalene on
paint-coated surface (P1). Experiments at 30% and 70% relative
humidities are shown.

systems than for paint systems, due to the presence of the
more photocatalytically active TiO2 phase used in sunscreens
(anatase) compared to paints (rutile).

At 30% relative humidity, pore diffusion resistance to
mass transfer dominates the system for both types of paint
and sunscreen. Rate constants at 30% relative humidity for
“thin” surfaces are always faster than for “thick” surfaces.
For porous paint materials, thicker surfaces imply deeper
pores, which mean that a naphthalene molecule must diffuse
farther within the material and deeper inside the pore
to reach a photo-active particle. For nonporous sunscreen
surfaces, which also have lower metal dioxide content,
naphthalene must diffuse deeper inside the material to
encounter a photocatalyst particle and react. This additional
diffusion resistance retards the naphthalene reaction kinetics
and is reflected in the observed rate constants.

The Thiele Modulus and effectiveness factor are impor-
tant parameters for catalytic processes and provide a quanti-
tative measure of mass transfer (pore diffusion) and kinetic
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Figure 6: Photocatalytic reaction of gas-phase naphthalene on
paint-coated surface (P2). Experiments at 30% and 70% relative
humidities are shown.

limitations. The Thiele Modulus and effectiveness factor
can be determined for the paint experiments. The major
assumption for the calculation include: a flat plate geometry,
reaction occurs on and within the paint material but only at
catalyst particle, surfaces, a first-order irreversible reaction,
and that the system is isothermal [36, 38]. The Thiele
Modulus is then calculated from the following equation [36]:

φ = L
(

k

Deff

)1/2

, (3)

where φ is Thiele Modulus (dimensionless), L is thickness
of the paint layer (cm), k is first-order reaction rate
constant (min−1), and Deff is effective diffusion coefficient
(cm2 sec−1).

The effectiveness factor is defined as the ratio of the
observed reaction rate to the surface reaction rate in the
absence of mass transfer limitations. The effectiveness factor
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Figure 7: Photocatalytic reaction of gas-phase naphthalene on
sunscreen-coated surface (S1). Experiments at 30% and 70%
relative humidities are shown.

for this system, subject to the previous assumptions, is given
by [36]

η = tanhφ

φ
, (4)

where η is effectiveness factor (dimensionless), φ is Thiele
Modulus (dimensionless).

A small Thiele Modulus (or large effectiveness factor)
implies that the reaction is kinetically (rate) limited, whereas
a large Thiele Modulus (and small effectiveness factor)
implies that the process is mass transfer (diffusion) limited
[39]. Quantitatively, a Thiele Modulus greater than 5 reflects
a strong-pore diffusion resistance to the catalytic reaction
[36].

Finally, the Weisz-Prater criterion can be used as an alter-
nate criterion to identify whether or not a catalytic reaction
is diffusion limited. The Weisz-Prater criterion is defined as
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Figure 8: Quantum yield versus catalyst mass for all experiments.

ratio of the measured reaction rate to the rate of internal
diffusion and is defined by the following equation [38]:

CWP = ηφ2, (5)

where CWP is the Weisz-Prater criterion, η is effectiveness
factor (dimensionless), and φ is Thiele Modulus (dimen-
sionless).

If CWP is much less than unity, concentration gradients
within the pores are not significant, and the catalytic reaction
is kinetically rate limited. If CWP is much greater than unity,
the rate of pore diffusion is very slow, and thus the process
is diffusion limited. For CWP ≈ 1, the reaction rate is nearly
equal to the rate of diffusion within the catalytic system.

The Thiele Modulus, effectiveness factor, and Weisz-
Prater criterion for the exterior and interior paint systems
are given in Table 3. The Weisz-Prater criteria are all much
greater than unity, confirming that the reactions are indeed
diffusion limited. In all cases, the calculated Thiele Modulus
increases as the material thickness increases, reflecting the
stronger mass transfer (pore diffusion) resistance for thicker
materials. The increase in the Thiele Modulus and Weisz-
Prater criterion, and corresponding decrease in effectiveness
factor at 70% relative humidity relative to 30% relative
humidity, suggests that the experiments at 70% relative
humidity are more strongly diffusion limited than those
at low relative humidity. This also supports the capillary
condensation hypothesis, which postulates that, as relative
humidity increases, water vapor begins to condense and
partially blocks some of the pores from being accessible to
gas-phase reactants.

If the reaction at 70% relative humidity is subject to
greater mass transfer resistance than that at 30% relative
humidity, a logical conclusion to explain the increased
reaction rate at high relative humidity is the dominance of
hydroxyl radical production on the surface of the photo-
catalyst relative to naphthalene diffusion within the pores
of the paint material. If the hydroxyl radical production
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Table 3: Thiele Modulus, effectiveness factor, and Weisz-Prater criterion for paint systems used in these experiments.

Material Thiele Modulus φ Effectiveness factor η Weisz-Prater criterion CWP

30% relative humidity

P1 thin 84.8 0.012 84.8

P1 thick 158 0.006 158

P2 thin 21.5 0.046 21.5

P2 thick 30.4 0.033 30.4

70% relative humidity

P1 thin 88.4 0.011 88.4

P1 thick 212 0.005 212

P2 thin 23.7 0.042 23.7

P2 thick 43.1 0.023 43.1

by water photolysis on the surface of the particles at high
relative humidity is sufficiently fast, hydroxyl groups are
likely produced faster than the naphthalene can diffuse
within the pores of the material, which implies that the
naphthalene now needs only to diffuse and adsorb to the
particles on the top, exposed surface of the paint layers to be
degraded, and not further within the pores of the material.
The pore-diffusion hypothesis is confirmed by calculation
of the Thiele Modulus and effectiveness factor, provided
above. Because a Thiele Modulus greater than 5 is indicative
of a strong pore-diffusion resistance, resulting Modulus
values for paint systems between 20 and 212 indicate that
the observed naphthalene photocatalytic reaction rates are
significantly mass transfer limited.

The mechanism of hydroxyl generation on photoactive
TiO2 surfaces is well known [40–43]. As water vapor diffuses
to the TiO2 nanoparticles in the presence of UV light,
photogenerated holes on the titanium dioxide surface split
the water into hydrogen ions and hydroxyl radicals, which
subsequently attack the surface-adsorbed naphthalene. As
the relative humidity of the system increases, the hydroxyl
radical generation rate also increases, and the naphthalene
molecules are more readily attacked by the photo-generated
hydroxyl radicals at 70% relative humidity than at 30% rel-
ative humidity. These results are in excellent agreement with
other studies which have demonstrated faster photoreaction
kinetics with increasing relative humidity [27].

The half-lives calculated for the reactions on paint and
sunscreen surfaces shown in Table 1 reflect the overall kinet-
ics previously discussed with the rate constants. Short half-
lives, most under 30 minutes, reinforce that the degradation
of naphthalene on paint and sunscreen surfaces is very rapid.
In addition, the high fractional conversions demonstrate
the efficiency of the sunscreen over paint-coated surfaces in
destroying gas-phase naphthalene. It should be noted that
naphthalene fractional conversions on paint approach 96%
or more when the entire two and a half hour reaction time
is considered. The conversions reported in Table 1 are at
t = 70 minutes, which is the shortest reaction time of
any experiment. Titanium dioxide nanoparticles had been
previously shown to be very effective in degrading small
organic molecules, such as NOx and formaldehyde [9, 10,
44]. Results of the current experiments indicate that paint

and sunscreen surfaces containing nanoparticles are also
effective photocatalysts for degrading larger, semi-volatile
organic compounds, such as naphthalene.

A mass balance on total carbon was carried out, in order
to determine the photoreaction products and account for the
recovery of the initial carbon (naphthalene) charged to the
reactor at the beginning of each experiment. Paint systems
are a complex mixture of organic polymers, binders, fillers,
and dispersants, many of which can be photochemically
degraded in the presence of UV light, or photocatalytically
degraded by embedded titanium dioxide nanoparticles [9,
34, 35]. The photochemical or photocatalytic destruction
of these components of the paint matrix often results in
the formation of CO2 [25, 35, 45, 46]. For the paint and
sunscreen systems studied here, the amount of CO2 evolved
from the paint or sunscreen matrices during the experiment
results in an amount of carbon significantly greater than
the amount of carbon present as naphthalene at the start
of the experiment. Two surface adsorbed reaction products
were quantified by GC/MS: benzyl alcohol and phenol, both
in quantities less than 2 μg. Therefore, surface adsorbed
products are not likely to be the major reaction products,
which imply that the bulk of the reaction products must be in
the gas phase. In addition, naphthalene concentrations in the
gas-phase as well as on the material surface at the conclusion
of the experiment were below quantifiable detection limits;
if the naphthalene is lost from the gas-phase and is not
strictly adsorbed by the surface, the only other explanation
for its disappearance is due to chemical reaction on the
photocatalyst surface. Because the evolved CO2 overwhelms
the batch reactor gas phase at the conclusion of each
experiment, the carbon mass balance cannot be closed,
and the quantification of gaseous photocatalytic reaction
products remains undetermined.

4. Environmental Implications

The photocatalytic destruction of gaseous naphthalene on
paint- and sunscreen-coated surfaces has been demonstrated
through gas-phase experiments in batch reactors. The fast
rate constants, short half-lives, and high fractional conver-
sions demonstrate the efficiency of this process in degrading
a large, semi-volatile organic compound on these surfaces
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under well-controlled laboratory conditions. To the best of
our knowledge, this work is the first to demonstrate the
photocatalytic degradation of SVOCs on paint surfaces and
is also the first to report photoreaction kinetics of sunscreen
materials due to the embedded TiO2 nanoparticles.

The next step involves experimental analysis of these
surfaces under conditions which more accurately reflect
those in the natural environment, that is, under a broader
spectrum of both visible and ultraviolet light and intensities,
as well as over a wider range of temperature and relative
humidity conditions. Such experiments would not only
provide relevant information as to the behavior of these
photocatalytic surfaces under conditions which would be
expected to be encountered during normal use of these
products, but also would result in the important evaluation
of the photocatalytic lifetimes of the surface, that is, how long
the surfaces maintain their high photocatalytic activity when
exposed to broader (and often harsher) natural conditions.
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