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The optical properties of photocatalytic suspensions, that is, the absorption and scattering coefficients, depend
on the effective size of particle agglomerates. This work aimed to investigate if the pH and powder concentration
affect the particle size and eventually the optical properties of suspensions. Aqueous suspensions of commercial
TiO2 powders irradiated by monochromatic light have been optically characterized by measuring the transmitted
photon flow as a function of catalyst mass and by applying an asymptotic form of the Kubelka-Munk solution
of the radiative transfer equation. It was found that equal masses of catalyst at different pH and concentration
values show different particle size distributions and therefore different optical properties. Moreover, the quantum
yield for the photocatalytic reaction of phenol was determined for each catalyst and pH.

1. Introduction

Heterogeneous photocatalytic processes are generally carried
out by using semiconductor catalyst particles suspended in
aqueous solution and irradiated by monochromatic or polychro-
matic light with energy that exceeds the band gap of the used
material. Among the various semiconductor oxides TiO2 in the
anatase phase (band gap energyE ) 3.2 eV corresponding to
382 nm light) has been widely used1 because of its high
photostability, efficiency, and low cost and has proven to be
able to decompose many organic and inorganic compounds to
carbon dioxide, water, and mineral acids.

The basic principles of heterogeneous photocatalysis are well-
established2 even if, as a result of the inherent complexity of
photocatalytic processes, there are still open questions concern-
ing the role of the active species3 responsible for the photo-
catalytic reactions (HO• radicals and/or positive holes) and
whether the reaction takes place on the surface or in solution.4

The applicative aspects of this technology are being also
investigated with particular attention devoted to the optimization
of the process operative conditions. On this ground it is
necessary to know the optical properties of photocatalytic
suspensions under real working conditions5-11 for evaluating
the energetic efficiency of different photocatalytic systems and
therefore for correctly comparing them.

The catalyst particle size plays an essential role in determining
the optical properties of the suspension and consequently the
radiant field inside the photoreactor.7,8 In water the TiO2 catalyst
is not dispersed as primary particles but as solid aggregates,5

called secondary particles; in fact, regardless of the primary
particle size, there is particle aggregation11 which depends on
catalyst concentration and on factors such as the charge density/
potential of the particle surfaces and van der Waals forces.

Indeed the presence of small catalyst particles suspended in
the liquid phase causes scattering and absorption phenomena9

whose extent depends not only on catalyst concentration10 but
also on physical and chemical properties of the catalyst powders.
The kinetics of photocatalytic reaction is affected in a complex
way both by the reactant and product concentrations and by
the distribution of the radiant field inside the system,12 so it
may be concluded that the optical properties of the suspension
eventually affects the performance of the photocatalytic pro-
cess.13

To determine the optical properties of commercial polycrys-
talline TiO2 catalysts suspended in water and irradiated by
monochromatic radiation, a new approach has been applied.14-19

The values of absorption and scattering coefficients are obtained
by measuring the incident and transmitted photon flows,
determining the transmittance of the suspension as a function
of the mass of the catalyst. An approximated form of the
hyperbolic solution of the radiation transfer equation obtained
by Kubelka and Munk can be applied for optically thick media;
this solution assumes a simple expression of the kind of
Lambert-Beer law with two adjustable parameters from which
the optical coefficients can be readily calculated.20

This paper aims to investigate if the pH of the solution and
the amount of catalyst in the suspension may affect the mean
particle size and therefore the optical properties of the suspen-
sion. Three commercial TiO2 specimens have been used both
for the optical characterization runs and for the reactivity runs
which allowed to determine the quantum yield for the used test
reaction, that is, the photocatalytic oxidation of phenol.

2. Experimental Section

2.1. Materials.The following commercial TiO2 samples were
used: Degussa P25 (80% anatase, 20% rutile, specific surface
area, SSA, 50 m2‚g-1), Merck (100% anatase, SSA 10 m2‚g-1),
and Tioxide A (100% anatase, SSA 8 m2‚g-1); all samples were
used as received from the factory. All the chemicals used were
reagent grade (Aldrich).

2.2. Apparatus.The experimental apparatus mainly consists
of a radiation source and a photoreactor. An illuminator-
collimator (Oriel Corporation, U.S.A.) equipped with a 1000
W high-pressure Hg lamp (L5173 Hanovia) and a monochro-
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mator (Oriel 7240) was allowed to carry out runs at fixed
wavelength (370 or 310( 2 nm). A water filter was present in
the illuminator so that IR radiation was cut-off. The photore-
actor, whose scheme is reported in Figure 1a, consisted of two
cylindrical vessels (i.d. 58 mm) of quartz glass, vertically
positioned one on the top of the other; the upper vessel contained
the catalyst suspension, and the lower one contained the
actinometer solution. The external surfaces of both vessels were
covered by mirror-polished aluminum sheets. The suspension
was directly irradiated from the circular top surface having a
cross-sectional area of 26.42 cm2.

The volume of the actinometer solution was always 40 cm3.
The suspension and the actinometer solution were mixed by
using a magnetic stirrer at a constant speed of 240 rpm, which
allowed the good suspension of the solid with a formation of a
small whirl at the free liquid-air surface. The temperature of
the whole system was about 308 K for all the experiments.

2.3. Experiments.For determining the particle size distribu-
tion a known amount of catalyst was suspended in 100 cm3 of
water and agitated by a magnetic stirrer (240 rpm) for 20 min,
and after that the sample was analyzed. It was checked that
with this treatment time the size distribution of secondary
particles was independent of the agitation time. For each catalyst
these measurements were carried out at pH values of 2, 4, 8,
8.5, and 10 in a concentration range of 40-200 µg‚cm-3.

The experimental runs aimed to determine the optical
properties of suspensions consisted in measuring the transmitted
photon flow as a function of the catalyst mass. These runs lasted
120 s when irradiating with 370 nm light or 180 s with 310 nm
light and were carried out by using suspension volumes ranging
from 50 to 240 cm3. For each experiment the same procedure

followed for determining the particle size distribution was
strictly repeated: the agitation of the suspension was carried
out at a constant speed of the magnetic stirrer (240 rpm) and
lasted 20 min before starting the irradiation. The transmittance
measurements were carried out at pH values of 3, 6.5, and 8.5
and for a particle concentration of approximately 65µg‚cm-3.

A series of photoreactivity tests were carried out by using
the phenol photodegradation as the test reaction. These runs
lasted a maximum of 240 min and were performed under the
same experimental conditions used for the transmittance mea-
surements with a suspension volume of 100 cm3 and a catalyst
amount of approximately 65µg‚cm-3. The initial phenol
concentration was about 0.2 mM. Suspension samples of 4 cm3

were withdrawn every approximately 30 or 60 min for analyz-
ing; the catalyst was immediately separated from the aqueous
solution by filtering through 0.45µm Millex Millipore filters.
After each withdrawal the vessel containing the suspension was
raised to maintain a constant incident photon flow.

2.4. Analytical Methods.The size distribution of secondary
particles was measured by using a Malvern laser light scattering
apparatus (model ZetaMaster).

Actinometry was used for determining the transmitted photon
flow. The actinometer solution was a ferrioxalate one, appropri-
ate for measuring the 370 or 310 nm photons.21 The absorbance
of the actinometer samples was measured atλ ) 510 nm by
using a Shimadzu UV2401 spectrophotometer.

Phenol quantitative determination was carried out by means
of a HPLC Beckman Coulter (System Gold 126 Solvent Module
and 168 Diode Array Detector), equipped with a Luna 5µ
Phenyl-Hexyl column (250 mm long× 2 mm i.d.); the eluent
consisted of methanol, acetonitrile, and a 40 mM KH2PO4

aqueous solution with volumetric ratio of 17.5:17.5:65%,
respectively. The flow rate was 3.33× 10-3 cm3‚s-1.

3. Optical Properties Determination

The optical properties of an irradiated scattering medium may
be evaluated by solving the radiation transfer equation that
expresses the radiation intensity balance at a fixed wavelength.7

The analytical solution of this integro-differential equation is
very difficult so that it is necessary to introduce some simplify-
ing assumptions. A very easy approach is the Schuster-
Schwarzschild approximation22 based on the main assumptions
that (i) the scattering and absorption phenomena are properties
of a continuum irradiated layer;8 (ii) the Lambert cosine law
holds involving isotropic distribution of scattering;23 (iii) the
particles are randomly distributed, and their size is smaller than
the thickness of the layer; and (iv) the layer is subjected to
diffuse radiation. Under these statements the radiation field
inside the layer is assumed to consist of two isotropic diffuse
fluxes propagating in opposite directions. The intensities ofI
and J (the fluxes in the forward and backward directions,
respectively) are coupled according to two differential equations:

in whichx is the coordinate along which light propagation occurs
and k and s are the absorption and scattering coefficients,
respectively.

Among the several solutions proposed for these equations,
the most accepted one in the field of diffuse reflectance is the

Figure 1. (a) Scheme of the experimental setup; (b) macroscopic photon
balance on the suspension.
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hyperbolic solution of Kubelka-Munk24 which reads

whereb is defined as

in which T is the medium transmittance (the ratio of the
transmitted photon flow to the incident one),mcat is the mass
of catalyst,A is the cross section of photoreactor,s* and k* are
the scattering and absorption coefficients per unit catalyst
concentration, andR∞ is the diffuse reflectance of the sample;
its value is always less than the unity and depends only on the
k*/s* ratio:

For an optically thick participating medium,20 that is, at values
of R∞ andmcat for which the inequality

holds, eq 3 may be approximated by the following one:

which indicates an exponential relationship between the trans-
mittance and the mass of catalyst.

It was experimentally found16-19 that the dependence of
transmitted photon flow on mass of catalyst follows an apparent
Lambert-Beer law when the mass of catalyst is higher than a
threshold value:

in which Φ′ is a constant andE is the Napierian extinction
coefficient.

By comparing eq 8 with eq 7, the following identities may
be deduced:

On this ground, if the inequality expressed by eq 6 is satisfied,
the transmittance data may be fitted to eq 8, then allowing the
determination of the values ofΦ′ and E by a suitable least-
squares best fitting procedure.

TheΦ′ parameter of eq 8 has a physical meaning. In fact, as
in the present case there is no radiation loss through the lateral
wall,25 a macroscopic energy balance on the total volume of
the irradiated suspension (see Figure 1b) gives the following
relationship:

in which Φi is the incident photon flow,Φr is the backward

scattered one,Φa is the absorbed one, andΦt is the transmitted
one. This balance, by substituting eq 8 into it, allowsΦ′ to be
determined under the limiting condition ofmcat ) 0

and therefore theΦ′ parameter indicates the difference between
the incident and the backward reflected photon flow, that is,
the photon flow able to penetrate the suspension.

4. Results and Discussion

Figures 2 and 3 report representative distribution curves of
the dimensions of the aggregates at different pH values and
concentrations, respectively. The general indication of the results
(see Figure 2) is that the aggregate size distribution is binomially
dispersed at pH 2 while it gets monodispersed at higher pH
values; moreover, an increase of pH determines a shift of the
distribution curve toward lower values of particle size. As far
as the influence of catalyst concentration is concerned, the results
indicate (see Figure 3) that the monodispersed aggregate size
distribution shifts to higher values by increasing the catalyst
concentration. Figures 4-6 show the mean sizes of the
agglomerates for Merck, Degussa P25, and Tioxide A catalysts,
respectively, as a function of catalyst concentration at different
pH values. Figure 7 reports the same values plotted versus the
pH for a fixed catalyst concentration. As it may be noted from
these figures, the particle size increases with the catalyst
concentration and generally decreases by increasing the pH. As
far as Merck and Tioxide A are concerned, a slight dependence
on the catalyst concentration was found with the pH being the

Figure 2. Particle size distribution at different pH value’s for a TiO2 Merck
concentration of 65µg‚cm-3.

Figure 3. Particle size distribution for different TiO2 Degussa P25
concentrations at pH 8.5.
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most important parameter. On the contrary, Degussa P25 showed
the strongest dependence on catalyst concentration while the
influence of pH was less important. Moreover, it must be noted
that the particle size values decrease from pH 2 to pH 8; for
pH values higher than 8 they increase, and for pH 10 the values
are very near to those obtained at pH 2. The different behavior
among the catalysts can be due to the different allotropic phases
present: only anatase for Merck and Tioxide A and anatase
and rutile for Degussa P25.

The aggregation occurring in stirred suspensions of small
particles is a well-known phenomenon.11,26-28 It has been
reported that the dynamics of aggregation26 mainly depend on

the particle collisions which are related to the local shear flow.
In suspensions for which light backscattering can be measured,
aggregation occurs under physicochemical conditions corre-
sponding to long-range attractive forces and short-range repul-
sive forces. The aggregation property of the particles together
with their size distributions have been also investigated by
measuring the rheological properties27,28 of titanium dioxide
dispersions in water over a wide range of powder concentrations,
temperatures, and pH values, and the same behavior here
reported has been observed.

Figure 8 reports typical results of transmittance versus mass
of catalyst for the different pH values used. The phenomeno-
logical equation (eq 8) was found to fit the experimental data
for almost all the mass amounts used in this work, and by
applying a least-squares best fitting procedure the values ofΦ′
andE were determined. Table 1 reports theΦ′/Φi ratio andE
figures together withd, the mean particle size, obtained under
different irradiation conditions. The values of the Napierian
extinction coefficient increase by decreasing the mean particle
size and by increasing the radiation energy. The Degussa P25
catalyst shows the highestE values as also the strongest
dependence on the wavelength. TheE andΦ′/Φi figures have
been used for determining the values ofs* and k* by means of
eqs 9 and 10. In fact by knowingΦ′, eq 9 gives theR∞ value
which through eq 5 furnishes the value of thek*/s* ratio. By
putting the known values ofE andk*/s* in eq 10, the value of
s* and, therefore, that ofk* may be determined. The values of
E, s*, andk* agree very well with literature data,10,20,29,30even

Figure 4. Mean particle size versus photocatalyst concentration at different
pH values for TiO2 Merck.

Figure 5. Mean particle size versus photocatalyst concentration at different
pH values for TiO2 Degussa P25.

Figure 6. Mean particle size versus photocatalyst concentration at different
pH values for TiO2 Tioxide A.

Figure 7. Mean particle size versus pH for a catalyst concentration of 65
µg‚cm-3.

Figure 8. Transmittance values versus the amount of solid in the presence
of 370 nm monochromatic radiation at pH 3 ([), 6.5 (9), and 8.5 (2) for
Merck photocatalyst (constant catalyst concentration of 65µg‚cm-3). The
broken lines through the data represent the phenomenological relationship
(eq 8).

Ind. Eng. Chem. Res., Vol. 46, No. 23, 20077623



if different experimental apparatuses were used for their
determination.

Figures 9 and 10 show the values ofs* and k* as function of
1/d for all the catalysts at 370 and 310 nm, respectively. As
reported in the pertinent literature31,32both parameters increase
by decreasing the particle size showing an almost linear
dependence on the 1/d parameter, whereas the absorption
coefficients increase by increasing the energy of the impinging
radiation and the scattering coefficients generally decrease at
very low values for Tioxide A and Merck samples while for
Degussa P25 they remain almost constant.

The asymptotic solution of the Kubelka-Munk model is valid
for describing the dependence of transmitted photon flow on
the catalyst mass under the condition that the suspension is

optically thick,20,24 that is, that the strong inequality expressed
by eq 6 is satisfied. This condition is safely fulfilled when the
following inequality is satisfied (see eq 6):

Introducing eqs 4 and 10 into eq 13 and rearranging results
in

All the values ofmcat used for determiningE andR∞ satisfy
the previous inequality, and thus the asymptotic solution of the
Kubelka-Munk model may be considered valid in this case.

To compare the performances of different photocatalytic
systems,33,34 the rate of photon absorption and the intrinsic
reaction rate must be determined. The knowledge of these
parameters allows the quantum yield,æ, to be calculated for
monochromatic radiation:

For determining theæ values the reaction rate for phenol
degradation was determined under the same irradiation condi-
tions used for transmittance measurements.

For engineering purposes it is useful to find out a simple
and easy-to-use rate equation that fits the experimental rate data.
It is generally accepted4 that the Langmuir-Hinshelwood (LH)
model can phenomenologically represent the kinetics. In the
simplest form this two-step model is based on the assumptions
that (i) adsorption of reactants is a rapid equilibrium process
and (ii) the slow rate-determining step involves species present
in a monolayer at the solid-liquid interface. The simple rate
form of the LH approach, however, may have origins which
take into account different photoreaction mechanisms.35-37 For
photocatalytic systems where adsorption-desorption is not
equilibrated, the slow step approximation cannot be applied. In
this case the steady state approach38 has been applied by
assuming that the surface concentrations of reacting species are
in the steady state. This approach leads to a kinetic expression
that resembles LH kinetics but with the advantage that the model
parameters explicitly depend on light intensity. In fact, experi-
mentally observed dependences of the rate parameters of the
LH model on light intensity can only be explained if the
assumption of the adsorption-desorption equilibrium is relaxed.

Under the operative conditions used the rate of phenol
photocatalytic degradation in oxygenated suspensions can be
described by a pseudo-first-order kinetics,39-41 and it can be
written in terms of Langmuir-Hinshelwood kinetics as

in which N indicates the phenol moles present in the liquid
phase,t indicates the reaction time,S indicates the catalyst
surface area,k′ indicates the surface pseudo-first-order rate
constant, andθPHEN indicates the fractional sites coverage by
phenol. This last parameter is given by the Langmuir relationship
which has been substituted in eq 16,CPHEN being the phenol
concentration in the solution andK being the adsorption
equilibrium constant. By considering that the phenol concentra-

Table 1. Values of the Napierian Extinction Coefficient,E, of the
Mean Particle Size,d, and of the Φ′/Φi Ratio at Different pH
Values and Radiation Wavelengths

pH ) 3 pH ) 6.5 pH) 8.5

catalyst
E

[g-1]
d

[µm] Φ′/Φi

E
[g-1]

d
[µm] Φ′/Φi

E
[g-1]

d
[µm] Φ′/Φi

Monochromatic Radiation at 370 nm:Φi ) 8.62× 10-8 Einstein/s
Degussa P25 402 2.2 0.80 534 1.7 0.77 650 2.5 0.77
Merck 92 1.3 0.98 179 1.1 0.85 325 1.0 0.95
Tioxide A 87 0.9 0.98 250 0.7 0.98 327 0.6 0.6

Monochromatic Radiation at 310 nm:Φi ) 3.64× 10-8 Einstein/s
Degussa P25 830 2.2 0.99 1000 1.7 0.93 624 2.5 0.85
Merck 122 1.3 0.999 173 1.1 0.999 328 1.0 0.999
Tioxide A 150 0.9 0.999 311 0.7 0.999 410 0.6 0.999

Figure 9. Values of scattering (s*) and absorption (k*) coefficients as a
function of mean particle size for radiation of 370 nm.

Figure 10. Values of scattering (s*) and absorption (k*) coefficients as a
function of mean particle size for radiation of 310 nm.

mcat >
A

4bs*
R∞

2 (13)

mcat >
1

2E
R∞

2 (14)

æ )

reacted molecules
unit surface area‚time

absorbed photons
unit surface area‚time

) reacted molecules
absorbed photons

(15)

rS ) - 1
S

dN
dt

) k′θPHEN ) k′
KCPHEN

1 + KCPHEN
(16)
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tion was the parameter experimentally measured, the pseudo-
first-order rate equation assumes the following form:

The runs carried out with both monochromatic radiations
indicated that the phenol degradation rate follows first-order
kinetics for all of the catalysts, thus suggesting that the inequality
KC , 1 holds and therefore producing the following rate
equation: rS ) kobsCPHEN in which the observed rate constant,
kobs, is equal tok′K. By integrating the first-order rate equation
and by fitting the resulting exponential relationship to the
experimentalC-t data, the values ofkobs have been obtained.
The continuous lines drawn in Figure 11 represent the kinetic
model, which, as it may be noted, fits very well the experimental
data. The large duration of the reactivity runs guaranteed a high
confidence on the fittedkobsvalues (R2 > 0.98). For calculating
theæ values from eq 15, the number of phenol molecules reacted
in the first 120 or 180 s (the duration times of actinometer runs
carried out at 370 or 310 nm, respectively) was determined from
the values ofkobs, and the number of absorbed photons was
obtained by using eqs 11 and 12. It was confidently assumed
that at the start of the photodegradation runs only phenol
molecules are present in the reacting mixture so that the aliquot
of absorbed photons useful for the photoreaction is utilized only
for phenol degradation.

Table 2 reports the figures of the observed rate constant,kobs,
and of the quantum yield,æ, for all the catalysts under the used
experimental conditions; theæ values are comparable with those
reported in the literature.42 For all the catalysts the quantum
yield increases by increasing the energy of the radiation. For
Merck and Tioxide A the kinetic constant decreases probably
owing to the fact that the photon intensity at 310 nm is quite
less than that at 370 nm; on the contrary for Degussa P25 the

kobs values increase. Even if these catalysts show a Napierian
extinction coefficient at 310 nm higher than that at 370 nm and
then they absorb a greater aliquot of incident photons, theæ
values indicate that at 310 nm a greater part of absorbed photons
is useful for reaction events. As far as the influence of pH is
concerned, the highestæ values are for pH 3, as expected.31

By increasing the pH, for Merck and Tioxide A theæ values
decrease while for Degussa P25 at 310 nm they seem indepen-
dent of the pH and at 370 nm there is a minimum both foræ
and forkobs.

The main findings of this work may be summarized as
follows: (i) the optical properties of photocatalyst suspensions
(Napierian extinction coefficient and absorption and scattering
coefficients) depend on particle size and on radiation energy;
(ii) the pH and the catalyst concentration affect the particle size;
and (iii) the quantum yield of a photoreaction is a very complex
function of all the previous parameters and then difficult to be
foreseen.

In conclusion the performance of a photocatalytic process is
strongly affected by the particle size, whose mean value depends
on many factors among which are catalyst concentration and
pH. Owing to the fact that the photocatalytic results obtained
in slurries of particulate TiO2 are sensitive to the state of
dispersion of the TiO2, the particle size measurement must be
carried out under the same experimental conditions used for
performing the photoprocess. This conclusion is important
because it affects any comparison of photoactivity of different
TiO2 samples when measured in a fixed reaction or of the
relative activities of catalysts for two or more photoreactions.
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