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Experimental evaluation of photon absorption in an aqueous
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Abstract

This study presents an experimental evaluation of photon absorption in a TiO2 slurry medium using an annular photoreactor. This pho-
toreactor was equipped with several windows placed at equidistant axial positions. Tubular black collimators and inner polished-aluminum
collimators were attached to these windows to measure the total transmitted radiation and the transmitted non-scattered radiation. Experi-
ments were developed with six TiO2 commercial powders having differences in particle size, agglomerate particle size in water suspension,
and specific surface area.

Modeling allowed to establish that the forward-transmitted radiation can be represented by the difference of two exponential decay
functions accounting respectively for the total transmitted radiation and the transmitted non-scattered radiation. These two exponentials are
functions of particle concentration and extinction coefficients, with the extinction coefficient for the transmitted radiation being strongly
affected by the particle agglomerate size.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis has been a very active area
of research in recent years with more than 700 papers pub-
lished only in the area of water purification. however, in or-
der to achieve further progress in photocatalysis, it is very
important to use and define fundamentally based efficiency
parameters allowing the comparison of experimental results,
obtained from different laboratories, under different experi-
mental conditions.

Thus, several efficiency definitions were already advanced
in the technical literature:

(a) The quantum yield (QY), defined as the number of radi-
cals produced on the catalyst surface during the primary
reaction processes per photon absorbed [1,2]. Whereas,
QY is one of the most frequently used parameters to
describe photochemical activity [3–6] there are still dis-
crepancies between authors about the proper application
of its definition. Frequently, the QY is based on the rate
of incident photons reaching the internal reactor walls.
In such cases, the estimated QY represents an apparent
QY or the lower limit for that parameter.
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(b) The photonic efficiency describing the number of reac-
tant molecules transformed or product molecules formed
over the number of incident photons on the reactor cell
[7]. This parameter is related to a standard process with
fixed reactor geometry, light source, and photocatalyst
properties.

(c) The quantum efficiency, defined as the ratio of the num-
ber of molecules of product formed to the total number
of photons absorbed, is employed when the lamp emis-
sion spectrum is unknown.

(d) The relative photonic efficiency defined as the ratio be-
tween the actual QY and the QY for the photocatalyzed
oxidative disappearance of phenol using Degussa P25
catalyst, as the standard catalyst [7,8].

(e) The photochemical thermodynamic efficiency factor
(PTEF) describing the fraction of the photon energy uti-
lized for the generation of hydroxyl radical groups [9].

(f) The electrical energy per order (EE/O) defined as the
electrical energy used to reduce the concentration of a
pollutant by one order of magnitude in 1000 US gallons
(3787 l) of water [10].

(g) The energetic efficiency of degradation (EED) expressed
as the amount in ppm (mg l−1) of organic carbon, con-
tained in a given solution volume, per kWh of electrical
energy used for its irradiation [8].
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Nomenclature

c speed of light (m s−1)
C catalyst concentration (g l−1)
da average agglomerate size (nm)
dp volume-equivalent particle diameter (nm)
d∗

p volume-equivalent particle diameter
estimated fromSa (nm)

dpr particle diameter range (nm)
h Planck’s constant (J s)
H reactor height (cm)
Ll lamp length (cm)
Pa rate of absorbed photons (einstein s−1)
Pa-wall rate of photons absorbed and back-reflected

by the inner cylinder wall (einstein s−1)
Pbs rate of back-scattered photons exiting the

system (einstein s−1)
P |C→0+ rate of photons transmitted when catalyst

concentration approaches to zero from the
right hand side of thedp/dC discontinuity
(einstein s−1)

Pfs rate of photons forward-scattered by the
slurry (einstein s−1)

Pi rate of photons reaching the reactor inner
surface (einstein s−1)

Pns rate of transmitted non-scattered photons
(einstein s−1)

Po rate of photons emitted by the lamp
(einstein s−1)

Pt rate of photons transmitted (einstein s−1)
q(θ , z, λ) radiative flux (J s−1 m−3)
qac(θ ,z) radiative flux as detected using the

aluminum collimator (J s−1 m−2)
qbc(θ , z) radiative flux as detected using the black

collimator (J s−1 m−2)
r radial coordinate (m)
Ri radial coordinate corresponding to the outer

surface of the inner Pyrex glass
cylinder (cm)

Rl radial coordinate corresponding to lamp
surface (cm)

Ro radial coordinate corresponding to
inner surface of the outer cylinder (cm)

Rw radial coordinate corresponding to the
window inner surface, located on the
outer cylinder (cm)

R2 least-squares regression coefficient
Sa specific surface area (m2 g−1)
z axial coordinate or reactor height (m)

Greek letters
α apparent extinction coefficient (l g−1)
β true extinction coefficient (l g−1)
βs specific extinction coefficient (cm2 g−1)

η lamp efficiency (%)
λ radiation wavelength (m)
θ angle in cylindrical coordinates (rad)

It has to be pointed out that the above mentioned defini-
tions employ a common variable, except for the EE/O and
the EED, the rate of photons absorbed by the photocatalyst.
Thus, it is in the accurate measurement of the rate of ab-
sorbed photons that rests to a significant extent, the mean-
ingfulness definition of these efficiency parameters.

Regarding the absorbed photons in TiO2 suspensions, this
is a function of: (i) reactor geometry; (ii) catalyst concentra-
tion [11]; (iii) particle agglomerate size [12,13]; (iv) pH; (v)
recycle flow rate [14]; and (vi) radiation wavelength [5,14].

Several approaches have been followed to evaluate the
rates of absorbed photons. The simplest method considers
that the reactor medium absorbs all photons reaching the
reactor wall (incoming side). In this respect, the flux of pho-
tons is determined by radiometric measurements or chemi-
cal actinometry. This method gives lower efficiencies than
the true values since the extent of light scattered in the solid
catalyst suspension is not considered. Other approaches use
an apparent extinction coefficient obtained by actinometric
measurements of the light transmitted through a stirred TiO2
suspension [6,15]. More complex approaches obtain the rate
of absorbed photons solving the radiation transfer equation
for a given reactor configuration with a limited number of
assumptions [16].

In this work, an experimental method was used for the
determination of the rate of absorbed photons in an aque-
ous TiO2 slurry tubular reactor evaluating the radiation
transmitted through the reactor medium by radiometric mea-
surements. The approach of the present study also allows a
quantitative assessment of the forward and backward scat-
tering radiation and of the extinction coefficients. The value
of this methodology was demonstrated in a recent contribu-
tion when studying the photocatalytic conversion of phenol
[17].

2. Experimental methods

The experimental system used was constituted by the
following components (Fig. 1):

(a) A batch-recycle unit with a 2.5 l tubular concentric
reactor (42 cm length, 8.9 cm diameter outer cylinder,
and 3.5 cm diameter inner cylinder) and a 3.5 l well
stirred tank.

(b) A TiO2 slurry suspension circulating between the
annular space of two concentric cylinders (2.7 cm).

(c) A 15 W black-light blue lamp (UVP-XX-15BLB, lo-
cated in the central channel of the reactor (2.54 cm×
40 cm; diameter× length). The lamp has a spectral en-
ergy distribution in the 300–405 nm wavelength region.
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Fig. 1. Schematic representation of a batch-recycle photocatalytic
unit. (1) Black-light blue lamp, (2) Pyrex glass inner cylinder, (3)
black-polyethylene outer cylinder, (4) fused silica windows, (5) stirred
tank, (6) centrifugal pump, and (7) air injection.

(d) A plastic centrifugal pump allowing the recircula-
tion of the TiO2 suspension at different flow rates
(0–16 l min−1).

Regarding the reactor itself, its inner cylinder was made
out of Pyrex glass (2.25 mm in thickness) to allow the trans-
mission of most of the UV radiation emitted by the lamp. The
outer cylinder was made of non-reflecting black polyethy-
lene. This non-reflecting material was chosen to eliminate
the radiation reaching the reactor inner surface wall that
could be reflected towards the sensor cell. Seven 1.1 cm di-
ameter (0.325 cm thick) circular fused silica windows were
equally spaced (6.4 cm) along the reactor outer cylinder wall.
Table 1 summarizes the most important characteristics of
the reactor system used in this study.

Radiation measurements were made at each window po-
sition using an UVX digital radiometer equipped with a cir-
cular 0.9 cm diameter sensor cell (UVX-365). With the help
of tubular polished-aluminum and tubular black collimators
(1.0 cm × 2.3 cm and 1.0 cm × 9.2 cm, inner diameter×
length, respectively), it was possible to control the amount

Table 1
Photocatalytic reactor and lamp characteristics

Component Parameter Values

Annular reactor Ri (cm) 1.74
Ro (cm) 4.45
H (cm) 44

Inner cylinder Thickness (cm) 0.225 cm
Lamp (black-light

blue lamp)
Nominal input power (W) 15

h (%) 15–20
Ll (cm) 40
Rl (cm) 1.25
Characteristic emission Isotropic and

superficial
Emission range (nm) 300–405
Emission rate (einstein s−1) 1.057× 10−5

Windows (fused silica) Diameter (cm) 1
Thickness (cm) 0.325

of radiation reaching the sensor cell and to fix the position
between the sensor cell and the reactor. Tubular black col-
limators were used to determine the suspension extinction
coefficients since their non-reflective surface minimizes the
forward-scattered radiation that reaches the detector. Tubu-
lar polished-aluminum collimators were used to assess the
total transmitted radiation through the slurry.

Lamps were calibrated using an auxiliary equipment
called lamp testing unit (LTU) [9]. This unit is constituted
by a lamp holder with inner surface painted in black and a
rail with 1 cm opening extending through the length of the
lamp. The UVX-365 sensor was displaced through this rail
at a fixed distance from the light source.

A series of runs were performed with six TiO2 cata-
lysts: (a) Anatase 1 (Aldrich, Cat. 24,857-6, lot 04811KR,
>99% anatase); (b) Anatase 2 (Aldrich, Cat. 23,203-3, lot
07627BX, 99.9% anatase); (c) Hombikat (Fluka, lot 380681/
142599, anatase modification); (d) P25 (Degussa CN: 1610);
(e) Rutile 1 (Aldrich, Cat. 20,475-7, lot 10801HS; and, (f)
Rutile 2 (Aldrich, Cat. 22,422-7, lot 16126CY). For each
one of these catalysts, the transmitted radiation through the
slurry was measured at each window position for different
catalyst concentrations and several recycle flow rates. Deion-
ized water was used in all cases.

Primary particle size range,dpr, was estimated using
scanning electron microscope micrographs of the catalyst
samples (Hitachi model S-4500 Solid Emission SEM). Typ-
ical values of these measurements and the corresponding
volume-equivalent diameters,dp, based on the micrographs
are reported in Table 2. Regarding Hombikat catalyst, a
dp based on the SEM micrographs could not be obtained.
The Hombikat sample studied was formed (micrograph
not shown) by irregular thin filaments of 20 nm wide and
70–400 nm long.

Concerning particle agglomeration of solid powders dis-
persed in water, it was determined in a laser light scatter-
ing system (Brinkmann, PSA 2010). Samples of the catalyst
slurry were taken from the reactor at several intervals during
the transmission measurements and analyzed for the particle
agglomerate size. This procedure ensures that measurements
of agglomerate size were taken at the same operating condi-
tions maintained during the radiation transmission measure-
ments. Gentle stirring was used to maintain the suspension
of the catalyst during the analyses. Values of these measure-
ments are reported in Table 2. It is shown that all catalysts
considered in the present study display significant particle
agglomeration. For instance, Degussa P25 samples showed
ada/dp ratio as large as 42 times whereasda/dp ratios for the
other catalysts were restricted in the 4–7 range. Thus, it can
be observed that there is large agglomeration in the case of
the small particle catalysts such as Hombikat and Degussa
P25. In addition, particle agglomeration in sizes of at least
two times larger than the wavelengths of the incident radi-
ation (λ̄410

300 ≈ 348 nm) allows the application of geometric
optics for the treatment of the radiation transfer through the
slurry media [18].
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Table 2
Physical properties of various titanium dioxide samples

Sample dpr (nm) dp (nm) da (nm) da/dp Sa (m2 g−1) dp
∗ (nm)

Anatase 1 80–180 134 750 6 10.5 147
Anatase 2 100–200 146 1050 7 12.2 126
Hombikat 10–70 – 1540 – 250 7
P25 20–60 32 1340 42 54 29
Rutile 1 300–900 496 2300 5 2.9 490
Rutile 2 160–1060 576 2400 4 2.2 632

∗ Estimated from the specific surface area measurements.

The catalyst specific surface areas,Sa, were measured
in a Micrometrics Analyzer (TPD/TPR model 2900), out-
gassing for 120 min at 250◦C. Sa values are also reported
in Table 2. For all catalyst analyzed, the Hombikat vari-
ety showed the largest specific surface area approximately
five times larger than that of Degussa P25, 22 times larger
than that for Anatase 1 and 2 catalysts, and 100 times
larger than that of Rutile 1 and 2 samples. Anatase 1 and
2 showed similarSa values around 10 m2 g−1 whereas Ru-
tile 1 and 2 samples displayed specific surface areas around
2.5 m2 g−1.

Using theSa values determined above, volume-equivalent
diameters,d∗

p, were determined for all the catalysts. Thed∗
p

values are included in the last column of Table 2. Note that
for all cases, except for Hombikat,d∗

p values fall between
±14% ofdp determined by SEM. Regarding Hombikat sam-
ple, thed∗

p value estimated fromSa was found to be 7 nm.
Thus, Hombikat is the catalyst with the smallestdp studied
followed by Degussa P25, Anatase 1 and Rutile 1 and 2.
Rutile 2 provided as well, as reported in Table 2 the largest
spread in particle sizes.

3. Radiation transmission modeling

The rate of absorbed photons was estimated using a
macroscopic radiant energy balance with this balance ap-
plied to a control volume with boundaries containing the
slurred catalyst:

Pa = Pi − Pbs − Pt (1)

with Pa being the rate of absorbed photons,Pi the rate of
photons reaching the reactor inner surface,Pbs the rate of
back-scattered photons exiting the system, andPt is the rate
of transmitted photons. All terms are in einstein s−1.

Concerning the various terms in Eq. (1), they can be es-
timated as follows:

(a) Pi or the rate of photons reaching the reactor inner sur-
face can be determined fromPo, the rate of photons
emitted by the lamp minusPa-wall the rate of photons
absorbed or back-reflected by the inner cylinder wall.
That is,

Pi = Po − Pa-wall (2)

with the rate of photons emitted by the lamp determined
as follows:

Po = λ̄

hc

∫ λ2

λ1

λ

∫ ∞

0

∫ 2π

0
q(θ, z, λ)r dθ dz dλ (3)

whereq(θ , z, λ) is the radiative flux (J s−1 m−3), λ the
radiation wavelength (m),r the radial coordinate (m),z
the axial coordinate (m),h the Planck’s constant (J s),
andc the speed of light (m s−1).

Note thatq(θ , z, λ) can be determined by means of ra-
diometric measurements in the LTU and from the lamp
emission spectrum. The radiative flux integrated over
the wavelengthq(θ , z) was modeled by the use of an ex-
tensive source with superficial diffuse emission model
(ESSDEM) [19]. One additional parameter, the lamp ef-
ficiencyη, was included in the model to account for lamp
inefficiencies and the lamp intensity decay with time.

(b) Pa-wall was estimated in the LTU on the basis of radiation
transmission measurements through the inner cylinder.

(c) Pbs or the rate of back-scattered photons exiting the
system, was approximated from the difference between
Pi and the rate of photons transmitted when the catalyst
concentration approaches to zero(P |C→0+) [15,20].

Pbs = Pi − P |C→0+ (4)

The use of Eq. (4) incorporates two assumptions: (i)
the back-scattered photons exiting the system are those
related to a number of back-scattering centers located
in a boundary layer of particles very close to the inner
cylinder wall; and (ii) once a maximum number of scat-
tering centers is reached in this boundary layer, there
is no additional back-scattering of photons leaving the
system.

(d) Pt or the rate of transmitted photons represents the ad-
dition of the transmitted non-scattered radiation and the
forward-scattered radiation:

Pt = Pns + Pfs (5)

RegardingPfs, it can be estimated from the difference be-
tween the measured radiation, evolving through the slurry
using the tubular polished-aluminum collimator, and the
measured radiation using the tubular black collimator. It
has to be stressed that the polished-aluminum collimators
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account for the combined transmitted non-scattered radia-
tion and forward-scattering radiation whereas the tubular
black collimators account for the transmitted non-scattered
radiation only.

Thus, from Eq. (5), it results

Pfs = Pt − Pns (6)

4. Analysis and discussion of results

A first step, in the present study, was the characterization
of the lamp in the LTU with the help of a radiometer placed
at a fixed distance from the light source. Fig. 2 shows a
typical radiative flux distributionq(θ , z) in mW cm−2 at
two radial positions. It is important to mention that whereas
most of the characterized BLB lamps showed quite sym-
metric radiation distributions, few of the lamps after more
than 1000 h of operation presented asymmetric radiation
distributions along the axial coordinate. In this respect,
special care was taken to use in the experiments of the
present study, lamps displaying symmetric radiation distri-
butions. Then, for cases like the one of Fig. 2, the radiative
flux distribution q(θ , z) determined in the LTU and the
lamp emission spectrum was used for calculatingPo (refer
to Eq. (3)).

Regardingq(θ , z), it was modeled by the use of an
extensive source with superficial diffuse emission model
(ESSDEM). Both lamp efficiency and lamp intensity decay
with time were assessed considering the ratio betweenPo
(Eq. (3)) and the lamp nominal power. Lamps used in this
study displayed efficiencies in between 15 and 20%. The
model considered was tested, as described in Fig. 2 at two
radial positions: 3.1 and 4.5 cm from the lamp axis (or 1.88
and 3.23 cm from the lamp surface).

Fig. 2. Lamp axial radiative flux distribution measured at two radial positions: (
) 3.1 cm, and (�) 4.5 cm. Solid lines represent an ESSDE model
evaluated at the same radial positions.

Application of Eq. (1) requires the determination ofPi
andPa-wall parameters. Again, using the LTU, it was possi-
ble to calculatePa-wall and consequently to establish that the
radiation transmitted to the inner cylinder was about 96% of
the radiative flux (P i = 0.958P o) with this parameter being
independent of the axial reactor position. Negligible radi-
ation losses were assumed in the space between the lamp
surface and the inner cylinder surface. The calculated aver-
age extinction coefficient for the inner cylinder material was
0.70 cm−1 in the 400–300 nm wavelength range.

Fig. 3 illustrates the radiative flux distribution in an empty
annular reactor, as predicted by the ESSDE model. The ra-
diation attenuation by the inner cylinder wall is included.
This figure allows the calculation ofPi for the case of the
present study (reactor inner surface located at 1.74 cm from
the lamp axis). To achieve this, the functionq(θ , z) was in-
tegrated over both theθ angle and thez coordinate, at a
fixed 1.74 cm radial distance, with this distance being the
one defining the reactor inner surface. The rate of photons
emitted by the lamp,Po, and the rate of photons reaching
the reactor surfacePi , were determined as 1.057×10−5 and
1.01× 10−5 einstein s−1, respectively.

Once Pi was determined, systematic measurements of
the transmitted radiation at each window position were per-
formed in the reactor (Fig. 1) and this for each one of the six
catalysts. This was done at various catalyst concentrations
and flow rates using both the tubular polished-aluminum and
the black collimators.

Fig. 4 displays the values of transmitted radiation,Pt, at
a radial position 7.62 cm with respect to the reactor axis, for
Degussa P25 catalyst as measured using the radiometer and
the tubular polished-aluminum collimators placed at the dif-
ferent reactor windows. This figure reports several catalyst
concentrations with experiments developed at a flow rate of
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Fig. 3. Radiative flux distribution in an empty annular reactor.

12 l min−1. It can be observed that in the central region of
the reactor, from 10 to 36 cm axial length, the axial radia-
tion profile develops with essentially no changes of radiation
levels. It is in this region where it is postulated that end ef-
fects of the set up are negligible and consequently where ra-
diation transmission measurements are more reliable. It can
also be observed, in this figure, that this uneven light distri-
bution tends to moderate when the particle concentration is
increased. This is a result of the growing influence of parti-
cle light scattering and yields as a consequence a smoothing
of reactor end effects.

Fig. 5a and b show the normalized radiative flux evolv-
ing though the slurry versus the catalyst concentration for

Fig. 4. Axial transmitted radiation distribution as a function of catalyst concentration for Degussa P25. Concentrations in mg l−1. (�) 0, (�) 3, (
) 5,
(�) 10, (×) 15, (- - -) 20, (—) 30, (+) 50, ( ) 80, (�) 100.

each one of the six catalysts studied as measured by the
polished-aluminum and black collimators, respectively. A
normalization factor was used (103/qac0) in order to improve
the data visualization and facilitate the comparison of results.
These measurements were performed at the radial positions
of 7.62 and 16.8 for the polished-aluminum and the black
collimators, respectively. It can be noticed that the transmit-
ted radiation decreases with catalyst concentration, follow-
ing essentially for all cases a decreasing exponential with
catalyst concentration:qac(θ, z) = qac(θ, z)|C→0+ e−αC and
qbc(θ, z) = qbc(θ, z)|C→0+ e−βC

Thus, given the suitability of the exponential decay
model fitting, obtained with a high degree of correlation
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Fig. 5. (a) Dimensionless transmitted radiation vs. catalyst concentration. Tubular polished-aluminum collimator. (�) Anatase 1, (�) Anatase 2, (
)
Hombikat, (�) Degussa P25, (+) Rutile 1, (×) Rutile 2. (b) Dimensionless transmitted radiation vs. catalyst concentration. Tubular black collimator.
(�) Anatase 1, (�) Anatase 2, (
) Hombikat, (�) Degussa P25, (+) Rutile 1, (×) Rutile 2.

(R2 > 0.98), an apparent extinction coefficient (α) (Fig. 5a
and Table 3 column 2) and the extinction coefficient (β)
(Fig. 5b and Table 3 column 3) were determined for the
various catalysts tested. It was observed, in this respect, that
there were significant differences inβ values for the various

Table 3
Radiative flux distribution and extinction coefficients in a tubular concentric slurry reactor for various TiO2 catalysts.P i = 9.866× 10−6 einstein s−1

Catalyst α (l g−1) β (l g−1) Ca (g l−1) βs (×10−4; cm2 g−1) Pa (%Pi ) Pbs (%Pi )

Anatase 1 39.6 44.2 0.11 1.43 71.9 −27.1
Anatase 2 22.4 26.3 0.18 0.85 57.0 −42.0
Hombikat 19.6 22.9 0.23 0.74 89.0 −10.0
Degussa P25 41.1 55.3 0.11 1.78 77.7 −21.3
Rutile 1 7.9 8.3 0.57 0.27 92.0 −7.0
Rutile 2 10.7 11.4 0.43 0.37 95.7 −3.3

a Defined at the conditions of transmitted radiation being 1% of the radiative flux.

materials tested with this coefficient ranging from 8.3 l g−1

for Rutile 1 to 55.3 l g−1 for Degussa P25. In addition,
the concentration required to reach 1% ofPi at the win-
dows position is also reported in Table 3 (fourth column).
Specific extinction coefficients

{
βs = ⌊

β103/(Rw − Ri)
⌋}
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Fig. 6. Apparent extinction coefficients vs. flow rate for Degussa P25, (
) true extinction coefficient, and (�) apparent extinction coefficient.

cm2 g−1 per unit of catalyst mass are also included in
Table 3, with (Rw−Ri ) being equal to the difference between
the outer surface radius of the inner cylinder and the inner
surface radius of the window located in the outer cylinder. It
is shown thatβ decreases with the particle agglomerate size
and this explains the important role played by the size
of the agglomerate on the extinction coefficient, with the
smaller agglomerates increasing the radiation absorption-
scattering and yielding larger extinction coefficient.

The effect of the flow rate on the extinction coefficients
(α andβ) is reported in Fig. 6 for Degussa P25. It is ob-
served that the flow rate strongly influences the extinction
coefficients with bothα andβ increasing with the flow rate.
An almost constant value of the extinction coefficients is
reached, for the reactor geometry used in this study at a flow
rate of 12 l min−1. Further increases in the flow rate seem to
have little effect on the coefficient values. Two factors ap-
pear to be the cause for this behavior: catalyst distribution
and particle agglomeration. At very low flow rates, there
is uneven catalyst distribution. Catalyst is accumulated in
some reactor sections being in lower concentrations in the
flowing suspension. This promotes smaller extinction coef-
ficients. At relative higher flow rates, catalyst particles are
better distributed with agglomerates becoming, due to an in-
crease in agitation, significantly smaller and yielding larger
extinction coefficients. Further increases in the flow rate,
above 12 l min−1, however, had little effect on the extinction
coefficient values.

The Pbs rate of back-scattered photons was determined,
as described in Eq. (4), from the difference between the
transmitted photons in an empty reactor and the rate of pho-
tons obtained extrapolating toC → 0+, in a Pt versusC
plot, the transmitted radiation (Fig. 5a). The Last Squares
method was used to generate a best-fit curve to the radia-

tion transmittance versus concentration measurements. This
curve was then used in the extrapolation to the origin and
the estimation ofPt(θ , z) whenC → 0+.

Pbs, as determined by Eq. (4), provides an estimate of
the total rate of back-scattered photons exiting the sys-
tem. This is supported given that photon back-scattering,
for very low C, is closely related to a maximum num-
ber of back-scattering centers. Once this maximum is
reached, very close to the inner cylinder, there is no ad-
ditional back scattering of photons exiting the system.
Experimental observations of this study reinforce this view
showing that, at very lowC, the transmitted power decays
much faster than the typical exponential decay observed
at higher solid concentrations. On the other hand,Pbs
becomes independent of catalyst concentration when cata-
lyst concentrations larger than 0.05 g l−1 are reached. This
observation held true for all catalyst considered in this
study.

Pbs can also be expressed as a ratio ofPi as follows:

Pbs = Pi

[
qac0(θ, z) − qac(θ, z)|CCi→0+

qac0(θ, z)

]
(7)

In this respect, the rate of photons back-scattered, as de-
termined with the method described above (from Fig. 5a and
Eq. (7)) was calculated for each one of the TiO2 catalyst.
Results are reported (Table 3, column 7) as a percentage of
Pi indicating that back-scattering radiation exiting the sys-
tem varies for the different catalysts studied from 3.3 to 42%
of Pi .

Fig. 7 reports the dimensionless radiative flux in the cen-
tral axial region of the reactor for both polished-aluminum,
qac(θ, z)/qac0(θ, z), and tubular black collimator,qbc(θ, z)/

qbc0(θ, z), as a function of catalyst concentration for
Degussa P25 at a flow rate of 12 l min−1. In order to assist
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Fig. 7. Dimensionless transmitted photons (�) and transmitted non-scattered photons (�) vs. concentration for Degussa P25.

on the coefficients comparison, the readings were multi-
plied by a factor 1× 103. It can be observed that there is
a difference between the two exponentialα and β coeffi-
cients. This difference arises given that, in the case of the
polished-aluminum collimators, the forward-scattered radi-
ation together with the transmitted non-scattered radiation
reaches the detector. In the case of the black collimators,
however, only the transmitted non-scattered radiation is
detected. Given these facts, theβ coefficients were found
always greater than theα coefficients for all catalysts con-
sidered (β > α, Table 3).

Regarding the rate of forward-scattered photons,Pfs can
be calculated using the Eq. (6). In this respect,Pfs can be
related to the transmitted photons by a difference between
exponentials involving both the apparent extinction coeffi-

Fig. 8. Radiative flux distribution in a Degussa P25 loaded annular reactor allowing for 1% of light transmission.

cient (α) and the extinction coefficient (β):

Pfs = Pt − Pns = Pt |c→0+
⌊

e−αC − e−βC
⌋

Fig. 8 shows the radiative flux distribution in a Degussa
P25 loaded reactor withα given in Table 3. Inner cylin-
der wall effects and the back scattering-radiation were also
included in this simulation. This radiation distribution was
specifically defined for the case of the out-coming radiation
being 1% of thePi . Moreover and in order to have a quick
visualization of the catalyst effect on the radiation distribu-
tion, Fig. 8 can be compared with Fig. 3.

Fig. 9 displays the agglomerate size,d�, versus the vol-
ume-equivalent diameter,dp, for the various catalysts stud-
ied in this work (filled circles) and for the values reported
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Fig. 9. Average agglomerate size vs. volume-equivalent particle diameter. Filled circles represent data from this study; open circles represent data by
Cabrera et al. [5]. A1, Anatase 1; A2, Anatase 2; Al, Aldrich; Fi, Fisher; Fl, Fluka; Hk, Hombikat; Mk, Merck; P25, Degussa P25; R1, Rutile 1; R2,
Rutile 2.

by Cabrera et al. [5] (open circles). Standard deviations are
included as error bars for the catalysts studied. It can be ob-
served thatda decreases asdp decreases until it reaches a
minimum value of around 300 nm fordp values in the range
150–300 nm. From this region and on, and as a result of an
increasing influence of interparticle surface forces (presum-
ably van der Waals’ interactions) the agglomerate size starts
to increase as particle diameter is further decreased.

Fig. 10 shows the extinction coefficient,β, versus the av-
erage agglomerate size,da for the various catalysts studied
in this work (filled circles) and for the values reported by
Cabrera et al. [5] (open circles). Standard deviations are in-
cluded as error bars for the catalysts studied. It was found
thatβ consistently increases as theda decreases. In this re-
spect, Rutile samples exhibited lowerβ coefficients than the

Fig. 10. Extinction coefficient vs. average agglomerate size. Filled circles represent data from this study; open circles represent data by Cabrera et al.
[5]. A1, Anatase 1; A2, Anatase 2; Al, Aldrich; Fi, Fisher; Fl, Fluka; Hk, Hombikat; Mk, Merck; P25, Degussa P25; R1, Rutile 1; R2, Rutile 2.

other samples since they form larger agglomerates. It has to
be emphasized that the agglomerates, in the present study
(filled circles in Figs. 9 and 10), satisfy the condition of be-
ing larger than two times the radiation wavelength. Thus,
the principles of geometric optics can be used to describe
the radiation-particle interactions and as a result, the sus-
pension extinction coefficients are meaningful parameters to
describe the radiation transmission in the TiO2 suspensions.
Under these conditions and consistent with the obtained ex-
perimental data, larger average agglomerate sizes lead to
smaller irradiated cross-sectional areas per unit volume, and
this yields smaller extinction coefficients.

It was observed in agreement with others [5] that agglom-
erate sizes and extinction coefficients are affected by soni-
cation. For instance, as observed in this study, agglomerate
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sizes after sonication had a 0.79�m size for Degussa P25,
whereas after sonication and 1 h mixing the average agglom-
erate size increased to 1.34�m. Thus, we can conclude that
sonication, of the TiO2 suspension, can play a major role in
defining the agglomerate size and affecting, as a result, the
suspension extinction coefficients.

5. Conclusions

The following are the significant conclusions of the
present study:

(a) Radiometric measurements in a concentric tubular TiO2
slurry reactor allowed the determination of the lamp ra-
diation field, including axial and radial distributions of
the radiative flux. Inner polished and black collimators,
connecting the fused silica windows to a radiometer,
helped in the determination of the rate of absorbed pho-
tons.

(b) This method specifically developed for the evaluation of
the rate of absorption of photons in an aqueous TiO2 slu-
rry reactor allows the estimation of the total transmitted
radiation, of the transmitted non-scattered radiation,
and of the photon back-scattered radiation exiting the
system.

(c) The total transmitted radiation and transmitted non-sca-
ttered radiation were modeled using exponential decay
relationships. These decay functions incorporate extinc-
tion coefficients (α andβ) and the influence of the TiO2
concentration. It is shown that the extinction coefficient
decrease with the agglomerate size with this dimension
being affected by the average particle diameter.
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