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The performance of a reacting system for degradation of trichloroethylene (TCE) in a pilot-size annular
photocatalytic reactor having a tubular lamp located at its centerline was studied. The reactor operation was
carried out with commercial catalytic particles of titanium dioxide (Aldrich) in a water suspension. The
description of the reactor performance was made by employing a kinetic model developed in a laboratory
reactor of different size and configuration, irradiated with similar lamps of lower output power. The annular
reactor was operated in the continuous mode but inside the loop of a recirculation system.The performance
of the annular reactor was modeled by assuming three different behaviors: (i) a well-stirred tank reactor, (ii)
a pseudo-steady-state laminar flow reactor in a batch recycle, and (iii) a transient-state laminar flow reactor
in a recycle. Case iii produced the best representation of the experimental data. Along with the experimental
validation of the developed theoretical models, three practical features were unveiled that had to be taken
into account in any subsequent design: (a) an important change in the pH, from 6.5 to 3.5, along the reaction
time; (b) a significant titanium dioxide deposition on the reactor walls; and (c) an appreciable catalyst
agglomeration produced by the recirculation system and magnified by the change in pH. Only after the first
120 min of reaction time, the reactor conditions became almost stabilized; thus, the observed transformations
had to be incorporated into the modeling.

I. Introduction

Catalytic reactions produced by irradiated particles of titanium
dioxide, leading to the decomposition of a wide range of organic
compounds, is a well-known phenomenon and has been the
subject of a very long list of research work from the chemistry
viewpoint.1-3 In most of the cases, applications were made to
pollutant abatement. A dissimilar occurrence can be noticed
concerning quantitative studies aimed at developing useful tools
for photocatalytic reactor design. Even more scarce are those
contributions that attempt to report methods based on the
fundamental principles of chemical reaction engineering and
radiation transport theory, avoiding the use of empirical or
semiempirical approximations.4

Employing artificial light in a continuous flow reactor, the
annular geometry is perhaps the most simple and, at the same
time, efficient reacting system. An exception may be a reactor
with a similar geometry employing baffles located at the reaction
space outer wall, to produce turbulence and improve mixing in
the radial direction. A few studies have been made concerning
the annular geometry, both theoretical and experimental. Sgalari
et al.5 solved the radiant field in an annular, heterogeneous
photocatalytic reactor using the discrete ordinate method6 and
compared the numerical results with those obtained by applica-
tion of the Monte Carlo technique. The effect produced by the
radiant energy absorbed by the photocatalyst was also studied
by Salaices et al.7 using phenol as a model compound and, at
the same time, proposing an experimental method to evaluate
the photon absorption rate and the extinction coefficient by a
titanium dioxide in the suspension. Salaices et al.8 used the same
reactor to report a particle agglomeration phenomenon that
affected the extinction coefficient previously measured. A
different approach was employed by Pareek et al.9,10 to study
the kinetics of the photocatalytic degradation of spent Bayer

liquor in a pilot-scale, annular, bubble column reactor. They
described the obtained results by employing computational fluid
dynamics (CFD) methods to simulate the reactor performance.
Jeon et al.11 published an experimental study of the photocata-
lytic degradation of TCE by employing Degussa P 25 titanium
dioxide in an internal circulating slurry bubble column reactor,
reporting the effects of changes in initial TCE concentration,
the flow rate of the circulating suspension, and the gas velocity
in the reactor performance. In addition, the photocatalytic
degradation of herbicides was studied both theoretically and
experimentally by Toepfer et al.12 and by Li Puma and
Brucato.13 These authors simplified the governing equations
(fluid dynamics and radiation field) to provide a simpler method
for designing photocatalytic reactors. The fountain photocatalytic
reactor14 is another configuration building on the conventional
slurry reactor design that combines minimal mass-transfer
limitations and no reactor wall deposits, with a very large
illumination surface area per unit catalyst suspension volume.
More recently, Qazaq et al.15 utilized a bubble column reactor
to investigate the photoremediation of a municipal solid waste
muddy, brownish leachate.

In all of these studies knowledge of the radiant field, i.e., the
specific radiant intensity at each point of the reaction space and
for all possible directions of irradiation [Iλ(x_,Ω_ )] (a six-variable
property) is essential because the photon absorption rate by the
catalyst is the responsible phenomenon for initiating the
degradation reaction. In fact, the reaction rate of the primary or
initiation step to produce the charge separation into electrons
and vacancies can be described by the product of the local
volumetric rate of photon absorption [LVRPA, eλ

a(x_)], a strong
function of position that is directly related to the specific
intensity, and a primary quantum yield (Φinit) for charge
separation and transport to the catalyst surface. Under conditions
of chemically and mechanically stable catalytic particles, and
when all the involved reactants and products do not absorb
radiation in the employed radiation wavelength range, the value
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of eλ
a(x_) is independent of the reaction extent. Consequently, it

can be safely assumed that, a priori, it is only a function of the
employed catalyst and independent of any other property of the
reaction and/or reactor under analysis. In a previous work16 the
radiation field in this reactor-catalyst system employing Aldrich
titanium dioxide was modeled and validated with experimental
data. These results were the first evidence that the mechanical
stability of the catalyst is not immediately obtained and that
the characteristics of the reactor walls were almost stable only
after an initial period of catalyst sticking on the reactor surfaces.
It is interesting to note that in the majority of previous reports,
no considerations were made concerning these effects. This is
even more surprising since, more often than not, Degussa P 25
titanium dioxide catalyst was used and adhesion on reactor walls
by this catalyst is even more significant.17

This work proposes a more realistic representation of the
reactor performance. The model of the reactor to produce the
photocatalytic decomposition of TCE in aqueous solution was
successively modified to account for two practically observed
phenomena: (i) the catalyst deposition on the reactor walls and
(ii) the change in the optical properties of the catalyst as a
consequence of changes in the particle sizes, resulting from two
causes: (ii-a) the change in pH during the reaction and (ii-b)
the agglomeration produced by the fluid recirculation in the
recycle from the tank to the reactor. The employed kinetics was
the one previously obtained by Brandi et al.18 in a very different
reactor configuration.

II. Experiments

II.1. Reactor Setup and Operating Conditions. The reactor
was a 0.70 m long annular space, surrounding a 1.50 m tubular
lamp (Philips TL 80W/09) with superficial emission (Figure 1).
The reactor walls were made of borosilicate glass, which filtered

any radiation wavelength below 285 nm. It was surrounded by
a second annular space for ensuring constant temperature inside
the reactor (20 °C) by a high flow rate circulating distilled water
in a closed circuit (Figure 2). The flow reactor that was part of
a recirculation, batch system complemented with a large-volume,
well-stirred tank and a high flow rate centrifugal pump (QVF)
was operated in laminar flow. The pump outlet stream was
divided between the reactor and a second recirculation loop to
improve mixing in the tank and good catalyst homogeneous
distribution that translated to the whole system. A low flow rate
oxygen feed was continuously added to the tank to make sure
that oxygen concentration was always above the stoichiometric
demand. Verification was made that the precautions taken to
avoid TCE stripping were efficiently accomplished. All the
connecting tubes were made of glass. The tank and all the
connecting lines were covered with black adhesive tape to avoid
that laboratory light altered the operating conditions. An opaque,
black, cylindrical shell of threadlike fabric masked the cylindri-
cal lamp the entire required time to achieve steady-state
operation in temperature, flow rate, and lamp operation, etc.,
in the whole system (approximately 1 h). The zero reaction time
was counted from the time that the mask was removed. The
tubular lamp had a superficial emission within the wavelength
range of 310-455 nm. In this way the operating domain for
the reactor was between 310 and 385 nm because above this
wavelength absorption by titanium dioxide is absent.

A suspension of Aldrich (Catalog No. 23,2033; Lot No. 10908
DZ; CAS No. [1317-70-0]) titanium dioxide (99% Anatase;
surface area = 9.6 m2 g-1) in concentrations always less than
or equal to 1 × 10-3 g mL-1 circulated through the reactor
annular space. As compared with Degussa P 25, for example,
we are aware that Aldrich catalyst is not the best choice
concerning degradation yields; however, to be consistent with
our previous work,16,18-20 we decided to use the same catalyst
batch. Considering the objectives of this work (photocatalytic
reactor modeling), it was understood that this selection was not
a critical restraint. It has already been shown18,19 that TCE does
not absorb radiation above 285 nm. In this suspension,
concentrations of TCE (Carlo Erba, RSE, 99.9%) below 70 mg
L-1 were always employed. The concentration of TCE was
measured in the tank (corresponding to the value CTCE,Tk

ou )
employing gas chromatography (Hewlett-Packard Model 5890
series II) with flame ionization detectors and a 60 cm long
Porapak Q-S column. More details on the equipment can be
found in Table 1.

To have a precise quantification of the reactor wall deposition
and, at the same time, to keep a continuous monitoring of the
optical properties of the suspension that is recirculating,
measurements of the radiation fluxes coming out of the reactor
external wall were made. These measurements were performed
with a radiometer (IL 1700 from International Light) and a
sensor (SED005 from the same manufacturer). The sensor
included a filter with a peak at 350 nm (WBS320). It was placed
at the point of measurement, employing an optical fiber made
of quartz (FFO2500 from International Light). The fiber was
placed at the external side of the tubular system and perpen-
dicular to the radiation source. It could be placed in seven
reproducible axial positions and six reproducible angular
positions. It provided almost point measurements of the outgoing
radiant flux in terms of current intensities, which can be
transformed into radiation fluxes for the whole wavelength range
of radiation according to the procedure described in details by
Brandi et al.21,22 Spectrophotometric extintance measurements
in the range from 275 to 405 nm were made with a double-

Figure 1. Reactor geometry and coordinate system corresponding to the
reaction apace (adapted from Romero et al.16).
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beam Cary 17D UV-visible spectrophotometer, using two cells
having a 2 mm optical path.

II.2. Experimental Procedure. Some changes had to be
made with respect to previous work due to the size of this
equipment.18,19 A 1076 mg L-1 saturated solution of TCE23 was
prepared from a small volume of TCE added to 1000 mL of
pure water (18 MΩ). After vigorous stirring it was left for 12 h
at 20 °C in a cryothermostatic bath (LAUDA K2R).

An experimental run started by filling the tank with pure water
(a total volume of tank plus reactor equal to 12500 mL), which
was then saturated with a stream of pure oxygen during 30 min
at 20 °C. The lamp was turned on; it took an additional equal
time to reach steady-state operation. With the fiber optics located
at the middle axial position of the reactor length, it was possible
to measure a point value of the outgoing radiation flux from
the reactor and verify the stable operation of the lamp and the
starting value of the radiation field with clean reactor walls.
Afterward, the required amount of aqueous suspension of TiO2,

previously sonicated for 1 h was added. The suspension was
circulated for at least 15 min, a time that was sufficient to
register, with the optical fiber measurements, the effect in the

increasing transmittance produced by the catalyst agglomera-
tion.16 Afterward, the lamp was covered with the opaque, black,
cylindrical shell of threadlike fabric. Then, the bubbling with
O2 was stopped, and the system was maintained under overpres-
sure of oxygen to guarantee the renewal of the oxygen consumed
by the photochemical reaction. The required exact amount of
TCE was added to the system, which remained under recircula-
tion in the dark for not more than 30 min to permit adsorption
of TCE, by titanium dioxide. TCE concentrations were measured
in several samples at 10 min intervals, until the measurement
gave a constant value (the sample volume was always 10 cm3).
The black cylindrical shell was retired, and this was registered
as the reaction time equal to zero. During all the time occurring
from the moment in which the titanium dioxide was added,
measurements with the fiber optics and samples taken from the
tank were used to measure the extinctance of the suspension
(absorption plus scattering effects). The lamp operation was
controlled with a V-A-W meter.

Once the photocatalytic run was finished (approximately 5 h
of reaction), the total system was gently washed by employing
pure water. This procedure permitted the elimination of all the
catalytic suspension, keeping the reactor walls always wetted.
With this programmed method it was intended to keep the
reactor wall deposition unaltered. The wash progressed up to
the point where the readings in the radiometer as well as the
extinctance measurements of the outgoing water were constant.
This operation took about 1 h. At this moment, it was possible
to make a separate measurement of the loss of transmission
produced by the reactor walls deposition, separately from the
effect produced by the catalyst agglomeration. Measurements
were made moving the optical fiber axial and angular manner.16

The angular values showed differences always smaller than 5%
and were averaged at its axial position, allowing a one-
dimensional functional representation of the nonuniform axial
profile along the reactor length.

Figure 2. Experimental setup.

Table 1. Description of the Reacting System

system detail parameter value

annular reactor borosilicate glass walls rin 3 cm
rou 4 cm
LR 70 cm

external annulus borosilicate glass walls rin 4.25 cm
rou 4.95 cm

batch recycle total volume VT ) VR + VTk 12500 mL
flow rate Q 9960 mL

min-1

tubular lamp nominal power PN 80 W
Philips TL/09 nominal arc length LN 150 cm
emission: superficial

and diffuse
lamp radius rL 1.9 cm

actual useful length LL 70 cm
actual useful power PL 37.34 W

wavelength emission 310-445 nm
useful emission range considering lamp

and catalyst
310-385 nm

photochemical power considering total lamp
emission

5.9 × 10-3

einstein s-1
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III. Reactor Wall Deposition

The attachment by titanium dioxide to the walls produced
an extra and thin layer of catalyst on the reactor walls.
Consequently, due to the high radiation absorption by titania, a
given absorbance can be assigned to it that will affect the radiant
field of the whole system. The radiometer measurements
described before permitted one to obtain an axial profile of the
loss of transmittance produced by the wall deposition. Due to
the very small vision angle of the optical fiber (23° is the average
reception angle for the wavelength range of 310-410 nm,
reported by Brandi24) it is possible to assume that these
measurements represented true axial, local values of the radiant
fluxes arriving at the external wall of the annular reaction space.
Consequently it could also be assumed that the rays coming
out in this direction perpendicular to the radiation source are
the ones that also correspond to the radiation rays that are
entering the reactor inner wall in a direction practically normal
to it. If we accept the hypothesis that the deposition is the same
in both inner walls of the annular space, then the same radiation
absorption (loss of transmission) would be developed in both
surfaces. Thus, from measurements of the clean reactor walls
and the ones having the stuck titanium dioxide, it will be
possible to obtain a longitudinal profile of the real transmittance
resulting from the catalytic deposition on the surfaces. Figure
3 shows the results obtained for the axial profiles corresponding
to the actual transmittance resulting from the observed deposit
in experiments conducted at three different TiO2 concentrations.
The transmittance values are kept almost constant at 80% with
the exception of the inlet section of the reactor (up to almost
the middle height position) that shows a more significant
deposition, probably due to the effects produced by the flow
distributor to the suspension impinging at the wall close to this
section. This effect, somehow diminished, was observed at the
reactor outlet. As compared with the magnitude of the reaction
occurring in the slurry, the eventual wall catalytic reaction
produced by the phenomenon was neglected.

IV. Optical Properties Variations

The existence of agglomeration in the catalytic particles has
been reported before.8,16,18 This circumstance produces an
important change in the catalyst optical properties. These
changes were attributed to two causes: (a) stirring and recircula-
tion and (b) variations in pH. In principle, agitation and
recirculation have been shown to produce an increase in the

transmittance of the suspension that is proportional to the time
evolution of the system. This phenomenon was reported by
Romero et al.16 in the absence of chemical reaction. On the
other hand, the reaction mixture changes from pH 6.5 at the
beginning of the reaction to a final value of approximately pH
3.5, corresponding to the reached conversion after 4 or 5 h of
reaction time (see data in Figure 4). This effect produces a
nonlinear change in the transmittance of the suspension.18 In
Brandi et al.’s work,18 changes in transmittance were translated
directly into the extinctance of the suspension, considering that
the main effect was produced by modifications in scattering
resulting from the increasing size of the particles. Work reported
latter by Satuf et al.25 have shown that all optical properties
are utterly different from pH 6.5 to pH 2.5. In our case, the
specific extinctance (�λ*) was measured in the suspension (from
samples in the tank) with a spectrophotometer and the changes
in the specific absorption coefficient were obtained by an
optimization procedure as described in what follows.

As mentioned before, during the experimental work, changes
in the radiant field (more specifically, transmissions) were
continuously monitored with fiber optics located at the middle
height position of the external reactor wall. Figure 4 shows the
temporal variations during a typical run. The data were
expressed directly in current intensities to avoid, at this point,
unnecessary transformations. The reasons for this direct ap-
proach are the following: According to Brandi et al.22 one could
transform the radiometer readings in current intensities into the
desired radiative fluxes employing the following information
and steps: (i) the absolute sensitivity of the instrument at a
specified wavelength (given by the sensor manufacturer’s
specifications); (ii) the sensor sensitivity relative spectral
wavelength distribution (given by the sensor manufacturer’s
specifications); (iii) the value of the relative spectral distribution
of the arriving polychromatic flux at the surface of the detector.
The first two steps do not present major difficulties. The third
one has the following drawbacks: (1) In the first place, to have
an accurate representation of the wavelength distribution of the
arriving energy, it is necessary to resort to a hypothesis
concerning the wavelength distribution of the lamp output. This
implies the acceptance of the existence of no deviations from
the technical information provided by the lamps’ manufacturer.
(2) The transmittance of both reactor wall experiments changes
with time as it is described in the following sections. (3)
Between both walls, there is a titanium dioxide suspension that
absorbs and scatters radiation, varying the wavelength distribu-
tion of the lamp output. To avoid these uncertainties, to estimate
the different physical effects measured with the radiometer, the
direct use of current intensities does not introduce any distortion

Figure 3. Longitudinal profiles describing the reactor wall deposition: Cm,cat.

) 0.25 × 10-3 g mL-1 and CTCE
0 ) 65.08 mg L-1, experimental data (!)

and interpolation line (-); Cm,cat. ) 0.50 × 10-3 g mL-1 and CTCE
0 ) 65.08

mg L-1, experimental data (O) and interpolation line (--); Cm,cat. ) 1.0 ×
10-3 g mL-1 and CTCE

0 ) 68.43 mg L-1, experimental data (2) and
interpolation line (- · -).

Figure 4. pH variations (0) and radiometer readings of measurements made
with the fiber optics in terms of current intensities ()). Measurements were
made at the reactor middle height position and at a constant angular position.
Cm,cat. ) 0.50 × 10-3 g mL-1; CTCE

0 ) 35.75 mg L-1.
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in the results. The use of them in the different parameter
estimations permits the correct interpretation of the experimental
data without distortion or difficulties.

At the beginning, with the system irradiated and the TiO2

suspension exclusively flowing, Figure 4 shows a linear variation
of the transmitted radiation during 24 min. This behavior is
similar to the one observed by Romero et al.16 without chemical
reaction. This is the effect produced by agitation and recircula-
tion. Afterward, there is a dark region (between 24 and 46 min),
corresponding to the addition of TCE in the absence of radiation
(recall and compare with the previous description of the
initiation of an experimental run). Finally, when the reaction
begins at time equal to 46 min, a nonlinear variation in the
results of these measurements can be observed. This is a
combined effect of mechanical stirring and change in the
solution pH.18 As shown in Figure 4, changes in pH along the
reaction evolution are significant and this effect cannot be
ignored.

Simultaneously, for each run, samples in the tank were taken
with a 2-fold purpose: (a) chemical analysis and (b) spectro-
photometric measurements of extinctance. The range of 275-405
nm was swept in both directions in the spectrophotometer, and
the highest values at the same wavelength were taken as valid
in consideration of possible settling of the larger particles. More
details on these experiments can be seen in Cabrera et al.26 and
Satuf et al.20

From the values of �λ*, it is possible to think that all these
changes were the result of variations in the scattering coefficient
(σλ*) produced by the increasing size of the scattering centers
as supposed by Brandi et al.,18 i.e., that the absorption coefficient
κλ* remains constant. However, when these sole values of the
optical properties were used to predict theoretically the evolution
of the measurements made with the optical fiber outside the
reactor wall, the experimental values were not reproduced. They
were systematically higher than all theoretical predictions with
the previous assumption. It is then reasonable to think that also
the absorption coefficient was changed and that it may have
been significantly reduced.8,25 These results can be interpreted
as the consequence of an important decrease in radiation
absorption by larger particles.27

Consequently, the corrected values employed in this work
were obtained by optimization. Using the experimental data of
�λ*(t), the optimization software provides the κλ*(t) values which
minimize the differences between the experimental measure-
ments obtained from the optical fiber and the theoretical
predictions. In this way it was possible to obtain the pair of
absorption and scattering coefficients as a function of wave-
length and time [κλ*(t) and σλ*(t)] employed in this work. No
changes in the phase function were made.20 These aspects
introduce some differences with the interpretation of the
experimental results made by Brandi et al.18

It must be noted that both κλ* and σλ* are a function of the
reaction time and give coherence to the experimental values
measured with the fiber optics along this time. Figure 5 shows
the values of �λ*(t) and κλ*(t) as a function of time for a typical
run. As expected, the extinction coefficient measured with the
spectrophotometer shows a different trend as compared with
the radiation field measured with the optical fiber (cf. with data
plotted in Figure 4); however, considering the remarkably
different meaning of both physical properties, the observed
results are fully consistent. The absorption coefficients by the
suspension measured by Satuf et al.20 at pH 6.5 decrease to our
values obtained by optimization at values around pH 3.5 at the

end of the experimental run and are in accordance with a similar
evolution reported in the measurements made by Satuf et al.25

at pH 2.5.

V. Reactor Modeling

V.1. Theory. For the temporal variation of the TCE con-
centration in the system, separate mass balances were written
for the tubular reactor and for the tank. The storage tank works
always under perfect stirring conditions and in the transient state.
The mass balance for species i (TCE) is given by

The incoming concentration in the tank is the one issued from
the tubular reactor outlet. To know this concentration, the mass

Figure 5. Agglomeration. Temporal evolution of optical parameters: Cm,cat.

) 0.50 × 10-3 g mL-1; CTCE
0 ) 35.75 mg L-1; (a) �λ*(t) and (b) κλ*(t).

εL

dCi,Tk
ou (t)

dt
) Q

VTk
[〈Ci,Tk

in (x_, t)〉ATk
in - Ci,Tk

ou (t)] (1)

Ci,Tk
ou (t ) 0) ) Ci

0 (2)
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balance for the annular reactor must be written. Considering a
two-dimensional, pseudohomogeneous reactor, under laminar
flow and un-steady-state regime,

The solution of this equation will provide the value of the
average exit concentration from the reactor:

This is the most rigorous approach. To compare results, two
other operation descriptions can be considered. The first is an
approximation and the second a limiting case:

The first estimate, assumes that the tubular reactor operates
under steady state and consequently

where the reactor incoming reactant concentration shows a
parametric dependence with respect to time, as it is represented
by eq 7.

The second one assumes that the operation of the complete
system is as follows: (a) there is a transient state; (b) there are
well-stirred conditions; (c) VR < < Vtot. ) VR + VTk, where VTk

) Vtot. - VR; and (d) the reactor operates under almost
differential conversion per pass. Under these conditions, it can
be shown that28

Under these assumptions, the result produces the limiting case
of a single, well-stirred, batch system.

The employed reaction rate was taken from Brandi et al.:18

where R ) 1.94 × 10-9 mol cm-2 g1/2 einstein-1/2 s-1/2 and R3

) 5.52 × 106 mL mol-1. Equation 10 calls for a value of ∫λ

eλ
a(x,t,Cm,cat.) dλ, which implies the need to calculate eλ

a(x,t,Cm,cat.).

This value is obtained from the solution of the radiative-transfer
equation (RTE) for each point inside the annular space and valid
for monochromatic radiation (λ) and a given direction of
propagation Ω. According to Romero et al.16

Equation 11 must be solved with the following boundary
conditions (the most important variables and the spatial and
directional coordinates are defined in Figure 1):

where the following has been taken into account: (i) the lamp
emission model (Iλ,Lp), considered the presence of a three-
dimensional, steady-state, superficial emission,29 (ii) the back-
scattering (Iλ,bs) produced by the suspension at r ) rin, and (iii)
the reflected photons on the inner side of the internal and
external reactor walls (Iλ,Rf). It must been stressed that the
emission from the lamp is the result of a theoretical model and
under no circumstances an experimental actinometry has been
made; this must be so because, in any realistic reactor design,
the equipment to be built will not be available for these
measurements. For more details, the reader is referred to the
quoted reference.

With respect to the employed catalyst (TiO2, Aldrich) the
initial optical properties at the beginning of each run [the
absorption coefficient (κλ*), the scattering coefficient (σλ*), and
the phase function pλ(Ω′f Ω)] were taken from recent
measurements made by Satuf et al.20 at pH ) 6.5. Afterward,
when the agglomeration and the change in pH take place, the
values of κλ* and σλ* were calculated as it was explained before.
From the field of specific radiation intensities, [Iλ(x,Ω,t)],
obtained from the solutions of eqs 11 and 12, the LVRPA was
calculated as follows:

In addition, the polychromatic LVRPA results:

It must be noticed, as it was indicated in eq 9, that eλ
a(x_,t) )

eλ
a(x_,t,Cm,cat.) to emphasize that the LVRPA is a strong function

of the catalyst properties.
V.2. Numerical Solution. Equations 1-4 represent one

system of coupled differential equations that must be solved
together with the integrodifferential equation that describes the
radiation field in the annular space of reaction (eqs 11-14).
The solution mechanism asks for the adoption of a temporal
step to characterize the system. Following Wolfrum and
Turchi,30 this time can be adopted as the mean residence time
(tR). During one residence time, the inlet concentration in the
tubular reactor is considered constant. It is the parametric
representation given by eq 7, where the time dependence of
the said parameter is set equal to tR. Ballari et al.27,31 have solved
the system with an approach much closer to the actual transient
state, using a significantly smaller characteristic time for the

εLDi,mix[∂2Ci,R(r, z, t)

∂r2
+ 1

r

∂Ci,R(r, z, t)

∂r ] -

εLVz(r)
∂Ci,R(r, z, t)

∂z
+ νiaVRhet(r, z, t) ) εL

∂Ci,R(r, z, t)

∂t
(3)

z ) 0 f Ci,R(r, z ) 0, t) ) Ci,Tk
ou (t)

r ) rin f
∂Ci,R

∂r
(r ) rin, z, t) ) 0

r ) rou f
∂Ci,R

∂r
(r ) rou, z, t) ) 0

t ) 0 f Ci,R(r, z, t ) 0) ) Ci,R
0

(4)

〈Ci,R
ou (r, z ) LR, t)〉AR

ou )
∫0

2π ∫rin,R

rou,R
Ci,R(r, LR, t) Vz(r)r dr dθ

∫0

2π ∫rin,R

rou,R V(r)r dr dθ
)

〈Ci,Tk

in
(x_, t)〉ATk

in (5)

εLDi,mix[∂2Ci,R
t (r, z)

∂r2
+ 1

r

∂Ci,R
t (r, z)

∂r ] - εLVz(r)
∂Ci,R

t (r, z)

∂z
+

νiaVRhet
t (r, z) ) 0 (6)

z ) 0 f Ci,R
t,0 (r, z ) 0) ) Ci,Tk

ou (t) (7)

εL

dCi,Tk
ou (t)

dt
)

VR

Vtot.
aV〈νiRhet(x_, t)〉aVVR

(8)

Ci,Tk
ou (t ) 0) ) Ci

0 (9)

νiRhet(x_, t)aV )

-Sg(Cm,cat.)
1/2R(∫λ

eλ
a(x_,t, Cm,cat.) dλ)1/2 R3Ci(x_, t)

1 + R3Ci(x_, t)
(10)

∇_ · [Ω_ Iλ(x_,Ω_ , t)] + κλ(x_, t) Iλ(x_,Ω_ , t) + σλ(x_, t) Iλ(x_,Ω_ , t) )
σλ(x_, t)

4π ∫Ω′)4π
p(Ω′ f Ω) Iλ(x_, Ω_ ′, t) dΩ′ (11)

Iλ(r, 0, µ, η, t) ) Iλ(r, LR, µ, η, t) ) 0
Iλ(rou, z, µ, η, t) ) Iλ,Rf(rou, z, µ, η, t)

Iλ(rin, z, µ, η, t) ) Υλ, rin
Iλ,Lp(rin, z, µ, η, t) +

(Υλ,rin
)2Iλ,bs(rin, z, µ, η, t) + Iλ,Rf(rin, z, µ, η, t)

(12)

eλ
a(x_, t) ) ∫Ω)4π

Iλ(x_,Ω_ , t) dΩ (13)

ea(x_, t) ) ∫λ
eλ

a(x_, t) dλ (14)
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changes in the tank concentration, and, consequently, the inlet
concentration in the annular reactor changes in an almost
continuous fashion. Depending upon the reaction rate and the
conversion per pass, both approaches may be very similar.
However, with the existence of the numerical discretization
procedure employed in the solution of both systems of dif-
ferential equations, rigorously speaking, the outcome cannot be
considered equal to a true transient state. The following steps
were followed.

(1) The initial concentration of TCE (after the adsorption
equilibrium has been reached) is used as the initial condition
for the tank: Ci,Tk

ou (t ) 0) ) Ci
0.

(2) The same value is the initial condition for the annular
reactor: Ci,R(r,z,t)0) ) Ci,R

0 . Using a finite difference technique
the concentration field in the annular reactor in the transient
state is solved during the time tR considering that, during this
time, Ci,Tk

ou remains constant. This allows calculation of the
concentration profile at the annular reactor outlet. With this
value, the cup-averaged outlet concentration 〈Ci,R

ou (x_,t)〉AR
ou is

calculated, which is equal to the inlet concentration in the tank
〈Ci,Tk

in (x_,t)〉ATk
in after tR.

(3) Employing a second-order Runge-Kutta algorithm, eqs
1 and 2 are solved. This procedure, renders the new output
concentration from the tank after tR equal to Ci,Tk

ou * Ci
0.

(4) Steps 2 and 3 are repeated as many times as required to
reach the total reaction time of each run.

With respect to the choice of the characteristic time interval
for the transient-state solution, it must be stressed once more
that, in actual terms, the whole system is operating in a
permanent intrinsic transient state. The solution adopted here
seems to be a logical approximation to obtain the output
concentration of the annular reactor. In this particular system,
variations made with smaller time intervals did not introduce
significant changes in the storage tank outlet concentration. For
temporal intervals greater than τ = 9 the solution of the system
becomes highly unstable.

Computation of the reaction rate (eq 10) needs the result of
eq 14. This demands the value of the radiation field in the
annular region, which is spatially two-dimensional (r, z) and
angularly two-directional (µ, η) (recall eqs 11 and 12) and also
a function of time because κλ* and σλ* are time-dependent.
Moreover, the solution is obtained for each pseudo-monochro-
matic wavelength interval ∆λ. To get the solution, the discrete
ordinate method (DOM) is employed.6 The integrodifferential
equation (eq 11) is transformed into a set of algebraic equations
that are solved starting from the boundary conditions (eq 12)
and following the sense of radiation propagation. To apply the
DOM at each reaction time (recall once more that κλ* and σλ*
are both a function of t), three discretizations are needed: (i)
for the spatial variables r and z (angular symmetry has been
assumed), (ii) for the directional spherical variables Ω_ ) Ω(µ,η),
and (iii) the spectral variable in the range of useful wavelengths.
The detailed procedures have been described in Romero et
al.16,32

The solution of the system corresponding to the annular
reactor under steady-state conditions implies a numerical
representation in terms of a Crank-Nicholson approach together
with the solution of a system of algebraic equations employing
the Thomas algorithm. Since the reaction rate does not have a
linear dependence with the concentration, it is necessary to
iterate in the concentration field until convergence within a
prescribed error is obtained.

VI. Results

VI.1. Laminar Reactor Behavior. The employed pseudo-
transient-state solution for solving the entire system, as stated
before, implies that, during one residence time in the tubular
reactor, the feed concentration remains constant. It seems
appropriate to analyze first the transient behavior of the laminar
flow reactor under the assumption that it works alone, receiving
a constant concentration feed. The results of this simulation are
shown in Figure 6a,b. The first shows the temporal variation of
〈CTCE,R

ou (x_,t)〉AR
ou when the reactor is fed with an inlet concentration

of TCE (CTCE,R
0 ) ) 50 mg L-1 employing a catalytic suspension

of 0.50 × 10-3 g mL-1. There is a steep gradient in the first
part of the reactor length; in the second part, the variation
decreases more slowly, until the point where the steady-state
concentration has been reached. The required time is ap-
proximately equal to 7.5 tR. When the complete system assumes
that the reactor operates at steady state, the mathematical
solution should employ this time scale. As indicated before,
values larger than tR produce significant changes in the final
value of the tank output concentration CTCE,Tk

ou . This is a clear
indication that the assumptions involved in eqs 6 and 7 are
unacceptable. Figure 6b depicts the radial profiles of CTCE,R

ou /
CTCE,R

0 for different times under constant reactant feed. For this
case, it can be seen that only the reactor layer closer to the
inner radius of the reactor, i.e., closer to the tubular lamp,
produces significant conversions of TCE, the reason being that
0.50 × 10-3 g mL-1 of catalyst concentration introduces a very
high optical density in the reaction space. An irrelevant change
in the radial profile is also observed in a thin layer close to the

Figure 6. (a) Temporal evolution of the annular reactor outlet concentration
[〈C

TCE,R
ou (x_,τ)〉AR

ou] considering operation of the annular reactor under constant
inlet concentration. (b) Dimensionless, temporal variation of the radial
profiles of TCE CTCE,R

ou (x_,τ)/CTCE,R
ou .
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outside diameter of the annulus, resulting from the very long
residence time generated by the assumed laminar flow reactor
operation.

VI.2. TCE Degradation. In a first approximation, the
reacting system is solved assuming that the value of the LVRPA
corresponds to a reactor with clean walls and no catalyst
agglomeration, i.e., constant optical properties of the catalyst.
For this purpose eqs 1-9 were solved in an increasing degree
of complexity: (i) the perfectly mixed system (eqs 8 and 9), (ii)
the tank performance, separately, on the one hand (eqs 1 and
2) and, on the other, the reactor, with the assumption that it
operates under steady-state conditions (eqs 6 and 7), and, finally,
(iii) the tank (eqs 1 and 2) linked with the reactor operating
under a transient performance (eqs 3 and 4). In Figure 7a the
results of the temporal evolution of CTCE,Tk

ou (t) can be observed
for a typical run and for the three proposed models. The values
of approximations i and ii do not show too many differences,
as it has been already reported by Satuf et al.33 Model iii shows
significant variations from the other two, resulting from the more
realistic assumption of the transient behavior. Notable differ-
ences after 4-5 h of one experiment are observed. Deviations
for model iii fall within the range of -11.6 to -1.8%. The
absolute error average value (AEAV) is 6.9% and the root square
mean error (RSME) is 2.6%. Since in this case the radiation
field is calculated in excess, because only “clean and initial”
values of the optical properties have been used, it seems logical
that all the experimental values fall above all predictions.

Theoretical predictions were compared with all experimental
data [CTCE,Tk

ou (t)] employing three different catalyst loadings:
Cm,cat. ) (0.25, 0.50, and 1.0) × 10-3 g mL-1 and three different
initial conditions of TCE e 70 mg L-1 (Figure 8). The results
with model iii indicate deviations between -38.8 and +13.1%.
AEAV ) 14.9%, and RSME ) 2.1%.

VI.3. Reactor Walls Deposition. The deposition produces
an actual decrease of the specific available intensities because
the values of the boundary conditions for eq 11 (eqs 12) are
correspondly changed.

When these values are taken into account in the three models,
the results for a typical run are shown in Figure 7b. A shift of
the theoretical predictions toward the experimental values is
observed. For model iii deviations are in the range between -7.6
and +2.1%. AEAV ) 3.9%, and RSME ) 1.6%. Considering
all the obtained experimental data (Figure 9), the results with
model iii indicate deviations between -30.3 and +25%. AEAV
) 11.1%, and RSME ) 1.6%.

VI.4. Variation in the Optical Properties due to
Agglomeration and Change in pH. In sections VI.1, VI.2, and
VI.3 all calculations were made considering that the radiation
field given by eq 10 was constant, only affected, in case VI.3,
at the boundary conditions. The last corrections that can be made
according to the experimental observations are those due to
changes in pH and agglomeration; the optical properties are
altered and become a function of the reaction time, i.e., �λ*(t),
κλ*(t), and σλ*(t), where t is the reaction time. The time evolution
of �λ*(t) and κλ*(t) have almost opposite trends, which is a clear
indication that the radiation field has been changed. These
changes were incorporated in the three models, and the results
for the same run as before are shown in Figure 7c. The
experimental results show a much better agreement; deviations
fall within the interval -6.2 to +3.7%, with an AEAV value
of 3.3% and a RSME value of 1.3%. Considering all of the
experimental runs (Figure 10), the results according to model
iii are as follows: (1) deviations between -17.8 and +34%,
(2) the AEAV value is 8.5%, and (3) the RSME value is 1.26%.

The reactor performance has been predicted reasonably well
when model iii is applied. When these results are finally
analyzed, it cannot be avoided to refer to the origin of the
employed kinetic model (Brandi et al.18). In that work, the
obtained kinetic parameters were calculated using a different
interpretation of the agglomeration problem. Furthermore, a two-
dimensions in space-two-dimensions in direction reactor model
(as the one employed by Brandi et al.18) is not the very best
configuration for obtaining kinetic parameters. Simple reactors
are preferred.

The proposal of the fountain head reactor made by Li Puma
and Yue14 that has, at the same time, the possibility of being
operated as an excellent solar reactor offers a solution to the

Figure 7. Temporal evolution of CTCE,Tk
ou (t). Typical results considering the

following: (a) neither deposition nor agglomeration; (b) deposition and no
catalyst agglomeration; (c) deposition and catalyst agglomeration: model i,
- · -; model ii, --; model iii, -. Experimental data: (]). Cm,cat. ) 0.25
g/L; CTCE

0 ) 42.8 mg L-1.

Ind. Eng. Chem. Res., Vol. 48, No. 23, 2009 10463



catalyst deposition effect; however, agglomeration produced in
the solid particles during the reactor operation remains as an
unsolved problem that cannot be ignored for the slurry operation.

VII. Conclusions

(1) The obtained results have confirmed previous studies16

that have shown that realistic reactors, employing titanium
dioxide during a reasonably long reaction time, have a perfor-
mance that is very different than the one predicted by purely
theoretical calculations.

(2) A reaction-reactor model has been used with reasonable
success in the interpretation of realistic experimental data for

the TCE degradation. It has been useful to show that reactor
wall deposition produced by the characteristics of titanium
dioxide and catalyst agglomeration resulting from the fluid
circulation and variations in the suspension pH by the reaction
products seriously interferes with predictions from theoretical
model simulations.

(3) It has been shown that, under realistic operating condi-
tions, the mechanical and optical properties of the employed
catalyst operated in a slurry reactor become a function of time.

(4) The employed system was an annular, tubular reactor
inside a recycle; three different models, assuming an increasing
degree of complexity were employed: (i) the perfectly mixed
system, (ii) the tubular reactor operating at pseudo-steady-state,
and (iii) the tubular reactor operating at transient state. Only
the third one, after consideration of deposition and agglomera-
tion effects, improved the correspondence of the theoretical
predictions with the experimental results.
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Nomenclature

aV ) solid-liquid interfacial area per unit reactor volume (cm2

mL-1)
C ) molar concentration (mol mL-1)
Cm ) mass concentration (g mL-1)
D ) diameter (cm)
Di,mix ) diffusion coefficient of i-species in the mixture (cm2 s-1)
De ) 2(rou - rin), equivalent diameter (cm)
ea ) local volumetric rate of photon absorption (einstein mL-1 s-1)
e ) unit vector along the coordinates axes (dimensionless)
i ) current intensity (A)
I ) specific radiation intensity (einstein s-1 cm-2 sr-1)
L ) length (cm)

Figure 8. Results considering a reactor with clean walls and no catalyst
agglomeration with model iii and all runs. Predicted values CTCE,Tk

ou,pred (t) versus
experimental values CTCE,Tk

ou,exp (t). Experimental data (0): Cm,cat. ) 1.0 g/L,
CTCE

0 ) 52.32 mg L-1; Cm,cat. ) 0.50 g/L, CTCE
0 ) 35.75 mg L-1; Cm,cat. )

0.50 g/L, CTCE
0 ) 65.08 mg L-1; Cm,cat. ) 1.0 g/L, CTCE

0 ) 24.02 mg L-1;
Cm,cat. ) 0.25 g/L, CTCE

0 ) 42.8 mg L-1; Cm,cat. ) 0.50 g/L, CTCE
0 ) 15.46

mg L-1; Cm,cat. ) 0.25 g/L, CTC
0 ) 65.08 mg L-1; Cm,cat. ) 1.0 g/L, CTCE

0 )
68.43 mg L-1; Cm,cat. ) 0.25 g/L, CTCE

0 ) 21.7 mg L-1.

Figure 9. Results considering deposition and no catalyst agglomeration with
model iii and all runs. Predicted values CTCE,Tk

ou,pred (t) versus experimental values
CTCE,Tk

ou,exp (t). Experimental data (0): Cm,cat. ) 1.0 g/L, CTCE
0 ) 52.32 mg L-1;

Cm,cat. ) 0.50 g/L, CTCE
0 ) 35.75 mg L-1; Cm,cat. ) 0.50 g/L, CTCE

0 ) 65.08
mg L-1; Cm,cat. ) 1.0 g/L, CTCE

0 ) 24.02 mg L-1; Cm,cat. ) 0.25 g/L, CTCE
0

) 42.8 mg L-1; Cm,cat. ) 0.50 g/L, CTCE
0 ) 15.46 mg L-1; Cm,cat. ) 0.25

g/L, CTCE
0 ) 65.08 mg L-1; Cm,cat. ) 1.0 g/L, CTCE

0 ) 68.43 mg L-1; Cm,cat.

) 0.25 g/L, CTCE
0 ) 21.7 mg L-1.

Figure 10. Results considering deposition and catalyst agglomeration with
model iii and all runs. Predicted values CTCE,Tk

ou,pred (t) versus experimental values
CTCE,Tk

ou,exp (t). Experimental data (0): Cm,cat. ) 1.0 g/L, CTCE
0 ) 52.32 mg L-1;

Cm,cat. ) 0.50 g/L, CTCE
0 ) 35.75 mg L-1; Cm,cat. ) 0.50 g/L, CTCE

0 ) 65.08
mg L-1; Cm,cat. ) 1.0 g/L, CTCE

0 ) 24.02 mg L-1; Cm,cat. ) 0.25 g/L, CTCE
0

) 42.8 mg L-1; Cm,cat. ) 0.50 g/L, CTCE
0 ) 15.46 mg L-1; Cm,cat. ) 0.25

g/L, CTCE
0 ) 65.08 mg L-1; Cm,cat. ) 1.0 g/L, CTCE

0 ) 68.43 mg L-1; Cm,cat.

) 0.25 g/L, CTCE
0 ) 21.7 mg L-1.
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p ) phase function (dimensionless)
Q ) volumetric flow rate (mL s-1)
r ) cylindrical radial coordinate (cm)
Rhet ) heterogeneous reaction rate (mol cm-2 s-1)
Sg ) catalyst surface area (cm2 g-1)
t ) time (s)
tR ) mean residence time (s)
V ) velocity (cm s-1)
V ) volume (mL)
x ) position vector (cm)
z ) cylindrical axial coordinate (cm)

Greek Letters
R ) kinetic parameter (mol cm-2 g1/2 einstein-1/2 s-1/2)
R3 ) kinetic parameter (mL mol-1)
� ) σ + κ, volumetric extinction coefficient (cm-1)
φ ) cylindrical coordinate (rad)
Φ ) quantum yield (mol einstein-1)
εL ) liquid hold-up (dimensionless)
η ) ez ·Ω ) cos γz (dimensionless)
κ ) κ*Cm, volumetric absorption coefficient (cm-1)
κ* ) mass absorption coefficient (cm2 g-1)
λ ) wavelength (cm)
µ ) er ·Ω ) cos γr (dimensionless)
σ ) σ*Cm, volumetric scattering coefficient (cm-1)
σ* ) mass scattering coefficient (cm2 g-1)
Y ) I/I0, transmission coefficient (dimensionless)
Ω ) unit vector in the direction of propagation (dimensionless)
Ω ) solid angle (sr)
ν ) stoichiometric coefficient (dimensionless)
τ ) t/tR, dimensionless time (dimensionless)

Subscripts
0 ) initial condition
bs ) relative to backscattering
cat. ) relative to the catalyst
ext ) relative to the outer wall of the external annular space
i ) relative to the i-species
in ) relative to the inner wall
Lp ) relative to lamp
ou ) relative to the outer wall
r ) relative to the r-axis
Rf ) relative to reflection
R ) relative to the reactor
Tk ) relative to the storage tank
tot. ) total value
z ) relative to the z-axis
λ ) dependence on wavelength
Ω ) relative to the direction of radiation propagation

Superscripts
0 ) initial condition
in ) inlet value
init ) initial value
e ) relative to emission
exp ) experimental value
pred ) value predicted by the model
ou ) outlet value
t ) denotes time parametric dependence
* ) denotes specific property (per unit mass)
Special Symbols
〈〉 ) average value
· ) dot product
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