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Quantitative photocatalyzed soot oxidation on titanium dioxide
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A B S T R A C T

We report here the titanium dioxide (TiO2) photocatalyzed oxidation of deposited hurricane lamp soot.

Sol–gel derived TiO2 was coated on quartz crystal microbalance (QCM) elements. Characterization by

spectroscopic ellipsometry (SE) and atomic force microscopy (AFM) revealed low surface roughness of 0–

17%, and SE showed a linear variation of the TiO2 thickness versus the number of sol–gel spin coats.

Soot was deposited on the calcined TiO2 film using an analytical rotor passing through a hurricane

lamp flame, and subsequently irradiated with near-UV light. Varying the soot mass on the TiO2-coated

QCM crystals revealed behaviors over 20,000 min ranging from total soot destruction of a single pass soot

layer to minimal oxidation of an eight pass soot layer, the latter caused by soot screening of the incident

UV light. A series/parallel reaction mechanism [P. Chin, G.W. Roberts, D.F. Ollis, Industrial & Engineering

Chemistry Research 46 (2007) 7598] developed to describe previous literature data on TiO2-catalyzed

soot photooxidation was successfully employed to capture the longer time changes in presumably

graphitic soot mass as a function of UV illumination time from 1000 to 20,000 min and of soot layer

thickness. Short time soot mass loss is attributed to oxidation of organic carbons deposited on the

graphitic soot components. This kinetic model can be used to predict the rate of TiO2-catalyzed soot

destruction as a function of near-UV illumination time and initial soot layer thickness.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The development of ‘‘self-cleaning’’ surfaces of glass [1–3], tile
[4], and other exterior material [5] using TiO2 photocatalytic
oxidation (PCO) logically demands consideration of likely organic
deposits, including soot. To date, four articles have addressed TiO2

PCO of soot [6–9], but only two reported quantitative data [6,7] and
no substantive kinetic model was proposed. We have generated
two soot kinetic models [9] to describe mass loss data of Lee and
Choi [6] and CO2 generation data of Mills et al. [7]. A comparison of
the two studies reveals that although both research groups
examined the TiO2 PCO of ‘‘soot,’’ the large differences in fitted
parameter values [9] show that soot characteristics affect the
kinetic rate constants and molar absorptivity of such deposits.

The soot composition is categorized primarily as three com-
ponents [10–14]: (a) graphitic or inorganic carbon; (b) organic
carbon, such as unburned hydrocarbons (HCs), soluble organic
fractions (SOFs), or volatile organic fractions (VOFs); and (c)
inorganic material (e.g., sulfates, water, ash), especially in diesel
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soot. We explore here only the first two components, organic and
graphitic, by use of soot formed in a hurricane lamp flame. The
organic carbons can constitute a significant portion of the total
soot; for example, fuel SOFs can represent 20–25% of the
particulate emissions in diesel engine exhaust [11,15]. The organic
carbons may be removed thermally from the soot surface, in
contrast to the graphitic carbon. Temperature-programmed
desorption (TPD) experiments by Ahlström and Odenbrand [14]
and Querini et al. [16] confirmed hydrocarbon removal from diesel
soot at temperatures from 200 to 400 8C and below 300 8C,
respectively. The organic carbons are assumed to surround and fill
the micropores of graphitic carbon [12]. Electron microscope
images of soot particles reveal the porous nature of soot [17–19].
Ahlström and Odenbrand [14] observed an increase in the BET
specific area of diesel soot from 35 to 270 m2/g as the sample
degassing (N2) temperature increased from 100 to 600 8C. They
attributed this increase to desorption of water and volatile
unburned HCs from the soot.

For our model development, we summarize the earlier
literature on a related process, the thermal catalytic oxidation of
soot, which exhibits different reaction rates for the organic and
graphitic portions of soot carbons [13,15,20–23]. Neeft et al. [20]
observed high reaction rates for the initial 10–20% soot conversion
compared to later reaction times for both diesel soot and Degussa
Printex-U, a carbon black often used as a model soot. They ascribe
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the fast reaction to oxidation of the more reactive compounds, such
as adsorbed hydrocarbons. Research by de Soete [21] displayed
faster oxidation of n-hexadecane and a-ethylnaphthalene soots
than of their char counterparts, where the char is produced by
thermal desorption of the volatiles in the initial soot under N2

atmosphere at 1100 8C. The char SOFs are more than an order of
magnitude lower than those for the original soot. Ahlström and
Odenbrand [23] plotted the ratio of combustion rates for degassed
(600 8C, N2, 1 h) to fresh diesel soot and noted a ratio of 0.4 for
temperatures lower than 350 8C. The lowered combustion rate
after sample degassing pretreatment was caused by the lack of
unburned HCs. Neri et al. [13] tested various metal oxide catalysts
and determined Fe2O3 to be a better HC oxidation catalyst than
V2O5 and CuO, while the latter catalysts were better for inorganic
carbon oxidation compared to non-catalyzed soot oxidation. They
suggested that in the presence of a thermal catalyst, HCs are more
readably combusted than graphitic carbon. Darcy et al. [22]
developed a diesel soot oxidation reaction rate model consisting of
a ‘‘fast’’ oxidation of VOFs and a ‘‘slow’’ oxidation of the less
reactive (i.e., inorganic carbon) soot portion. Their model was
successfully applied to both catalyzed and non-catalyzed soot
oxidation data. Finally, Messerer et al. [15] used a pseudo-first
order rate equation to describe their non-catalyzed diesel soot
oxidation over a range of 275–450 8C. They noted a dependence of
the pseudo-first order reaction rate constant on soot conversion
(Xsoot); at low conversion, they observed a maximum in the rate
constant from 0 � Xsoot � 25% attributed to rapid destruction of
SOFs and other surface functional groups on the soot. This effect
was exhibited by different types of soot, such as light and heavy
duty vehicle engine soot and graphite spark discharge soot.

Prior research for both thermal catalytic oxidation and PCO of
soot has shown that results vary considerably depending on the
chemical and physical characteristics of the soot being analyzed.
This study develops a reproducible system that will deposit soot on
top of a photocatalyst TiO2 layer and allow reliable determination
of PCO soot kinetics. We demonstrate the utility of our technique
via alteration of process variables such as soot and TiO2 loadings to
determine their effects on reaction rate, and further test the
applicability of our soot series/parallel reaction network and rate
Fig. 1. Schematic of the controlled soot deposition method using
model. More broadly, this study relates to the removal of thick
deposits of chemically stable matter intentionally or accidentally
coated on photocatalytic self-cleaning materials.

2. Experimental setup

2.1. TiO2 deposition

Titanium dioxide sol–gel solutions were synthesized using
‘‘method 2’’ of Xu and Anderson [24]. In brief, 16.5 mL titanium
isopropoxide (TTIP, Sigma–Aldrich) was added to 200 mL of
0.71 vol% nitric acid (HNO3, Fisher Scientific) in deionized (DI,
Millipore Milli-Q) water. The TTIP suspension was peptized at
room temperature for 3 days. The resultant TiO2 sol was dialyzed in
a SPECTRA/POR molecular porous membrane (Spectrum Labora-
tories, Inc.) until a final pH value of 3.5 was achieved.

The final TiO2 sol was deposited on polished quartz crystals and
silicon substrates using a spin coater (Headway Research, Inc.
PWM32-PS-R790 spinner system) set at 1000 rpm, with a 500 rps
ramp rate and a 500 s termination step. The number of TiO2 spin
coats varied from 0 to 8, with a firing step of 100 8C for 1 h between
each coat. After all TiO2 spin coats were deposited on each QCM
crystal, the sample was calcined at 350 8C for 3 h with a ramp up
rate of 3 8C/min, then cooled to room temperature over 4 h at an
approximate rate of 5 8C/min. A Jelight Company Inc. Model #42
ultraviolet-ozone (UVO) cleaner was used to remove any initial
organic contaminants on the QCM crystal surface prior to TiO2

deposition.

2.2. Lamp soot deposition

Soot was generated by a hurricane lamp (Ultra-Pure Oil Lamp
with 99% Ultra-Pure Paraffin Candle and Lamp Liquid, Lamplight
Farms) with a 1.8 cm linear flame, as depicted in Fig. 1. A
modulated speed rotator (MSR)/controller (AFMSRX analytical
rotator, Pine Instrument Company) was used to deposit this soot
on the QCM crystal in a controlled fashion. A smooth alligator clip
(11/8 in: smooth test clips, copper, Radioshack) was attached to the
MSR to fasten the QCM crystal to the device. The rotation speed
an analytical rotator to pass through a hurricane lamp flame.
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varied from 5 to 10 rpm (v
*
¼ 7�15 cm=s; v̇ ¼ 27�56 �=s), and the

QCM crystal passed 0.2–0.5 cm below the top of the undisturbed
hurricane lamp flame. For our experiments, the analytical rotor ran
at 10 rpm and 0.5 cm into the flame.

2.3. Characterization of TiO2 sol and lamp soot

Following 350 8C calcination, TiO2 film roughness was deter-
mined by AFM (Dimension 3000, Digital Instruments), with
imaging performed in tapping mode (drive frequency: 330 kHz)
employing a Si cantilever (Veeco Probes). Measurements were
done on 1 mm � 1 mm and 10 mm � 10 mm areas under ambient
conditions, with 512 samples per image and 0.5 Hz scan rate. The
surface root-mean-square roughness (Rq) and the maximum
height (Rmax) calculated by AFM software are defined as the
standard deviation of the surface height (Z) and the largest Z

difference within the image area, respectively.
Titania crystal structure was determined using XRD (XRG 3000,

Inel Inc.) employing Co Ka1 radiation (l = 1.7890 Å). Data was
collected using a CPS-120 detector over 08 < 2u < 1258, and
converted to Cu Ka1 radiation (l = 1.5405 Å) with a range of
08 < 2u < 1008. The data was calibrated with respect to a silicon
standard.

The TiO2 film thickness was ascertained by ellipsometry
(VASE spectroscopic ellipsometer, J.A. Woollam). The Brugge-
mann effective medium approximation (BEMA) was
employed between 450 and 1100 nm to model the measured
c and D (both in degrees), stokes parameters related to
the polarization change of light interacting with a sample, and
correlated to the ratio of complex Fresnel reflection coefficients.
For the BEMA, the film was modeled as a two-component
mixture of solid TiO2 and void volume, where the latter material
fraction was fitted. Interfacial roughness/inhomogeneity was
added as an additional fitted parameter to capture peak
broadening. For TiO2 film thickness determinations, ellipsome-
try measurements were completed for TiO2 sol deposited on Si
wafers (polished, 500–550 mm thick, Silicon Wafer Microelec-
tronics, Inc.).

To calculate the calcined TiO2 film band gap for an allowed
direct transition (EBG,d), a generalized oscillator model consisting
of 3 Tauc-Lorentz models and 1 Gaussian model was used to fit the
refractive index (n) and extinction coefficient (k) as a function of
wavelength (l). We were unable to use the BEMA model to
determine EBG,d because the two-component mixture only
modeled k(l) for l > 400 nm. The direct band gap equation is
shown in Eq. (1) [25], where h is Planck’s constant
(6.63 � 10�34 J s), y is the frequency (s�1), and a is the absorption
coefficient, where a = 4pk/l.

hy ¼ EBG;d þ ðahyÞ2 (1)

Soot and TiO2 absorption spectra were measured by UV–visible
spectrometer (Jasco V-550) in the l range of 300–800 nm. Visual
imaging of soot oxidation was recorded using a Canon Powershot
S30 3.2 megapixel digital camera.

2.4. Quartz crystal microbalance—theory and application

The quartz crystal microbalance (QCM) is a frequency
sensitive technique used to monitor mass changes in our
surface studies. The primary component to QCM is its
thin quartz crystal plate, with a thinner metal electrode
attached to each side of the plate. The electrode material is
often gold (Au), but other metals (e.g., Ti, Zn, Pt, Ni, Si, C) can be
used. When an electrode is subjected to an alternating electric
field, the quartz crystal vibrates at its resonance frequency,
which is sensitive to these properties on the electrode surface:
(a) mass changes; (b) mechanical stresses and damping from the
density and viscosity of the adjacent fluid; (c) other environ-
mental influences, such as temperature and pressure [26]; and
(d) surface roughness of the QCM crystal. The total frequency
change (Df), Eq. (2), is equal to the sum of the frequency changes
caused by each of the five influences described above [27–29],
where subscripts m, T, P, h, and r represent mass, temperature,
pressure, viscosity, and roughness, respectively, and fq is the
fundamental quartz crystal resonance frequency. All f values are
reported in Hz.

D f ¼ f � f q ¼ D f m þD f T þD f P þD f h þD f r (2)

D f m ¼
�2n f 2

q

ðmqrqÞ
1=2

Dmf ¼ ð�nCqÞDmf (3)

The Sauerbrey equation, Eq. (3), relates the QCM frequency shift
to the change in mass adsorbed on the quartz crystal surface [30].
Eq. (3) strictly holds for a uniform, rigid, thin film deposit, where
Dfm is the frequency change related to mass, n is the number of
quartz plate sides with adsorbed mass, Dmf is the mass change per
unit area (g/cm2), mq is the quartz shear modulus (2.947 � 1011 g/
cm s2), rq is the quartz density (2.648 g/cm3), and Cq is a constant
based on the type of quartz crystal (Hz/ng cm2). This constant is
roughly 0.0566 and 0.0815 Hz/(ng cm2) for 5 and 6 MHz QCM
crystals at 20 8C, respectively. The Sauerbrey equation is valid (a)
for mass loadings less than 2% of the mass/frequency of the bare
QCM crystal [31] and (b) when the coated film elasticity has a
negligible effect on the QCM crystal’s resonance resistance
compared to the effect of fluid viscosity on the coated film [32].
Calculations (not shown) prove that both assumptions are valid for
our system.

Quartz crystal frequency variations may also be caused by
changes in its surrounding fluid, for example, of density,
viscosity, pressure, and temperature. The influence of density
and viscosity on frequency (Dfh) were derived by Kanazawa and
Gordon [33] for Newtonian fluids, but their effects are negligible
in our air–solid system. Frequency increases linearly [29] or
parabolically [31] with pressure (DfP), but we neglect this
influence because we run an isobaric system operating at near
standard pressure. We also ignore QCM crystal roughness (Dfr)
because polished crystals are used in our system. Average
electrode surface roughness is 5 nm for polished crystals versus
1800 nm for unpolished crystals according to the QCM crystal
manufacturer.

The temperature impact on frequency for AT-cut (358150 with
respect to the crystal axes [34]) crystals is shown below in Eq. (4),
where DfT is the frequency change related to temperature, T is the
temperature (8C) and a0–a3 are empirical temperature coefficients
[27,35]. Experimental data from the QCM manufacturer fitted to
Eq. (4) yielded a �0.5 Hz < DfT < 0.5 Hz shift for 20 and 40 8C,
respectively, which is negligible compared to our observed Df

values of greater than 100 Hz.

D f T ¼ a3T3 þ a2T2 þ a1T þ a0 (4)

Our QCM phase lock oscillators (PLO), crystal holders, and 1 in.
diameter crystals (5 MHz crystals, Au electrode, part #149257-1;
6 MHz crystals, Pt electrode, part #149281-1) were purchased
from Inficon (formerly Maxtek, Inc.). All crystals are AT-cut and
optimized for 25 8C operating temperature.



Fig. 2. Process flow schematic of the quartz crystal microbalance reaction experiments.

Fig. 3. A series/parallel reaction mechanism to describe soot photooxidation by

TiO2.
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2.5. Experimental reaction setup

Fig. 2 is a process flow schematic of the reaction experiments.
Zero air (8 ppm H2O, 1 ppm THC) flows through a moisture trap
and is piped into a refrigerator (model 3927 incubator, Forma
Scientific) containing the QCM crystal holder. A variable area
rotameter (K-03216-12 flowmeter, Cole Parmer) controls the
volumetric zero-air flow rate at 55 mL/min. A quartz flow chamber
was manufactured to enclose and shield the QCM crystal from
exposure to laboratory air and to create a controlled atmosphere
surrounding the crystal. The 15/16 in: diameter, 1/16 in. thick quartz
discs (Prism Research Company, Raleigh, NC) contained two 1/
16 in. holes drilled through the disc. Two 1/16 in. OD stainless steel
pipes (Swagelok) are inserted into the holes to allow zero-air flow
into and out of the chamber.

A spot lamp (100 W Black-Ray B-100A, UVP, LLC) positioned
9+ in. above the crystal holder emits UVA light (300 < l < 400 nm,
lmax = 365 nm). A cooling fan helped maintain the refrigerator
cavity at uniform temperature, and a UV shield (Safety Shield 6350,
Nalgene) in front of the UV spot lamps protects the user. Vibration
dampening pads are positioned below the crystal holders to
prevent any external vibrations from causing a frequency shift.

Soot PCO occurs within the UV-illuminated flow chamber and
the effluent gas (zero-air feed plus oxidation products, presumably
CO2 and H2O) is vented into the refrigerator cavity. The QCM PLOs
are interfaced with a controller and data acquisition software
(NI SC-2345 signal conditioning connector box and LabView
version 8.20, respectively, National Instruments) for data collection
of crystal frequency and voltage (53131A 225 MHz universal
counter and 34401A 6 1/2 digital multimeter, respectively, Agilent
Technologies), and refrigeration temperature (K thermocouple,
Omega Engineering). The zero-air flow temperature and relative
humidity (R.H.) are measured using a thermohygrometer (Traceable
memory hygrometer/thermometer model 4185, Control Company)
interfaced with a computer using data acquisition software (Control
Company). A pressure transducer (Omega Engineering) measures
the air pressure. All experiments are run between 28 8C � 2.5 8C and
0 psig, with trace H2O in the air flow.
2.6. Data analysis and kinetic modeling

The mixed series/parallel network model for soot photooxida-
tion we proposed previously [9] for predicting both mass loss and
CO2 generation is reproduced in Fig. 3. The resulting kinetic model
(Eqs. (5a), (5b), (6)) [9] is the ‘‘simple’’ model we previously
employed for the photocatalyzed soot single experiment mass loss
data of Lee and Choi [6]. These equations (Eq. (5a), (5b)) describe
the mass rate change in adherent soot and adsorbed intermedi-
ate(s), where msoot and mint are the soot and intermediate masses
(ng), respectively. These equations are solved analytically to give
the change in soot and intermediate masses as a function of time,
where the rate constants k1, k2, and k3 (min�1) are functions of
incident UV light intensity arriving at the TiO2 top surface. The
fractional remaining mass is the dimensionless m(t)/m0, with
solution given in Eq. (6).

dmsoot

dt
¼ �k1msoot � k2msoot ¼ �ðk1 þ k2Þmsoot (5a)

dmint

dt
¼ k2msoot � k3mint (5b)

m

m0
� msoot þmint

msoot;0

¼ exp½�ðk1 þ k2Þt� þ
k2

k3 � ðk1 þ k2Þ
fexp½�ðk1 þ k2Þt�

� expð�k3tÞg (6)

Since soot deposited above the TiO2 thin film will absorb some
UV light, the rate constants are corrected for UV absorbance by the
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soot layer (Eq. (7)), and the intensity I0 refers to that incident on top
of the soot layer.

ki ¼ k0;iI
p ¼ k0;ifI0exp½�esootdsootðtÞ�g p

where i ¼ 1;2;3 and 0:5 � p � 1:0
(7)

The soot thickness, dsoot(t) (mm), is related to the residual mass via
Eq. (8).

dsootðtÞ � dsootð0Þ
mðtÞ
m0

� �
where mðtÞ ¼ msootðtÞ þmintðtÞ (8)

This model has two fixed parameters: (a) the initial soot
thickness dsoot(0), and (b) the exponent for rate constant
dependence on light intensity, p. We choose p = 1, but previous
work [9] shows relative insensitivity to different values from
0.5 � p � 1. Additionally, there are four fitted parameters: the
intensity-independent kinetic rate constants k0,1, k0,2, k0,3 (cm2/
mW min), and the apparent UV absorption coefficient of soot, esoot

(mm�1). Mathematical analyses for model fitting were completed
using the Solver function in Excel1 (Microsoft), Origin (OriginLab),
or Matlab (The Mathworks, Inc.).

3. Results and discussion

3.1. Atomic force microscopy (AFM)

A QCM crystal with four spin coats of TiO2 sol calcined at 350 8C
is studied using AFM. The surface height root-mean-square for a
10 mm � 10 mm area is 3.7 nm, which reflects an overall standard
deviation in height differential of less than 5% of total TiO2

thickness. The surface roughness for our TiO2-coated samples is
low; i.e., the calcined film is a nearly non-porous, continuous layer.

3.2. X-ray diffraction (XRD)

The XRD result for the Au electrode QCM crystal with four spin
coats of TiO2 sol calcined at 350 8C is shown in Fig. 4. Minor
differences between the XRD peaks and the powder diffraction file
data [36] are caused by Si calibration shifts. The most intense
diffraction peak belongs to the quartz crystal (2u = 26.88), while the
four next largest peaks are identified with the Au electrode. Three
peaks (2u = 25.08, 37.88, 53.98) are recognized as anatase phase
TiO2, while a shoulder peak (2u = 28.08) may be related to rutile
Fig. 4. Smoothed XRD image of a QCM crystal with four spin coats of TiO2 sol,

calcined at 350 8C. The symbols represent different crystal structures.
phase TiO2. Therefore, we assume a predominately anatase phase
TiO2 crystallinity for our calcined sol, as expected for sol–gel
derived TiO2 calcined at temperatures from 350 to 500 8C [37–42].
Specifically, Fu et al. [42] detected 90% anatase/10% rutile structure
and 71 Á̊ TiO2 crystallite size using a similar sol–gel preparation
technique (dialysis pH 4, calcination temperature = 300 8C, pelle-
tized TiO2). For calcination above 500 8C, the resultant predomi-
nant phase is rutile [42].

3.3. Spectroscopic ellipsometry (SE)

To determine TiO2 film thickness, SE was used to model the
optical parameters n (refractive index) and k (extinction coeffi-
cient). The original model assumed a single-component TiO2

material, which yielded a poor fit to C and D. We then used the
BEMA two-component model of TiO2 and void volume, which
captured well the peaks for C and D as a function of l. In addition,
surface inhomogeneity was added as an additional parameter to
account for peak broadening. Fig. 5a shows the results of TiO2 film
thickness as a function of the number of TiO2 spin coats on Si
wafers. Overall, the mean square error ranged from 1 to 3, with
Fig. 5. Spectroscopic ellipsometry results of TiO2 sol spin coated on Si wafers: (a)

TiO2 thickness as a function of the number of spin coats; (b) optical absorption

spectrum for the TiO2 thin film calcined at 350 8C, graphed as (ahn)2 as a function of

photon energy (hn) for direct band gap transitions.



Fig. 6. UV–vis spectroscopy results on quartz glass for (a) soot absorption

(l = 350 nm) as a function of the number of passes through hurricane lamp flame

for different analytical rotor speeds and distance from the top of the flame; (b) TiO2

absorption for four and eight spin coats of TiO2 sol.

P. Chin et al. / Applied Catalysis B: Environmental 87 (2009) 220–229 225
void volumes of 3–6% and surface roughness of 0–17%. The higher
the number of spin coats, the higher the void volume and surface
roughness. A simple linear fit captures the data well, thus each
resulting spin coat deposited 20 nm (200 Á̊) of TiO2 film on the Si
wafer. This test shows that we can deposit a reproducible amount
of TiO2 on a substrate using a spin coater. Similar SE measurements
of TiO2 films equivalently deposited on QCM crystals as the
substrate yielded poor model fits to c and D. This latter result
occurs because the Au electrode absorbs light significantly in the
wavelength range studied, an effect not included in the model.
Nonetheless, we may assume that our TiO2 layers deposited on the
QCM varied linearly with the number of spin coats, as shown for Si
wafers (Fig. 5a).

Additionally, we can use SE to determine the band gap energy
EBG,d for the TiO2 film on Si. A generalized oscillator model was
used to determine k(l) for the calcined, TiO2-coated Si wafer.
Fig. 5b shows the optical absorption spectrum (Eq. (1)), graphed as
(ahn)2 for direct transitions, as a function of photon energy (hn).
The shape of the data allows for two direct band gap transitions.
Fitting a linear curve to the steepest data, we estimate two EBG,d of
2.99 eV (l 	 415 nm) and 3.23 eV (l 	 385 nm). These EBG,d

correlate well to the bulk band gaps of rutile phase (3.05 eV or
l 	 407 nm) and anatase phase (3.26 eV or l 	 380 nm) TiO2

crystallinity [43], respectively. The dual crystal structure arising
from the band gap transitions corresponds nicely with the XRD
results.

3.4. UV–vis spectroscopy

We used UV–vis spectroscopy to determine the soot layer
absorption (l = 350 nm) as a function of the number of deposition
passes through the hurricane lamp (Fig. 6a). The UV spectra were
done with no TiO2 layer. These results show that we can linearly
and reproducibly deposit soot using a hurricane lamp. We can
control the amount of soot deposited on the QCM crystal by
varying any of four parameters: (a) the number of passes through
the hurricane lamp; (b) the speed of the analytical rotor; (c) the
flame height; and (d) sample position in the flame. For photo-
catalyzed sample preparation, we choose a 10 rpm rotor speed and
a sample distance of 0.5 cm into the flame because we obtain a
range from approximately 50% to 1% UV transmission (l = 350 nm)
through the soot layer when we prepare samples by one, two, four,
and eight passes through the lamp flame (Fig. 6a).

Quartz glass slides were coated with four and eight spin coats of
TiO2 sol, then were calcined at 350 8C for 1 h, the same procedure
as for the QCM crystals. The UV–vis spectroscopy results (Fig. 6b)
show that for l > 400 nm, the absorption spectra are compa-
rable for both TiO2 coatings. If we weight the Abs values from
300 nm < l < 400 nm (the spectral range of the UV bulb) using a
Gaussian distribution (A = 40.89, s = 33.32, m = 350) for the I(l)
emission of the UV lamp, the average integrated Abs is 0.04 and
0.08 for four and eight TiO2 layers, respectively. For our structured
TiO2, double the thickness yields twice the amount of UV light
absorbed.

3.5. Soot photooxidation—effect of single and multiple soot layers

Soot oxidation was investigated using samples prepared by one,
two, four and eight passes of deposited soot. The TiO2 loading was
kept constant at 4 spin coats, or 80 nm thickness. Fig. 7 shows the
visual change in the QCM crystal for the different deposition steps,
as well as after TiO2 soot oxidation. Fig. 7a is a photo of a bare QCM
crystal, while Fig. 7b shows a TiO2-coated QCM crystal. Fig. 7c
depicts a sample for a single pass of soot deposited on the TiO2-
covered QCM crystal. Fig. 7d represents soot photooxidation after
11,000 min of UV illumination, and shows an image very similar to
Fig. 7b, corresponding to a soot-free TiO2 surface.

The change in soot mass as a function of time for the four
different soot loadings appears in Fig. 8a. Several experiments
were duplicated to check reproducibility. For the single and
double passes through the hurricane lamp, the mass change Dm

ultimately levels off at longer time, indicating complete soot
oxidation. In each case, the final frequency value was similar to the
frequency of the soot-free crystal, providing independent
verification of the mass balance for total soot photooxidation.
The one pass Dm (total) is about 3000 ng, and the two pass result is
6200 ng, showing consistent deposition rates for these two
samples.

For the four pass sample, photooxidation is incomplete after
14,000 min (	10 days) of UV illumination. From the Sauerbrey
equation, we estimate 55% soot oxidation of this sample at run
termination.

For eight passes through the hurricane lamp, the soot film is
visibly opaque. The Dm initially decreases with UV illumination
time, and then shows a slow, steady increase from 1000 to



Fig. 7. Visual results of soot oxidation for a QCM crystal spin coated four times with TiO2 sol, then deposited with a single pass of hurricane lamp soot: (a) bare crystal; (b) TiO2-

coated crystal (pre-soot deposition); and soot/TiO2/crystal after (c) 0 min; and (d) 11,000 min of UV illumination time.
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15,000 min before leveling off. From Fig. 6a, eight passes through
the hurricane lamp yields a soot absorbance (l = 350 nm) of 1.98,
or 1% UV transmission. Therefore, minimal soot PCO occurs
because the soot screens nearly all UV light incident to the TiO2

layer. There appears to be two distinct regions to this data: (a)
initial rapid desorption, followed by (b) slow adsorption and/or
non-catalyzed photooxidation. The short, fast desorption phase is
from 0 to 700 min, where presumably any volatile organic material
leaves the soot surface. The subsequent adsorption/oxidation
phase lasts from 1000 to 15,000 min, as indicated by a steady
increase in mass on the QCM crystal. The data in this region can be
fit by a simple linear equation: Dm = 0.0604t � 483.69.

We propose two explanations for the adsorption/oxidation
phase. First, trace H2O from the feed air stream can adsorb on the
soot, causing the observed mass increase rate of 0.0604 ng/min. This
value translates to 0.0384 ppmv of H2O in the flowing air of 55 mL/
min, which is within reasonable limits for trace H2O in the feed air,
even after passing through the moisture trap. (We expect a
minimum of 0.4 ppmv in the air stream according to our in-line
thermohygrometer measurements. This value is a rough approx-
imation because it is below the specified detection limits – 10–95%
R.H., greater than �4% error for R.H. < 10% – of the thermohygrom-
eter.) Previous researchers have detected water adsorption on
oxygenated surface sites for soot [44–47] and activated carbon [48,49].

Second, the soot may experience non-catalyzed, homogeneous
photooxidation to create additional oxygenated organic function-
alities and/or compounds on the soot surface. Photons in the near-
UV range have energies ranging from 300 to 400 kJ/mol, which are
sufficient to cause C–C and C–H bond dissociations to form free
radicals [50]. The radicals should quickly react with nearby
molecular oxygen, and eventually can form carboxylic and
carbonyl groups. For example, it is common to see sunlight
photooxidation of plastics (e.g., polystyrene, polyethylene ter-
ephthalate), causing a discoloration [50] or a ‘‘yellowing’’ effect.

For UV-illumination times after 15,000 min, Dm levels off at
350 ng. In any event, these effects would not change the ultimate
Dm values of one and two pass soot experiments because no soot
remained as t approached 20,000 min. It may make a modest
contribution to the m(t) curve shape, which we have not included
in our modeling.

3.6. Soot photooxidation—effect of TiO2 thickness

We next altered the number of TiO2 sol spin coats from zero to
eight coating layers, and held soot deposition to one pass through
the lamp flame. The TiO2 thickness was 0, 80, and 160 nm, for zero,
four, and eight coats, respectively (Fig. 5a).

Fig. 8b shows the change in soot mass as a function of time for
the different TiO2 loadings. For the ‘‘blank’’ experiment with no
TiO2 layer, an initial mass change of �50 ng corresponds again to
thermal desorption and/or photooxidation on the soot surface.
After a short flat period to 2000 min, a monotonic increase in the



Fig. 8. Soot photocatalyzed oxidation as a function of time for QCM crystals

deposited with TiO2, then soot: (a) four spin coats of TiO2 sol, and one, two, four, and

eight passes of soot using the analytical rotor; (b) zero (‘‘blank’’), four, and eight spin

coats of TiO2 sol, and a single pass through the lamp flame.

Fig. 9. Series/parallel reaction mechanism, described in Fig. 3, for QCM crystals spin

coated four times with TiO2 sol. Model fit to the experimental data for and single

and double passes through the lamp flame.
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mass change to 150 ng at 13,000 min is seen. Similar to the
previous data with eight passes through the lamp flame, we
assume H2O adsorption on and/or homogeneous photooxidation of
the soot layer. The ‘‘blank’’ experiment data suggests minimal Dm

shift caused by the near-UV light for single soot pass, so we do not
include this contribution in our modeling.

The data for four and eight coats of TiO2 sol show nearly
identical soot loadings and soot oxidation rates. We expect the
eight coat TiO2 sol to react soot faster than the four coats of TiO2

sol; results from Fig. 6b and the analysis above reveal that in the
spectral range of the UV bulb the 8TiO2 sol coating absorbs double
the amount of UV light than the 4TiO2 sol coating.

While the four and eight spin coats of TiO2 exhibit different TiO2

thicknesses, the surface area in direct contact with soot may not
vary significantly between the two samples if there is virtually no
penetration of soot into the TiO2 layers. Research on the direct,
lateral, and remote oxidation of organics by TiO2 show a dominant
reaction rate for direct oxidation compared to lateral or remote
oxidation mechanisms [6,8,51,52] which require surface or gas
phase transport of oxidants. Lee et al. [8] deposited 0.5 mm thick
candle soot on TiO2 and TiO2-free films and observed complete
destruction of soot in direct contact with the TiO2 film in 4.5 h.
Lateral oxidation of their soot film required 155 h, or a 35�
increase in reaction time versus direct oxidation, and remote
oxidation of a similar soot film 175 mm from the TiO2 layer needed
305 h, or 70� longer compared to direct oxidation. Lee and Choi [6]
monitored the oxidation of n-hexane soot on TiO2 and claimed that
direct oxidation of soot must occur first, prior to lateral soot
oxidation. Haick and Paz [52] observed fast (t < 20 min) degrada-
tion of octadecyltrichlorosilane (OTS) coated on TiO2 when UV
light is exposed to TiO2, attributed to direct oxidation. Slower OTS
degradation rates at longer times (t = 240–1000 min) were
required for lateral oxidation of OTS adjacent to a UV-illuminated
TiO2 surface. Kubo et al. [51] calculated the quantum yield of H2O2

production, assumed to be the diffusing species for remote
photocatalytic oxidation, as 1.8 � 10�7, which is considerably
lower than, for example, direct oxidation of soot, calculated as
1.1 � 10�4 by Mills et al. [7].

Therefore, we expect that the soot in contact with the surface
TiO2 layer to exhibit the fastest oxidation and that free radical
generation and migration from the bulk TiO2 to its surface is
negligible by comparison. Under this assumption, we do not expect
large differences in soot oxidation rate for different TiO2

thicknesses because of similar soot/TiO2 contact area for all cases.
Our SE results of 3–6% TiO2 void volume and 0–17% surface
roughness confirm that (a) a minimal amount of soot will enter the
TiO2 layer because of its low porosity and (b) there are only minor
inhomogeneities in the TiO2 surface for different thicknesses.

3.7. Soot photooxidation—kinetic modeling

The series/parallel reaction mechanism, described in Fig. 3 and
Eqs. (5)–(8), was used to model the soot data that exhibited
complete photooxidation. Fig. 9 shows model fits for four spin
coats of TiO2 sol and one or two passes through the hurricane lamp.
Table 1 reports the results of the four fitted parameters for the soot
data modeled. Overall, for each k0,i and esoot, the fitted parameter
values for each experiment fall within the same order of
magnitude. The average relative error between the model and
the data ranged from 2 to 5% for t > 1000 min. We neglect the
initial 1000 min because of the significant mass loss in this short
time, which is not captured in our reaction mechanism. Two
phenomena may contribute to this early decrease in Dm.

First, a QCM frequency shift is seen when UV light is shone on the
QCM crystal for t < 30 min. Tests on bare and soot-coated QCM
crystals (not shown) reveal a frequency change when UV light
initially strikes the crystal, shifting Dm =�300 ng to �650 ng. We



Table 1
Fitted parameter values for the series/parallel reaction model (p = 1).

Experiment data k0,1 cm2/

(mW min)

k0,2 cm2/

(mW min)

k0,3 cm2/

(mW min)

esoot

(mm�1)

4TiO2 sol, 1 soot 5.56 � 10�5 1.66 � 10�6 3.33 � 10�7 3.72

4TiO2 sol, 2 soot 4.04 � 10�5 9.05 � 10�7 5.33 � 10�7 3.00

2TiO2 sol, 1 soot 2.74 � 10�5 2.20 � 10�6 5.66 � 10�7 3.69

8TiO2 sol, 1 soot 7.37 � 10�5 1.99 � 10�6 1.27 � 10�7 5.00

Average values 4.92 � 10�5 1.69 � 10�6 3.90 � 10�7 3.85

Fig. 10. Series/parallel reaction mechanism, described in Fig. 3, for QCM crystals spin

coated four times with TiO2 sol. Model prediction using averaged fitted parameter

values (Table 1) for one, two, four, and eight passes through the lamp flame.

Table 2
Formal quantum efficiencies for the series/parallel reaction model (p = 1), where

the incident light intensity is determined at the top of the soot layer (rsoot/Isoot) or

the top of the TiO2 layer ðrsoot=ITiO2
Þ. Initial (t = 0) and maximum FQEs are reported.

Experiment data Initial FQE

(rsoot/Isoot)initial

Maximum FQE

(rsoot/Isoot)max

Initial and

maximum

FQE ðrsoot=ITiO2
Þ

4TiO2 sol, 1 soot 6.26 � 10�4 8.03 � 10�4 3.10 � 10�3

4TiO2 sol, 2 soot 9.30 � 10�4 9.53 � 10�4 3.95 � 10�3

2TiO2 sol, 1 soot 5.92 � 10�4 6.13 � 10�4 1.97 � 10�3

8TiO2 sol, 1 soot 7.54 � 10�4 8.81 � 10�4 3.82 � 10�3
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assume this shift is related to surface thermal desorption; alternating
blocking and allowing UV light to reach the crystal did not alter the
Dm appreciably after the initial presumed desorption.

Second, the rest of the initial Dm loss (30 min < t < 1000 min)
likely relates to the photolytic oxidation into volatile oxygenates of
unburned HCs, SOFs or VOFs in direct contact with the TiO2. The
organic carbons would deposit directly on the porous soot [12] and
may contact most of the TiO2 surface as well. It is reasonable to
believe that the Dm loss in this regime is attributed to HC and SOF/
VOF degradation because (a) it is more readily accessible to the
TiO2 and (b) the organic carbons are easier to react than the
graphitic carbons in soot. These results parallel the different kinetic
reaction rates and regimes seen for the thermal catalytic oxidation
of organic and graphitic carbon [13,15,20–22]. Moreover, previous
literature on adsorbed organic layers, such as stearic acid [39,53–
55], palmitic acid [56], and fluoranthene [57], deposited on TiO2

thin films has shown burn off times ranging from 250 min to over
700 min. Sitkiewitz and Heller [55] used a 300 nm TiO2 sol–gel film
for the destruction of a 200 nm stearic acid (C18H36O2) layer. They
estimated a zero-order kinetic rate constant of 0.21 nmol (–CH2–)/
[cm2 min (mW/cm2)], assuming 1 mol CO2 produced per carbon
reacted. Romeas et al. [56] similarly observed an apparent zero-
order kinetics of 5.3 nmol (–CH2–)/[cm2 min (mW/cm2)] for the
destruction of a 580 nm thick palmitic acid layer. Over 900 min
was needed for complete film mineralization. These reaction times
for adsorbed high molecular weight hydrocarbons are comparable
to our short time organic carbon PCO data.

3.8. Soot photooxidation—model predictions

The series/parallel model can be used to predict the UV
illumination time required for soot oxidation using four spin coats
of TiO2 and one, two, four, and eight passes through the lamp flame
(Fig. 10). The model predicts complete soot oxidation for a single
and double passes of deposited soot. For four passes through the
lamp flame, the model predicts only partial soot oxidation of
Dm = �1450 ng or 13% soot oxidation after 20,000 min of UV
illumination. Predicted soot oxidation is negligible for eight passes
of deposited soot because it screens nearly all UV light from the
TiO2 top layer, with Dm = �60 ng or 0.25% soot oxidation after
20,000 min. Qualitatively, the model predicts trends similar to the
actual data: (a) complete soot oxidation of one and two passes of
deposited soot; (b) partial soot oxidation for four passes of
deposited soot; and (c) negligible soot oxidation for eight passes
through the lamp flame.

We can use the reaction rates calculated from the series/parallel
model to determine f, the formal quantum efficiency (FQE),
defined in Eq. (9). We calculate that 1 mW/cm2 of near-UV light
(l = 365 nm) is 1.8 photons/(cm2 s) [58]. A full description of the
FQE computation is described previously [59]. Table 2 lists the
calculated initial FQEs for our soot oxidation data. Two types of
FQEs are calculated, one for the light intensity incident on the soot
layer (rsoot/Isoot)initial and (rsoot/Isoot)max, where Isoot = 1.3 � 1016 -
photons/s, and one incident on the TiO2 layer corrected for soot
screening ðrsoot=ITiO2
Þ, where ITiO2

changes with UV illumination
time. The subscript ‘‘max’’ and ‘‘initial’’ refer to the maximum FQE
and the FQE at initial times (t = 0), respectively.

f ¼ Rate of photocatalyzed reaction ðmolecules=sÞ
Incident light intensity ðphotons=sÞ

¼ rsoot

Isoot

� �
or

rsoot

ITiO2

� �
(9)

The maximum FQEs occur at initial times for ðrsoot=ITiO2
Þ, and

they are all of the same order of magnitude: 3.5 � 10�3 molecules
reacted/incident photons. For (rsoot/Isoot), the maximum FQEs do
not occur at initial times because the reaction rate is slow. The
(rsoot/Isoot)max values are comparable to those of ðrsoot=ITiO2

Þ, while
the (rsoot/Isoot)initial are nearly an order of magnitude smaller than
the maximum (rsoot=ITiO2

) values, reflecting considerable light
absorption by the soot layer. Mills et al. [7] performed soot PCO
experiments using a FTIR gas cell to measure volatile carbonaceous
species, such as CO2, under 4.28 mW/cm2 near-UV irradiation and
101.3 kPa O2 gas flow. They calculated a (rsoot/Isoot)initial FQE of
1.1 � 10�4 molecules/photon, which is similar to our reported
(rsoot/Isoot)initial.

4. Conclusions

Soot photocatalyzed oxidation was studied quantitatively using
single- and multi-layer soot and TiO2 thin films deposited on QCM
crystals. Characterization of the sol–gel derived TiO2 thin films
showed (a) low surface roughness; (b) a linear dependence of TiO2

layer thickness with number of spin coats; and (c) anatase and
rutile phase crystallinity. By varying the amount of soot deposited
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on the TiO2-coated crystals, experiments revealed a range of
behaviors from complete mineralization of soot (single and double
passes of soot deposition), partial oxidation up to 15,000 min
(four deposition passes), and minimal oxidation of soot up to
20,000 min (eight deposition passes) caused by soot screening
of the incident UV light. Water vapor adsorption on and/or
homogeneous photooxidation of the soot are postulated for the
slow increase in Dm for non-photocatalyzed circumstances: 1
soot/no TiO2 (no photocatalyst), and 8 soot/TiO2 (opaque soot
layer). Varying the TiO2 thickness did not demonstrate significant
changes in the soot destruction rate because oxidation of soot in
direct contact with TiO2 is the dominant reaction compared to
lateral and remote soot oxidation, and the soot/TiO2 contact area is
independent of TiO2 thickness.

The series/parallel reaction mechanism was successfully
utilized to describe the PCO reaction kinetics of soot mass loss
for t > 1000 min. All three rate constants between each experi-
ment studied were the same order of magnitude. For short times
where t < 1000 min, two phenomena appear to have occurred
which are not captured by our model: (1) early thermal desorption
from TiO2/soot surface (t < 30 min); (2) destruction and removal of
organic carbons readily accessible and in direct contact to the TiO2

film (t < 1000 min). We can use the kinetic model to predict the
change in the more graphitic Dm as a function of UV illumination
time for various soot loadings.
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