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TiO2 prepared by different methods was used to obtain anatase
powders with particle sizes ranging from 5 to 165 nm. Powders
were prepared using two methods: (i) a flame aerosol process in
which nanoparticles of TiO2 were synthesized in a flame on oxi-
dation (combustion) of an organotitanium precursor, and (ii) cal-
cination of commercially available nanostructured TiO2 (Ishihara
ST-01, 5 nm, as received). For comparison, Degussa P25 and Aldrich
anatase TiO2 powders were also used as received. The TiO2 powders
were characterized using XRD to determine crystal phase and crys-
tal size, BET surface area analyses, uv–vis absorbtion spectroscopy
to determine the band gap, and experiments in which the photox-
idation rate of phenol in water was used as a measure of photoac-
tivity. A model was developed based on the mechanistic steps in
photocatalysis to elucidate the role of particle size on the apparent
photoactivity of TiO2 for the photooxidation of organic substrates
in water. The model was used to explain the trends in the exper-
imental data for four different sets of photoactivity experiments
with TiO2 powders. The results of this study elucidate a strong ef-
fect of particle size on photoactivity. The effects of particle size on
the efficiency of light absorption and scattering and charge-carrier
dynamics at particle sizes less than 25 nm dominate the appar-
ent photoactivity of TiO2, and an optimum particle size of 25 to
40 nm exists within all sets of photocatalysis experiments conducted
with TiO2 powders in this study. The optimum particle size is a re-
sult of competing effects of effective particle size on light absorp-
tion and scattering efficiency, charge-carrier dynamics, and surface
area. c© 2002 Elsevier Science (USA)
INTRODUCTION

Heterogeneous photocatalysis with titanium dioxide
(TiO2) has been extensively investigated as a method to
oxidize organic pollutants in water and air. TiO2 is the most
widely used photocatalyst because it is a relatively safe and
inexpensive semiconductor that is stable to photocorrosion.
However, it has been found that the process and processing
conditions under which the TiO2 powders are synthesized
1 To whom correspondence should be addressed. E-mail: Pratim.
Biswas@seas.wustl.edu.
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lead to significant variations in their structure, particle size,
stoichiometry, optical and electronic properties, and, hence,
photoactivity (1, 2). TiO2 has been synthesized in research
laboratories by several methods, including flame oxidation
and sol–gel processes. In flame oxidation processes, anatase
and rutile TiO2 particles of varying particle sizes are formed
in the flame, depending on the flame conditions, and the
resulting TiO2 powders do not require subsequent calci-
nation. In the sol–gel synthesis of TiO2, nanoparticles are
formed in a gel which are recovered on drying of the gel.
However, sol–gel processing requires subsequent calcina-
tion to obtain crystals of anatase and rutile TiO2 of varying
particle sizes, depending on the time-temperature profile of
the calcination procedure.

The effect of particle size on the photoactivity of TiO2

was investigated by several researchers (3–8). Experimen-
tal investigations led to the discovery that an optimum par-
ticle size of TiO2 exists such that the photocatalytic oxida-
tion rates of organic substrates are maximized. Wang et al.
(3) found that an optimum particle size of approximately
11 nm exists for the destruction of chloroform in water. The
authors’ concluded that the opposing effects of larger sur-
face area but higher rate of electron–hole recombination
at the particle surface as particle size decreases, due to the
enhanced proximity of the charges, results in an optimum
particle size. Maira et al. (5) found an optimum particle size
of 7 nm for the gas-phase photooxidation of trichloroethy-
lene. The authors concluded that the optimum particle size
was observed due to the off-setting contributions of high
surface area and changes in the structural and electronic
properties of the TiO2 as the particle size decreases in the
nanometer scale.

Theoretical investigations, via mathematical models,
have also concluded that particle size has a significant role in
the photoactivity of TiO2. Gerischer (6) developed a model
based upon the mechanistic steps in photocatalysis on
TiO2, which predicts a significant increase in quantum yield
(defined as the ratio of electron–hole pairs involved in re-
dox reactions at the surface of the titanium dioxide parti-
cles to total electron–hole pairs generated) as particle size
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decreases from 1000 to 10 nm. Since the efficiency of light
absorption decreases as particle size decreases in this range,
fewer electron–hole pairs are generated. The predicated in-
crease in quantum yield by Gerischer’s model was a result
of the model predicting a higher fraction of the electron–
hole pairs partaking in redox reactions at the surface when
fewer electron–hole pairs were generated within the parti-
cle. Grela and Colussi (7) developed a computer stochastic
model that predicted an increase in quantum yield as par-
ticle size increased from 3 to 21 nm. The authors reasoned
that quantum yield increased as particle size increased in
this range because the electron–hole recombination rates
at the surface were slower, which supports the hypothesis
of Wang et al. (3). Slower electron–hole recombination in
the Grela and Colussi (7) model as particle size increased
to 21 nm was a result of at least two assumptions made
in the model development: (i) the average initial distance
between electron–hole pairs is proportional to the radius
of the TiO2 particle (R), and (ii) the average number of
jumps before a free hole at the surface recombines with a
trapped electron is proportional to R2 (7). Neither model
(6, 7) considered the effects of electron–hole recombin-
ation within the particle volume; it was assumed that diffu-
sion of the electrons and holes to the surface of the particle
was a relatively fast process in nanostructured TiO2, and
that they reach the surface before partaking in recombina-
tion reactions.

In this study, we compared the apparent photoactivities
of flame-synthesized TiO2 and commercially available TiO2

as received and after calcination in air at temperatures rang-
ing from 200 to 700◦C. The TiO2 powders had an overall
range of effective particle sizes (based upon BET surface
area) from approximately 5 to 165 nm. The photooxidation
rate of phenol was used as a measure of photoactivity of
TiO2. The results were compared and discussed to illustrate
the effect of crystal size and effective particle size on the
apparent photoactivity of TiO2 powders in aqueous slurry
reactors. In addition, a model was developed to elucidate
the effects of particle size on the apparent photoactivity of
TiO2 photocatalysts. The model was fit to experimental data
obtained in this study, and values for the model parameters
were obtained and discussed. Due to the large number of
parameters to be evaluated, the model predictions provide
a qualitative explanation of the overall trends in the data.

EXPERIMENTAL METHODS

Processing of TiO2 in Flame Aerosol Reactors

Flame aerosol reactors have been used for processing
TiO2 powders, and the system has been described exten-
sively in previously published papers from our research
group (9, 10). A schematic diagram of the system used to

process the TiO2 powders is shown in Fig. 1. The system
consists of a diffusion burner, a bubbler vapor generator
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FIG. 1. Schematic diagram of a flame aerosol process for synthesizing
TiO2 powders.

for the TiO2 precursor, and mass flow controllers to con-
trol the flow rates of the gases, including methane, oxy-
gen, and air. TiO2 was formed on oxidation of the pre-
cursor, titanium tetra-isopropoxide (TTIP) (99%, Aldrich
Chemical), in the flame and collected thermophoretically
on a water-cooled steel plate at a selected distance above
the bottom of the flame. The characteristics of the flame-
synthesized TiO2 were controlled by controlling the flow
rates of the gases to the flame, the concentration of TTIP
introduced into the flame, and the distance at which the
TiO2 was collected. Flame conditions were selected such
that the particle sizes of the TiO2 samples produced in our
flame reactor could be controlled. As the flame conditions
were well controlled, uniform size particles could be ob-
tained at a fixed distance from the burner nozzle exit (10).
Though flame temperatures are very high (>1400◦C), the
meta-stable anatase phase was obtained by quenching the
particles on the water-cooled steel collection plate and con-
trolling the time–temperature heating. Details of the crys-
tallinity (9) and the morphological evolution (10) of the
TiO2 powders have been reported elsewhere.

Aliquots of Ishihara ST-01 TiO2, which is manufactured
using a proprietary method, were calcined in air at temper-
atures ranging from 170 to 700◦C for approximately 24 h.
The calcined catalysts were also characterized, and their
relative photoactivity was determined to investigate the
effects of calcination on surface area, crystal size, crystal
phase, and photoactivity. Finally, Degussa P25 and Aldrich
anatase TiO2 powders were used as received.

The photocatalysts were characterized with respect to
crystal phase and crystal size via X-ray diffraction (XRD),
BET surface area, and photoactivity in aqueous systems.
The predominant crystal phase of all samples of TiO2 used
in this study was anatase. The fraction of rutile in the flame-
synthesized samples was less than 30%. Rutile was not ob-
served in the commercially available TiO2 (Ishihara ST-01)
as received or after calcination at temperatures up to 650◦C;

approximately 30% rutile was observed in the sample
calcined at 700◦C. Samples with high rutile content were
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not used in establishing the photoactivity for the particle
size effects.

Catalyst Characterization

BET surface area. The TiO2 powders were character-
ized with respect to BET surface area by nitrogen ad-
sorption at 77 K using a Gemini apparatus (Gemini 2360,
Micromeritics, Norcross, GA). Prior to analyses, the TiO2

samples were degassed at 150◦C with a helium purge for
approximately 30 min. The adsorption isotherms of nitro-
gen at 77 K were obtained using eight values of relative
pressure ranging from 0.05 to 0.35 and were subsequently
used to calculate the BET surface area of each catalyst.
The average effective particle size of each TiO2 catalyst
was calculated based upon the BET surface area by assum-
ing nonporous spheres with uniform particle size; a parti-
cle size distribution was not measured for these catalysts.
However, as stated earlier, flame reactor conditions could
be controlled to obtain uniform particle sizes (10).

X-ray diffraction. The crystal phase of each catalyst was
determined using a Siemens X-Ray Diffractometer (XRD)
with a Cu Kα source from 5 < 2θ < 60 at a scan rate of
0.1 s−1. The d-values of the XRD spectra were used to
identify the crystal phases. The Scherrer equation (11) was
used to determine the average crystal size of the TiO2 cata-
lysts. The XRD spectra were used to measure the degree
of crystallinity in our samples, and the results are listed in
Tables 1 and 2. For the particle size effects on photoactivity,
samples with primarily the anatase phase were used.

Uv–vis absorbtion spectroscopy. uv–vis analyses
(Shimadzu UV-2501PC) were conducted to determine
the light absorption characteristics of each TiO2 sample.
Barium sulfate was used as the reference material. Small
amounts of each TiO2 sample were pressed into pellets of
barium sulfate, and the light absorption was measured as a
function of wavelength.

Determination of Photoactivity

The photoactivity of each TiO2 powder was measured
in a slurry-type reactor system and has been described in

TABLE 1

Summary of Flame-Synthesized TiO2 Used in This Study

Combustion gas flow BET BET
rates (LPM) Collection TTIP Fraction surface particle

distance temp. anatase area size
Methane Oxygen Air (cm) (C) TiO2 (m2/g) (nm)

0.4 0.2 2.5 5 23 1.0 265 6
1.5 4.5 2.5 15 53 0.81 120 12
1.2 2.0 3.0 8 23a 0.91 50 30
1.2 2.5 3.0 4 23a 0.73 30 48
a TTIP was introduced as both vapor and aerosol.
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TABLE 2

Summary of Ishihara ST-01, Degussa P25, and Aldrich
Anatase TiO2

BET BET
Duration of Fraction surface particle

Calcination calcination anatase area size
TiO2 temp. (C) (h) TiO2 (m2/g) (nm)

Ishihara ST-01 As received — 1 300 5
400 24 1 100 16
500 24 1 67 22
550 24 1 53 28
600 24 1 35 42
650 24 1 25 60

Degussa P25 As received — 0.8 50 30
Aldrich anatase As received — 1 10 169

detail elsewhere (12). The reactor in this test system was a
25-cm3 impinger (Pyrex, Ace Glass) placed vertically in a
water bath (500-cm3 Pyrex beaker). The Pyrex filtered out
wavelengths of less than 300 nm, and the water bath filtered
out infrared wavelengths from the lamp. Aeration flow to
the reactor was pure oxygen controlled at 150 cm3 min−1.
Samples (1/2 cm3 each) were taken at 15- to 20-min in-
tervals. The phenol in each aqueous sample was extracted
with benzene (99%, Aldrich Chemical) and analyzed us-
ing a Hewlett–Packard HP 5890 gas chromatograph (GC)
equipped with an FID detector and capillary column (DB-5,
J&W Scientific). The lamp used for photocatalysis was a
450-W xenon lamp (Oriel Instruments), positioned hori-
zontally with respect to and in very close proximity to the
impinger.

For each experiment, up to 2.5 g/L TiO2 was used to pre-
pare slurries with phenol solution (approximately 1.4 mM).
The phenol was obtained from Fischer Scientific (99%
pure). The slurries were sonicated for up to 5 min prior
to each test. Samples were taken from the reaction mixture
at 15-min intervals for up to 1 h. Control experiments in-
dicated that no significant reactions with phenol occur on
TiO2 in the dark, and that no significant homogeneous pho-
tolysis reactions with phenol occur in the absence of TiO2

in our test system.

MODEL DEVELOPMENT

To predict the overall trends of photoactivity as a func-
tion of particle size, a phenomenonlogical model was devel-
oped. The photocatalytic oxidation reactions that are often
described for irradiated slurries of TiO2 are (6, 12–14)

TiO2 + hv → e− + h+, [1]

e− + h+ → heat, [2]
e− + O2,ads → O−
2 , [3]
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h+ + H2Oads → •OH + H+,
[4]

h+ + OH−
ads → •OH,

•OH + RHads → •R + H2O, [5]

•OH + Xi,ads → Xi • + H2O,
[6]•OH + Xi,ads → X j ,

•OH + Yi,ads → Y j , [7]

where the subscript ads refers to adsorbed species on the
titania particles.

Equation [1] represents the rate of electron–hole forma-
tion in the TiO2 particles on irradiation with light. This rate
is dependent on the light absorption profile and the primary
quantum yield, both of which are dependent on the incident
light profile and on the optical and physical properties of
the TiO2 particles. The reactor geometry and size and TiO2

concentration affect the incident light profile throughout
the reactor, and so they are significant factors in the ob-
served rates of reaction. Equation [2] represents the rate
of electron–hole recombination that occurs on the surfaces
of the particles (6). RH, Xi , and Yi represent the organic
substrate, the organic radical species and organic partial
oxidation products, and the inorganic radicals and species,
respectively, in the reaction slurry that compete with the or-
ganic substrate for reaction with hydroxyl radicals. Details
of the model development are discussed in the literature
(6, 12, 13).

The equations above were used to derive relationships
between the concentrations of photogenerated species on
the TiO2 particles and the effective primary particle sizes
of the TiO2 powders. For this analysis, it was assumed that
all particles were spherical, nonporous, and uniform in size.

The rate of photooxidation of an organic substrate in an
aqueous slurry can be represented by

dCRH

dt
= −k5[•OH]K R H CR H (as N), [8]

where CRH is the concentration of organic substrate in the
reaction slurry, [•OH] is the concentration of hydroxyl rad-
icals on the surface of the titania particles, KRH is the ad-
sorption coefficient of the organic substrate on TiO2, k5 is
the intrinsic reaction rate constant for the hydroxyl radi-
cal and the organic substrate, as is the surface area of the
TiO2 particles, and N is the number of TiO2 particles per
unit volume. Note that this model was developed under
the assumption that adsorption equilibrium occurs instan-
taneously, and Eq. [8] is valid under such conditions. N can
be determined according to the expression

N = CTiO2

ρTiO2
v p

, [9]

where ρTiO2
is the density of anatase titanium dioxide, v p is
the volume of a particle, and CTiO2 is the concentration of
TiO2 in the reaction slurry.
ND BISWAS

The light intensity profile within the reactor can signifi-
cantly affect the apparent photoactivity of the TiO2, and in
batch slurry reactors, scattering effects cannot be ignored
(15). The kinetic data acquired in this study are volume-
averaged concentrations of phenol in the reaction slurry as
a function of time. However, the photooxidation of phenol
occurs only at particle surfaces that are irradiated with light
(λ ≤ 380 nm), which varies with light penetration depth into
the reaction slurry. Since the reaction slurry was well mixed
during the reaction, the samples that were taken from the
reaction slurry represent volume-averaged samples. Sev-
eral studies have been published regarding the light ab-
sorption and light intensity profiles in TiO2 slurries, and
detailed models have been developed in this regard (14).
In this model, however, the electron–hole generation in the
reaction slurry as a function of light penetration depth was
approximated using extinction theory (16).

The rate of electron–hole generation was represented by
the expression

G(z) = k1 I (z)αAp, [10]

where G(z) is the rate of electron–hole generation as a func-
tion of depth z in the reaction slurry, I (z) is the light intensity
at depth z, α is the light absorption efficiency for TiO2, and
Ap is the projected area of the particle. Using the extinction
theory (16), the light intensity for monochromatic light can
be expressed as

I (z) = Io exp(−bz), [11]

where b is the light extinction coefficient and Io is the light
intensity incident on the reactor. The extinction coefficient
can be expressed as

b = NAp Qext = NAp(Qabs + Qscattering), [12]

where Qext, Qabs, and Qscattering are efficiencies of extinc-
tion, absorption, and scattering, respectively. Light scat-
tered from other particles will also be incident on the re-
maining suspension; however, this intensity is very small
compared to the incident light intensity (which undergoes
extinction due to scattering and absorption). Expressions
for Qabs and Qscattering are (16, 17)

Qabs = −4πdp

λ
Im

{
m2 − 1
m2 + 2

}
= kadp,

[13]

Qscattering = 8π4d4
p

3λ4 Re
{

m2 − 1
m2 + 2

}2

= ksd4
p,

where λ is the wavelength of absorbable and scattered light,
m is the refractive index of TiO2 in water, Im means that the

imaginary part of the refractive index must be considered,
and Re means that only the real part of the refractive index
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is used. ka and ks are absorption and scattering coefficients,
respectively, that depend on the refractive index and wave-
length of absorbable light. ka and ks are used in subsequent
equations for simplicity. Assuming that α is expressed sim-
ilarly to Qabs, and using Eq. [9] and Eqs. [11]–[13], Eq. [10]
can be expanded:

G(z) = k1k ′
a Ioπd3

p

4
exp

(
−3CTiO2

2ρTiO2

[
ka + ksd3

p

]
z

)
. [14]

To obtain the overall rate of electron–hole generation in the
reaction slurry, Eq. [14] was integrated between the limits
of 0 and L , where L is dependent on the physical dimensions
of the reactor system:

Gtotal = k1ka IoπρTiO2
d3

p

6CTiO2

[
ka + ksd3

p

]
×

[
1 − exp

((−3CTiO2

2ρTiO2

)[
ka + ksd3

p

]
L

)]
. [15]

Adsorption of the organic substrate, dissolved oxygen,
and water occur on all particles within the reaction slurry,
and since particles are well mixed in the reaction slurry,
the model was developed further by using an average rate
of electron–hole generation per particle. The average rate
of electron–hole generation per particle in the reaction
slurry was approximated by dividing Gtotal (Eq. [15]) by N
(Eq. [9]). After simplification, the average rate of electron–
hole generation per particle in the reaction slurry can be
expressed as

gavg = kgd6
p(

CTiO2

)2[1 + Rd3
p

][
1 − exp

(−σCTiO2

(
1 + Rd3

p

))]
,

[16]

where gavg is the average rate of electron–hole generated
per particle in the reaction slurry, and kg, R, and σ are pa-
rameters that are defined as follows:

kg = k1k ′
a Ioπ

2ρ2
TiO2

36ka
, [17]

R = ks

ka
, [18]

σ = 3ka L

2ρTiO2

. [19]

The model was further developed on a per-particle
basis using a kinetic analysis very similar to those de-
veloped previously (12–14). Assuming photostationary

state for aqueous-phase irradiated TiO2 slurries, the
following expressions were obtained on a per particle
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basis:

d[e−]
dt

= kgd6
p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1 + Rd3
p

)
− k2[e−][h+](as) − k3[e−]CO2,ads(as) ≈ 0,

[20]

[ e−] = kgd6
p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1 + Rd3
p

)(
k2[h+]π d2

p + k3 KO2 CO2π d2
p

)
= kgd4

p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1 + Rd3
p

)
π

(
k2[h+] + k3 KO2 CO2

) ;

d[h+]
dt

= kgd6
p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1 + Rd3
p

)
− k2[e−][h+](as) − k4CH2O,ads[h+](as) ≈ 0,

[21]

[h+] = kgd6
p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1+Rd3
p

)(
k2[e−]π d2

p+k4 KH2OCH2Oπ d2
p

)
= kgd4

p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1 + Rd3
p

)
π

(
k2[e−] + k4 KH2OCH2O

) ;

d[•OH]
dt

= k4[h+]CH2O,ads(as) − k5[•OH]CRH,ads(as)

−
∑

k6i [•OH]Cxi ,ads(as)
[22]

−
∑

k7 j [•OH]CY,ads(as) ≈ 0,

[•OH] = k4 KH2O[h+]CH2O

k5 KRHCRH + ∑
k6i K Xi CXi + ∑

k7 j KYi CYi

.

In the expressions above, dp is the effective diameter of
the TiO2 particles (based upon BET surface area), as is
the surface area of the particles, CRH (mM) is the concen-
tration of the organic substrate, Io (einsteins/s) is the in-
cident light intensity, CH2O (mM) is the concentration of
water, CO2 (mM) represents the dissolved oxygen, [e−] and
[h+] (ions/surface area of catalyst) are the concentrations
of electrons and holes in TiO2 particles, and [OH] (radi-
cals/surface area of catalyst) is the hydroxyl radicals con-
centration on the surface of the irradiated TiO2 particles.
KRH, KH2O, K Xi , KY j , and KO2 are the equilibrium adsorp-
tion coefficients, and ki are the reaction rate constants for
their respective reactions shown above.

Using Eqs. [20] and [21] to derive an expression for the
concentration of photogenerated holes on the TiO2 parti-
cles, a quadratic expression is obtained:

[h+]2 +
{

k3 KO2 CO2

k2

}
[h+]

− kgk3 KO2 CO2 d4
p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
k2k4 KH2OCH2Oπ

(
CTiO2

)2(1 + Rd3
p

) ≈ 0.
[23]
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Solving Eq. [23] for [h+], Eq. [24] is obtained:

[h+]

=
{

−1 +

√√√√1 + 4kgk2d4
p

(
1 − exp

(−σCTiO2

(
1 + Rd3

p

)))
(

CTiO2

)2(
1 + Rd3

p

)
π k3 KO2 CO2 k4 KH2OCH2O




× k3 KO2 CO2

2k2
. [24]

Substituting Eq. [24] into Eq. [22], and subsequently into

Eq. [8], the re
organic substra

photoactivity o
sized using a fla

es in
sulting equation for the photooxidation of
tes is expressed as follows:

dCRH

3k5 KRHCRHk3 KO2 CO2 k4 KH2OCH2OCTiO2
k2ρTiO2

dp

{
−1 +

√
1 + 4kgk2d4

p(1−exp(−σCTiO2 (1+Rd3
p)))(

CTiO

)2
(1 + Rd3

p)π k3 KO CO k4 KH OCH O

}
the collection plate. Due to the different residence tim
2 2 2 2 2

k6i K Xi CXi + ∑
k7 j KYi CYi

. [25]
−
dt

=
k5 KRHCRH + ∑

Assuming an initial rate of reaction, at which k5 KRHCRH +∑
k ′

6i K Xi CXi can be approximated as k5 KRHCRHo, where
CRHo is the initial substrate concentration, and assuming
that Yi species are photogenerated and at photostationary
state, and adsorbed oxygen and water concentrations are
constant, the expression above can be simplified to

−dCRH

dt

= aCRHCTiO2

dp(CRHo + b)

×
[
−1 +

√√√√1 + cd4
p

(
1− exp

(−σCTiO2

(
1 + Rd3

p

)))
(
CTiO2

)2(1 + Rd3
p

)

 ,

[26]

where

a = 3k3 KO2 CO2 k4 KH2OCH2O

k2ρTiO2

, [27]

b = �k7 j Y j

k5 KRH
, [28]

c = 4kgk2

k3 KO2 CO2 k4 KH2OCH2Oπ
. [29]

Equation [26] was used to fit the data from the photoactiv-
ity experiments, and values for parameters a, b, c, R, and
σ were obtained. Due to the large number of parameters
that were determined by comparison to experiments, the
model provides an overall description of the variation of
photoactivity as a function of particle size.

RESULTS AND DISCUSSION

Catalyst Synthesis

The synthesis method is a critical factor in the ultimate

f TiO2 (1, 2). In this study, TiO2 was synthe-
me aerosol process. The advantages of the
ND BISWAS

flame aerosol process are that the crystal phase and particle
size can be varied by controlling the conditions of the flame
and collection surface, and that the resulting TiO2 powders
do not require a calcination step to achieve crystallinity.

A summary of the TiO2 samples that were used in this
study is provided in Tables 1 and 2. Noted in Table 1 is the
wide variation in effective particle sizes of anatase TiO2

attainable using the flame aerosol process without subse-
quent calcination. Controlling the gas flow rates results
the flame zone, the growth rates are altered, thus resulting
in the different sizes that were obtained. The temperature
history is also altered, and hence the crystal phase of the re-
sultant powders could be controlled. A detailed description
of this is provided in the paper by Yang et al. (9).

Catalyst Characterization

The particle size of each TiO2 powder was calculated
using the BET surface area assuming nonporous spherical
particles of uniform particle size; the results are tabulated in
Tables 1 and 2. The anatase crystal size of each TiO2 powder
was calculated using XRD spectra, with selected spectra
shown in Fig. 2, and the Scherrer equation. Notable in the
XRD spectra is the fact that the anatase peaks sharpen and
increase in intensity as the crystal size increases in both
flame-synthesized TiO2 and calcined Ishihara ST-01 TiO2.
The agreement between the BET particle size and XRD
crystal size for flame-synthesized and Ishihara TiO2 samples
are shown in Fig. 3, top and bottom, respectively.

The agreement between the particle sizes calculated us-
ing the BET surface area and the XRD spectra is very good
for the flame-synthesized TiO2, where the slope between
them is 1.06 (Fig. 3, top). The reason for this excellent
agreement is because in the flame process, the particles are
formed and sinter rapidly in the flame, completely merg-
ing the particles involved, as indicated in a previous study
(9). However, sintering slows down significantly as temper-
ature decreases above the flame, and primary particles can
be distinguished on TEM micrographs of the TiO2 powders,
as shown in Fig. 4. Although agglomeration does occur as
the particles cool above the flame, the agglomeration does
not significantly affect the BET surface area of the TiO2

powders (5).
The calcined Ishihara ST-01 shows poor correlation
between the BET particle size and the XRD crystal size,
especially at the higher effective particle sizes. As shown
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FIG. 2. XRD spectra as a function of particle size. (top) Flame-synthesized TiO2, and (bottom) Ishihara ST-01 TiO2 as received and calcined.
FIG. 3. Agreement between effective particle size (from BET surface area) and crystal size (from XRD spectra). (left) Flame synthesized and
(right) annealed Ishihara.
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FIG. 4. TEM micrographs of flame-synthesized TiO2: (top) 6 and (bottom) 15 nm.
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in Fig. 3, right, the effective particle size calculated from
the BET surface area appears to be a power function of the
XRD crystal size. This can be explained by the fact that the
TiO2 particles underwent densification during calcination,
which increases the effective particle size based on BET
surface area. The rate of densification is generally modeled
as a power function of the initial particle size. Densification
reduced the surface area of the Ishihara TiO2 at a faster
rate than crystal growth occurred within the TiO2 particles.
This is apparent by comparing the SEM analyses of Ishihara

ST-01 as received (Fig. 5, top) and after calcination at 500 C
(Fig. 5, b

decreased as the effective particle size increased beyond
h respect
ottom). In Fig. 5, bottom, the TiO2 primary par- 30 nm. The fact that the optimum particle size wit
FIG. 5. SEM micrographs of Ishihara ST-01 (top) as receive
TICLE SIZE IN PHOTOACTIVITY 153

ticles appear to have merged together, thus lowering the
surface area of the powder.

Photoactivity: Oxidation of Phenol

The apparent photoactivity of TiO2 for the photooxida-
tion of phenol as a function of average effective particle
size is shown in Figs. 6a and 6b for the different samples.
The apparent photoactivity increased as the effective
particle size increased from 5 to approximately 30 nm and
d and (bottom) after being calcined at 500◦C in air for 24 h.
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FIG. 6a. Apparent photooxidation rate of phenol in a batch slurry
reactor for flame-synthesized TiO2.

FIG. 6b. Apparent photooxidation rate of phenol in a batch slurry for
commercially available and selected flame-synthesized TiO2.

to apparent photoactivity was 25 to 40 nm in all sets of
photocatalysis experiments conducted in this study is
noteworthy. Using Fig. 3 to correlate the effective particle
size to XRD crystal size, it is also noteworthy that the
optimum anatase crystal size with respect to photoactivity
is 25 nm in all cases. This suggests that the optical (light
absorption and scattering) and electrical properties of
TiO2 at effective particle sizes less than ∼40 nm and
anatase crystal sizes less than 25 nm dominate the apparent

photoactivity of TiO2, but at effective particle sizes greater
than ∼30 nm and anatase crystal sizes greater than 25 nm,
ND BISWAS

the optical and electrical properties of TiO2 become similar
to those of bulk TiO2, and the apparent photoactivity of
TiO2 has dominated by its available surface area.

The band gap energy, 	E , was determined from the uv–
vis absorbtion spectra of the different samples of TiO2

(Figs. 7a and 7b) and plotted as a function of particle size
in Fig. 8. The solid line in Fig. 8 was calculated using ex-
pressions from the literature for 	E vs particle size (18–
20). Significant size quantization effects are predicted for
anatase TiO2 below sizes of 14 nm (21) and this is consis-
tent with our measured values. While the estimated size of
14 nm does not exactly match the size at which maximum
photoactivity is observed (∼30 nm), it does provide quali-
tative support to the reactivity data. Raman spectra of the
samples as a function of particle size (21, 22) also provide
support for these observations.

FIG. 7a. Uv–vis absorption spectra of flame-synthesized TiO2 pow-
ders of different particle sizes. �, 6 nm; ——–, 12 nm; �, 30 nm; - - - -,
48 nm.

FIG. 7b. Uv–vis absorbtion spectra of Ishihara ST-01 TiO2 powders

as received and calcined to obtain different particle sizes. - - -, 5 nm; �,
16 nm; �, 22 nm; �, 28 nm; −, 42 nm; —·—, 60 nm; �, 89 nm.
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Prediction based on
tization effects.
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TABLE 3

Summary of Parameter Values Used to Model Experimental Data Shown in Figs. 6a and 6b

Different Ishihara ST-01 as
samples of received and

TiO2 sample TiO2
a calcined TiO2 Flame-synthesized TiO2

TiO2 concentration (g/L) 2.5 1.75 1.0 0.5
Phenol concentration (mM) 1.4 1.4 1.34 1.34
Parameter a 9.75 × 10−10 9.75 × 10−10 9.75 × 10−10 9.75 × 10−10

Parameter b 40 60 75 65
Parameter c 1.1 × 1033 1.3 × 1033 2.95 × 1034 1.47 × 1034

Parameter σ 5 × 107 5 × 107 5 × 107 5 × 107

Parameter R 3 × 1022 1 × 1022 1 × 1023 1 × 1023
a Degussa P25, Aldrich anatase, and Ishihara ST-01 as received and two flame-synthesized samples of

TiO2.

The model parameters that were used to generate the
curves in Figs. 6a and 6b are shown in Table 3. Noted is the
fact that the same values for parameters a and σ were used
for all four curves. This was done because the constants that
comprise parameter a are reaction rate constants for photo-
generated and adsorbed species, which should be indepen-
dent of the source, concentration, and particle size of TiO2,
and parameterσ is a function of the refractive index of TiO2,
which should not change if the crystal phase is anatase. Dif-
ferences in the extent of adsorption of water, oxygen, and
the organic substrate (phenol in this study) on the Ishihara,
Degussa, Aldrich, and flame-synthesized TiO2 may account
for differences in parameters b and c. Parameter c also con-
tains the terms for electron–hole pair generation, which are
strongly dependent on the physical and optical properties
and concentration of the TiO2 and light intensity profile
in the reaction slurry. Therefore, a significant difference in
the value of parameter c for the commercially available and

FIG. 8. Band gap energy as a function of particle size. (Solid line)

equations in the literature (18–20) showing size quan-
flame-synthesized TiO2 powders was noted. Parameter R,
the ratio of light scattering and absorption coefficients, also
varied. The differences in R may be due to the effects of
particle agglomeration, which were not accounted for in
this study but would have an effect on light scattering.

Noted, too, is that the model consistently underpredicts
the apparent photooxidation rate of phenol at particle sizes
less than 10 nm. This appears to be a systemic error in the
model and may be a result of nonuniform effective particle
sizes, where the presence of larger particles would skew the
experimental results to show higher than predicted pho-
tooxidation rates of phenol. In addition, photolysis of phe-
nol would skew the experimental results to show higher
than predicted photooxidation rates of phenol at very small
particle sizes; however, photolysis of phenol was neither
expected at light wavelengths greater than 300 nm nor ob-
served in control runs conducted in this study. Due to the
large number of parameters that have to be estimated, it
should be stated that the model only provides for an over-
all explanation of trends as a function of particle size.

CONCLUSIONS

The effect of particle size on the apparent photoactiv-
ity of titanium dioxide (TiO2) in water for photooxidation
reactions is significant, especially at effective particle sizes
of less than 30 nm. At effective particle sizes of less than
∼30 nm, the apparent photoactivity increases sharply with
particle size, likely due to the significant effects of particle
size on the efficiency at which light is absorbed and the pho-
togenerated charge-carrier dynamics within the particle in
this size range. The results of this study showed an optimum
effective particle size ranging from 25 to 40 nm and an opti-
mum anatase crystal size of 25 nm in all cases. The optimum
particle and crystal sizes are a result of a strong dependence
of light absorption and scattering efficiencies and charge-
carrier dynamics on particle size at particle sizes of less than

30 nm. At effective particle sizes greater than 30 nm, the
surface area available for redox reactions becomes much
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more important in predicting the apparent photoactivity of
TiO2 powders, and so, the apparent photoactivity decreases
with increasing particle size above 30 nm.
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