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16.1 Introduction

The main feature that distinguishes a photoreactor from a chemical reactor
is the presence of photons. Photons can be considered as a chemical reagent
whose function is that of exciting molecules in homogeneous systems and of
generating electron-hole pairs on heterogeneous systems. Consequently, it
is of fundamental importance to develop a photocatalytic reactor model that

considers the fate of the photons in the reactor.
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Photocatalytic Reactor Modeling 389

The development of a complete photocatalytic reactor model at different
scales includes four main methodological components: (i) the reactive system,
(i) the radiation source, (iii) the semiconductor photocatalyst, and (iv) the reac-
tor type and geometry. These elements should be clearly defined to describe
correctly the modeling equations and phenomenological processes of a photo-
catalytic process. In more detail, the mathematical model of the photoreactor
includes: mass balances coupled to hydrodynamics equations, reaction rate
laws, a quantum yield model and, most importantly, an estimation of the inci-
dent radiation field considering a source emission model applicable to either
sunlight or artificial light sources, and the formulation of a photon absorption-
scattering model which determines the spatial distribution of the “local volu-
metric rate of photon absorption” (LVRPA) in the reactor (Figure 16.1).

After formulation of the mathematical model, the modeling equations
are solved through numerical methods, usually by adjustment of the model
parameters and fitting of the model results to the experimental data. The
kinetic parameters are usually obtained with optimization algorithms. The
numerical solution obtained can then be used to generate simulation data
for further experimentation, model validation, and for performing a sensi-
tivity analysis of the model parameters. The scaling-up of the photoreactor
to different scales for laboratory, pilot, or industrial applications can finally
be developed from the validated model. Figure 16.1 shows a block diagram
representing the modeling of a photocatalytic reactor.

“ Reactive System | || Semiconductor Solar Radiation Geometry ‘

LVRPA —-SFM-Emission Model <—  Ray-Tracing

Reactl.on I.{ate b Mass Balance and
and Kinetic Models |G SB[y (odynamics

Scaling —up and
Simulation

Figure 16.1 Methodological structure for modeling, simulation, and scaling-up of
heterogeneous photocatalytic reactors. (Adapted from Mueses et al.,
2013." Reproduced with permission of Elsevier copyright 2015.)
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390 Chapter 16

16.2 Radiation Field Evaluation

Modeling of the radiation field in a photoreactor involves two generalized
sub-models: (i) the photon emission model, which is a mathematical descrip-
tion of the incident radiation to the reactor, from the source (sun light or
lamps) to the walls of the photoreactor; (ii) The photon absorption-scatter-
ing model, which describes the absorption or scattering of photons in the
photoreactor. The two models combined lead to the quantification of the
LVRPA in reactors utilizing suspended photocatalysts (e.g. powders semicon-
ductors) or the local surface rate of photon absorption (LSRPA) in reactors
using immobilized photocatalysts on solid surfaces.

16.3 Emission Model (Lamps)

In most cases, artificial lamps are long slim tubes, which can be mathemat-
ically represented in the simplest way by an ideal linear radiation source
model. Linear source (LS) models are a mathematical representation of cylin-
drical lamps in which the ratio of the radius to the length is rather small.
When the lamp is considered as a perfect cylinder, extensive source (ES)
models can also be used. Table 16.1 summarizes LS and ES models found in
the literature.?

Cassano and Alfano® have critically reviewed the mathematical structures
of the above models.

The LSPP model assumes that the cylindrical lamp is a line and all rays
emitted by each point of the lamp are located in a plane perpendicular to the
lamp at this point. Although this is the simplest light emission model, the
limits of this model become apparent since it predicts that the volumetric
space not facing the lamps remains in the dark.

The LSSE model is one of the most widely used emission model. It rep-
resents the lamp as a line source but retains the three-dimensional nature of

Table 16.1 Radiation emission models for artificial lamps.?

Model Description
LSPP - linear source parallel planes Two-dimensional propagation of radiation
model along parallel planes perpendicular to

the center line axis of the lamp
LSSE - linear source spherical emission Three-dimensional propagation of

model radiation with spherical emission

LSDE - linear source diffuse emission  Three-dimensional propagation of
model radiation with diffuse emission

ESVE - extensive source volumetric Three-dimensional source with volumetric
emission model emission

ESSE - extensive source superficial Three-dimensional source with superficial
emission model spherical emission

ESDE - extensive source diffuse Three-dimensional source with superficial

emission model diffuse emission
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the light propagation. This model is mathematically simple and provides a
reasonably good analysis of the radiation field especially in annular photore-
actors using lamps with large length/diameter ratios.

The LSDE model was developed to represent the radiation emission from
fluorescent lamps. The model assumes that the lamp is a line and that each
emitter produces radiation in any direction and in a diffuse way.

The extensive source models, ESVE, ESSE, and the ESDE, consider the
three-dimensional nature of energy emission from a radiation source and
therefore provide a more realistic representation of most radiant energy
sources. The main feature of the ES models is that the lamp is modeled as
a volume, thus the lamp radius becomes a design parameter of a photore-
actor. However, the application of such models usually results in complex
calculations, which in certain cases may not justify the effort of this more
rigorous approach.

The ESVE model best represents a UV discharge lamp in which the entire
body of the lamp emits radiation in all direction (e.gz medium- or low-
pressure mercury lamps). The ESSE and the ESDE models fit better to fluo-
rescent lamps. In fluorescent lamps, activated salts coating the walls adsorb
the radiation emitted by a small amount of mercury contained inside the
lamp. The radiation is then re-emitted by the salts, usually in a continuous
wavelength band.>?

16.4 Solar Emission Model

The incident solar radiation is a function of the geographical position on
Earth (latitude and longitude) and this is affected by the atmospheric condi-
tions and the season of the year. In tropical countries (e.g. Colombia in South
America) the incident radiation is effectively invariant all year long, but in
other non-equatorial regions (e.g. USA or Europe) the incident solar radiation
depends on the season of the year.

Table 16.2 shows the incident solar radiation (H) for Cali city, Colombia (3°
30’ North latitude) based on the atmospheric measurement reported by the
National Institute of Hydrology, Meteorology and Environmental Studies of
Colombia, IDEAM (IDEAM, 2012).

In the work of Colina et al.,* the UV photon irradiance I, to a solar photore-
actor was calculated for constant solar radiation along the z axial direction of
the reactor (with direct UV radiation between 295 and 384 nm and 4.1% of the
total solar radiation), with the total radiation intensity I, set to 30 W m™.
The ratio between the diffuse radiation and the direct radiation was usually
assumed to be constant and set to 75% of the UV transmittance through the
clouds. The direct and diffuse radiation components were corrected by the
geographical location and season of year, as follows:*

I I, 4 4
=1-2 —1- 5Kchd (16.1)

I

0,direct

I 0,Total 0,Total
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392 Chapter 16

Table 16.2 Solar incident radiation in Cali, Colombia (2012).*

Month H (kW h m™)
January 4.75
February 4.75
March 5.25
April 4.75
May 4.75
June 5.25
July 5.25
August 4.75
September 4.75
October 4.75
November 4.75
December 4.75
Average 4.88

where K is the nubosity index with respect to the received radiation H at the
location of interest (K; = H/H,) and A, is the correction to the diffuse total
energy:'
H
hy=1-—4¢
HO

0.01 for K, <0.17
~0.188 + 2.272K,, — 9.473K> + 21.856K. — 14.648K. 0.17 < K, < 0.80

(16.2)

H, = 2451«70[%1a — tan(%, ) |sin(p)sin () (16.3)
b1

Eo=1+0.033 0S4 (16.4)

@ = 0.006918 — 0.399912c0s(7,, ) + 0.070257sin(7,, ) — 0.006758cos( 27, )

+0.000907sin 27, ) — 0.002697cos(31,, ) + 0.00148sin(37,, ) (16.5)

2nd, (16.6)
= 365 '
h, = arccos (—tan ¢ tan ) (16.7)

where ¢ is the geographical latitude, 7y, is the fraction of the year to the day
(d,) expressed as an angle (example: d, = 1 for January 01), @ is the declination
angle, and #, is the solar hour angle. H, is the overall solar radiation calcu-
lated for a sunny and clear day, E, is an eccentricity correction factor, and S is
the solar constant (S = 1.367 kW h m?). Table 16.3 shows the simulation of
the solar incident radiation in Cali, Colombia.
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Table 16.3 Solarincidentradiation in Cali, Colombia (2011). (Adapted from Mueses
et al., 2013.' Reproduced with permission of Elsevier copyright 2015.).

Month H(kWhm?™) H, (kWh m?) K Hy/H

January 4.75 9.65150 0.49215 0.61832
February 4.75 10.1292 0.46894 0.66023
March 5.25 10.4566 0.50208 0.59987
April 4.75 10.3768 0.45775 0.67973
May 4.75 9.97681 0.52622 0.55402
June 5.25 9.66041 0.54346 0.52075
July 5.25 9.73505 0.53929 0.52882
August 4.75 10.1042 0.47010 0.65819
September 4.75 10.3604 0.45848 0.67847
October 4.75 10.2041 0.46550 0.66628
November 4.75 9.75572 0.48689 0.62797
December 4.75 9.47154 0.50150 0.60094
Average 4.88 9.99019 0.49270 0.61613

16.5 Photon Absorption-Scattering Model:
Evaluation of the Local Volumetric Rate
of Photon Absorption, LVRPA

The central aspect in the modeling of a photocatalytic reactor is the calcula-
tion of the local volumetric rate of photon absorption (LVRPA) at each point
of the reaction space, which requires solving the radiative transfer equation
(RTE) in the reaction space.? Three methods have been proposed in the liter-
ature for calculation of the LVRPA: (1) the “rigorous method” which involves
the mathematical solution of the RTE, although its integro-differential
nature makes this approach significantly more complex;’ (2) the “numerical
method” which involves the Monte Carlo simulation of the radiation field
in the photoreactor, a simple but also a computationally demanding proce-
dure; and (3) the “simplified method” which models the radiation field in the
photoreactor using “two-flux” or “six-flux” radiation absorption-scattering
models.””

The rigorous approach advocated by the group of Cassano and Alfano® is
based on a complete description of the radiation field in the reaction space.
The radiative transfer equation in a participating media with absorption
and scattering is solved using appropriate boundary conditions, which are
dependent on the geometry of the reactor:"

1,(£2) =[x, (%) + 0,(%)]1,(£.2)
1

+E@(5&) [ ple'—>o)r(22)de (16.8)

d
ds

Q' =4n
Three optical parameters appear in the RTE. These are the spectral volu-

metric absorption and scattering coefficients (x; and o;) and the scattering
phase function p(©2’' — Q). These depend on the chemical and physical nature
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of the catalyst, the particle size, and on the degree of agglomeration of the
catalyst in suspension, which is also affected by the degree of mixing. These
parameters must be determined in advance with independent experiments
in order to compute the radiation field I,(¥,t) in the reaction space. The
LVRPA (Einstein m™ s™) is then calculated by:’

LVRPA = jj [ xidio(%0)d@da (16.9)

In the Monte Carlo approach, the RTE is solved by considering a statisti-
cally significant number of photons emitted from the radiation source and
by following their fate until the photons are either absorbed by the solid pho-
tocatalyst or escape from the reactor boundaries as a result of consecutive
scattering events. This method is suitable for determining the radiation field
in reactors with complex geometries; however, significant computational
efforts are often required.’* ™

Simplified methods for the estimation of the RTE may be suitable for
the design and scale-up of photocatalytic reactors. Highly simplified radi-
ation field models such as the zero reflectance model (ZRM) and the two
flux model (TFM), although approximate, give an immediate physical under-
standing of the role played by the key design parameters in photocatalytic
reactors.”®'*"” The ZRM is based on the assumption of no photon-scattering
by the catalyst particles, while the TFM assumes that photon-scattering can
occur in the backward direction only. An extension of the TFM is the “six flux
model” (SFM) which has been shown to match quite closely the exact solu-
tion of the RTE, while still retaining all the advantages of simplified models.

16.5.1 Two-Flux and Six-Flux Absorption-Scattering Models

The TFM and SFM provide a considerable simplification of the mathematical
reactor analysis but yield a sufficiently rigorous representation of the LVRPA
in the reaction space. Furthermore, computational time (in terms of readily
available personal computers) is significantly reduced from the order of min-
utes/hours using the Monte Carlo method to seconds or fraction of seconds
using the two- and six-flux models. The two most important dimensionless
parameters for the modeling of a photocatalytic reactor are the scattering
albedo, w, which characterizes the optical properties of the photocatalyst
(the fraction of dispersed energy) and the optical thickness of the reaction
space, 7, which is a measure of the degree of opacity of the photoreactor.'®
The scattering albedo is defined as:"

g
w =

16.10
K+o ( )

where ¢ and « are the specific mass scattering and absorption coefficients
of the photocatalyst suspension. As these are wavelength-dependent quan-
tities, the following analysis refers to monochromatic irradiation (e.g. UVC
radiation sources). However, with polychromatic radiation sources (e.g. in

€20z dung 20 uo Jasn seipe ABojouyoa L Jo einusu| uelpu| Aq Jpd-88£00-6T702928L T8L64A/S8T 2 TST/APd-131deyd/aLN|0A-PaIPa/S)00q/B10°0S1"$)00q//:dNY WOy papeojumoq



Photocatalytic Reactor Modeling 395

solar applications or with UVA radiation sources)"'*'® ¢ and x may be esti-

mated as their average over the useful spectrum of the incident radiation:

max
o= ijﬂ (16.11)
) I).d).

/min

J-A-mx x,1,d,
K = J'n/lr““—d (16.12)
- K4,

#min

where A,;, and 1., are, respectively, the minimum and maximum wave-
lengths of the incident radiation that can be absorbed by the photocatalyst.
The averaged quantities should be used with caution as this is not a com-
pletely rigorous approach and may lead to errors, if the radiation emission
spectra of the lamp is irregular. The scattering albedo should be evaluated
using the absorption and scattering coefficients determined experimen-
tally under the prevailing conditions of the slurry suspension (i.e. with the
observed degree of agglomeration of photocatalyst in the suspension; ¢f ear-
lier discussion on the effect of catalyst particle size)."

The optical thickness 7 of the photocatalytic reactor is a function of the
extinction coefficient (¢ + x) of the suspension, the thickness of the reaction
space (d) and the concentration of photocatalyst (c.,). The physical meaning
of the optical thickness is the ratio of the depth of the reaction space divided
by the photons mean free path in the suspension. The experimental methods
used to measure the extinction coefficient (¢ + ) and the scattering albedo
(w) have been reported in the literature:*®

7= (0 + K)Cead (16.13)

To a large extent, the scattering properties of the photocatalyst and the
geometrical configuration of the photoreactor determine the degree of com-
plexity of a mathematical model.

Figure 16.2 shows a schematic representation of a double flat-plate reactor
of thickness d = Hy, located perpendicular to the source. Additionally, it pres-
ents a profile of LVRPA on the y-coordinate, with the maximum value at the
interface surface-flow (LVRPA,), and the minimum value at reactor bottom
(LVPRA.).

The region where there is a gradient of energy absorption is the “boundary
layer of photon absorption”, and its thickness, d,,, is defined as the y-value
that satisfies the following ratio:'®

LVRPA, — LVRPA,,,
LVRPA_ — LVRPA,,

This definition of boundary layer thickness for the absorption of radi-
ant energy is analogous to the definition in transport phenomena of the

=0.99 (16.14)
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Figure 16.2 Boundary layer of photon absorption in a double flat-plate reactor
irradiated onto an upper plate. (Adapted from Otalvaro-Marin et al.,
2014.'%)

thicknesses for hydrodynamic, thermal, and concentration boundary layers
on a flat plate. The J,,, can be understood as the reactor thickness measured
from the irradiated surface, where 99% of total energy is absorbed. For this
reason, the boundary layer thickness becomes a design parameter, which
determines the optimum thickness of flat-plate or annular reactors. Oversiz-
ing the photoreactor thickness can lead to the presence of a dark sub-layer,
where there is no considerable rate of photon absorption.

This design parameter is similar to the apparent optical thickness used
for sizing annular reactors and solar compound parabolic collectors
(CPCs).”™>718 The §,;,, uses the analogous concept of boundary layer thick-
ness to obtain optimal light absorption in the reactor and depends on the
nature and the concentration loading of the photocatalyst.

The SFM can be used to model the radiation field in a reactor irradiated
with solar light. The LVRPA divided by the flux of incident radiant energy in
the reactor (I,) expressed by this model is:

LVRPA - Io (1 )[(a)COrr - 1 + 1[1 — a)forr )eirl”/;‘w,corr
-7

,

@,COTT ~~ Ccorr

| (16.15)
+ y(wcorr -1-,/1- a)czorr )erp/im’m"j|

where r,, is the photon coordinate, r,, = y in a flat-plate reactor, @, is the cor-
rected scattering albedo, 4, .., corresponds to the corrected value of mean
free path of photons in the suspension and y is a SFM parameter."'®

The scattering albedo w requires a correction (.,,,) in the SFM, which is a
function of the probabilities of forward, backward, and sideways scattering

(pf’ P andps):1z,14,17—19

o

Wy = —
o = (16.16)
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where:
40° p,’
a=1-wp, @ P (16.17)
1- wpf - wpb - prs

40° p?

b=owp, —
P ——

(16.18)

The probabilities py, py,, and p, equal 0.11, 0.71, and 0.045, respectively, for
a phase function of large sphere with diffuse reflectance.”®'> The mean free
path of photons in the suspension (/,) and its corrected value (4, o), are a
function of the catalyst concentration as shown by Li Puma et al.'”®

16.6 Application of SFM in Flat-Plate Photoreactors

Figure 16.3 shows the LVRPA/I, profiles as a function of y-coordinate in a
flat-plate photoreactor (Hi = 1 cm) irradiated with solar radiation, which uses
suspended Degussa and Aldrich photocatalysts powders at different catalyst
concentrations. The dimensionless optical thickness (z = Hy//,) in these sim-
ulations varies from 4 to 22 depending on loading and type of catalyst.'®"”

The LVRPA/I, at the irradiated surface of the reactor increases with catalyst
concentration due to the contribution arising from back-scattered photons
by the subsequent layers of catalyst inside the reactor. As a consequence, the
rate of photon absorption is significantly higher than the value calculated
using the incident photon flux. The profile of LVRPA/I, with respect to the
y-coordinate is a function of the extinction coefficient (¢ + x) and therefore
the optical thickness, 7. Figure 16.3 shows that the total photonic energy
absorbed in the system diminishes rapidly as the catalyst concentration is
increased and at higher values of the extinction coefficient.

The distance from the surface (y = 0) where the radiant energy is effectively
absorbed (boundary layer of photon absorption) also depends on the con-
centration and type of catalyst. For catalyst loading greater than 0.3 g L™, the
LVRPA/I, at the back wall of the reactor is insignificant.

Figure 16.4 shows the VRPA/I, profiles (as solid lines) as a function of cata-
lyst loading inside a flat-plate reactor, for six different commercial brands of
TiO, catalysts. For all catalysts, the rate of photon absorption is small when
the loading is less than 0.2 ¢ L'; from 0.2 to 0.4 g L ™" higher values of VRPA/I,
are obtained, approaching the optimal operating conditions for this system;
and at loadings greater than 0.4 ¢ " a saturation condition is reached imply-
ing that further increases in catalyst concentration become irrelevant.

The profile of the VRPA/I, in Figure 16.4 further shows that the absorption
of radiant energy is higher in catalysts with lower scattering albedos, which
means that high absorption coefficients and low scattering coefficients result
in a greater rater of photon absorption. The capacity to absorb energy by the
commercial TiO, catalyst follows the order: Fluka > Fischer > Merck > Aldrich >
Degussa P25 > Hombikat.

The Aldrich catalyst has a maximum VRPA, which is 7% higher than the
value with the Degussa catalyst. Another study performed with polychromatic
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Figure 16.3 Profile of energy absorption rate (LVRPA/I,) through a fluid (y-coordi-
nate) for Degussa P25 (upper) and Aldrich (lower) catalysts. Catalysts
loading (g L™): line 1 = 0.5, line 2 = 0.3, line 3 = 0.2, and line 4 = 0.1."
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Figure 16.4 VRPA and boundary layer thickness of photon absorption of a flat-
plate solar photoreactor for different commercial TiO, as a function of
its loading. VRPA/I, (—); aps (—).1¢

radiation, using UV lamps, showed the Aldrich catalyst to be 19% more effi-
cient than Degussa P25."

16.7 Application of SFM in Solar CPC
and FPR Reactors

The SFM is particularly suitable for estimating LVRPA profiles in CPC and
FTR solar photoreactors.”'® The main challenge in the modeling of these
photoreactors is the evaluation of the radiation reflected by the collectors
that reaches the reactor wall. For this purpose the ray-tracing technique com-
bined with the mathematical expressions of the solar radiation emission
model can be used to estimate the fraction of reflected UV solar light that
reaches the reactor wall. Using the SFM parameters (Table 16.4) and the solar
radiation conditions for Cali, Colombia (IDEAM 2012, ASTM 2008)'® on a
clear and sunny day with I, = 30 W h m™ as the standard, the LVRPA profiles
in CPCs and flat-plate reactors (FPR) were evaluated as shown in Figure 16.5.

The distribution of the LVRPA shows that, in both geometries, there is a
high rate of photon absorption at the reactor boundary layer near the wall. In
this example, the high value of optical thickness of the suspension enhances
the shielding effects and as a result the deep regions in the reactors are not
being illuminated.
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Table 16.4 SFM optical parameters.
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Parameter Value
Specific mass absorption coefficient, x (m> kg™) 174.745
Specific mass scattering coefficient, o (m® kg™) 1295.749
Scattering albedo, o (dimensionless) 0.8812
SFM parameter, agpy, (dimensionless) 0.8734
SFM parameter, gy, (dimensionless) 0.6546
Scattering corrected albedo, ., (dimensionless) 0.7496
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Figure 16.5 Radiation field simulation with SFM: (a) CPC-I (top) Cc,: = 0.3 g L™
(bottom) Cc,e = 0.5 g L™, (b) FPR (top) Ccy = 1.0, 0.3, and 0.01 g LY

(bottom) Ce,e =3.5g L7

Figure 16.6 shows the overall rate of energy (photon) absorption (OVREA),
the integration of the LVRPA over the volume of the reactor, in a CPC and a
FPR as a function of catalyst loading and for different values of the scattering
albedo. At high catalyst loadings, the OVREA in the FPR (optical path-length
1.6 mm) approaches saturation values since the reactor optical thickness

becomes very large.

For the FPR, the increase in catalyst concentration raises the amount of

energy absorbed in the reactor. The absolute values of the OVREA for FPR are
much higher than the values for the CPC, regardless of the values of the scat-
tering albedo. The effect of the radiation scattering is significant in the two
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Figure 16.6 Effects of the catalyst load and scattering albedo on the overall volu-
metric rate of energy absorption (OVREA); FPR (dashed line); CPC-I
(solid line).! (Adapted from Mueses et al., 2013." Reproduced with per-
mission of Elsevier copyright 2015.)

reactors; however, the numerical values of the OVREA differ by up to three
orders of magnitude between the FPR and the CPC due to the much smaller
volume of the FPR in comparison to the CPC.

16.8 Photocatalytic Reaction Kinetics Model

The design of solar reactors requires an evaluation of the dynamics of molec-
ular processes at the semiconductor/solution interface. The main limitation
is usually the formulation of a detailed mechanism of the photocatalytic pro-
cess (both physical phenomena and chemical reactions) involving complex
substances or mixtures. In general, the initial reaction steps are well under-
stood including the generation of photogenerated electron-hole pairs, their
recombination and the capture and transport of these via charge carrier spe-
cies adsorbed on the catalyst surface (water molecules, molecular oxygen,
and hydroxyl ions). The trapping of charges by the carrier results in the gen-
eration of hydroxyl and peroxyl radical species which may subsequent attack
substrate molecules [R;] through redox reactions.’*® Controversies exist
regarding the redox reactions, both in terms of the activation mechanism, as
well as the spatial location at the interface semiconductor/solution in which
photo-oxidation reactions take place.**?® For the activation mechanisms, the
photogenerated free holes (h;") may react directly with organic substrates by
direct hole transfer. Alternatively, the oxidation of substrates may occur by
indirect transfer of photogenerated "“OH radicals (surface voids of trapped
h,").>*?¢ The oxidation reactions can also occur in the space-charge region of
the catalyst (Stern superficial plane) by direct hydroxyl radical attack on the
molecules of the organic compounds adsorbed on the surface (direct attack,
where the molecular adsorption of reactive species is the process limiting the
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reaction rate).”’ ! The direct hydroxyl radical attack may occur at the Helm-
holtz boundary layer. In this case, molecular adsorption is not required since
the photogenerated "OH may diffuse into the solution to attack the organic
species. Since the second-order rate constant of "OH attack on organic spe-
cies is very large (order of 10° mol s™) molecular diffusion of organic species
is in this last case the rate-limiting step.*

These discrepancies have led to the proposal of different empirical and
semi-empirical kinetic models, which describe the photocatalytic degrada-
tion of organic pollutants.’>® A very large number of studies in the liter-
ature report that the photo-oxidation rates of species follow an apparent
pseudo-Langmuir-Hinshelwood (L-H) mechanism, implicitly assuming
that adsorption-desorption equilibrium occurs not only in the dark but also
during irradiation. Typically, a correction factor associated with the intensity
of the incident luminous flux is used to multiply the L-H equation. Although
the numerical predictions of experimental data are adequate in most cases,
the model in its original form is an equilibrium model and is therefore unable
to describe the system dynamics at high substrate concentrations and at
acidic pH (highly charged surfaces), which makes the L-H model undesir-
able because the process of photocatalysis with TiO, is favored at low pH.*
Despite the controversies, a global approach can be used to describe the pho-
todegradation of organic substances in the presence of suspended TiO,.*"**%
Turchi and Ollis (1990) proposed a mechanism based on photogenerated
hydroxyl radical attack (Table 16.5).>° In this mechanism, the main reaction

Table 16.5 Reaction scheme for the photogeneration of hydroxyl radical.”®
(Adapted from Mueses et al., 2013." Reproduced with permission of
Elsevier copyright 2015.).

Step Reaction
Activation TiO, + hv — €, + hj, (T1)
Adsorption O} +Ti" +H,0 < OH +Ti"+OH" (T2a)
TiV + H,0 ¢ Ti"V «H,0 (T2b)
Site + R; <> R, 4, (T3)
OH' + Ti" ¢ Ti" «OH' (T4)
Recombination e +h — heat (T5)
Hole trapping TiV+OH +h* - Ti" . OH’ (T6a)
Ti"+H,0 + h" < Ti"+OH + H" (T6b)
Ri,ads + h+ <« R;r,ads (T7)
Electron trapping TiV + e” <& Ti™ (T8a)
Ti" + 0, & TiV+0,” (T8b)
Hydroxyl attack Ti"+OH + R, — Ti" + R, (T9)
OH' +R,,, - Ti" + R, (T10
Ti" «OH" +R, - Ti" +R; (T11)
OH +R, > Ti" +R, (T12)
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pathway is oxidation due to the cleavage of carbon-hydrogen bonds induced
by hydroxyl radicals generated from charge transfer to the semiconductor
holes (h*) by adsorbed species (hydroxyl ions or water molecules). Hydroxyl
radicals can interact with the solid through irreversible reactions, react with
organic substances in the adsorbed state, or migrate to the interface within
the Helmholtz plane and react with free organic molecules at the interface.

In this approach, the trapped holes are considered predominant in reac-
tions involving hydroxyl ions or adsorbed water molecules. Instead holes
trapped by organic molecules are considered to have low reactivity. Finally,
the capture of the photogenerated electrons occurs due to the interaction
of the active sites of the solid with the oxidant (molecular oxygen) forming
superoxide ions.

Alfano, Cabrera, and Cassano (1997)* formulated a mathematical model
from the mechanism of Turchi and Ollis (1990), considering the concen-
trations of hydroxyl ions and water to be nearly constant in the system and
assuming that recombination processes occur at the Stern surface plane of
the particle.”” The concentrations of photogenerated electrons and holes
were also assumed to be equal. Under these assumptions, the contaminant
reaction rate law on a catalyst particle suspended in a photocatalytic system
is given by:**

o {1+E(Ri,R./)J [1+E(Ri,Rj) o H (R R)
(16.19)

k +a)
o =M (16.20)
2k,0,

The model was applied and successfully validated for the photodegra-
dation of trichloroethylene.”* However, the quantum yield dependence of
the rate was removed by the term o', and considered a global constant in
this model.

The quantum yield for heterogeneous systems is the quotient of the local
reaction rate in the reactor and the local volumetric rate of photon absorp-
tion (LVRPA).* Reaction models that explicitly express the rate in terms of
quantum yields make use of adjustable model parameters in the reaction
rate law, which are assumed constants in the specific system and indepen-
dent of operating conditions other than the photon irradiance. However, it
has been shown that the process conditions (initial concentration, pH, cata-
lyst load), the type of reactor, the scale of operation, and type of catalyst affect
the overall contaminant degradation quantum yields.*"*?

From Ollis’ mechanism,* it is possible to establish a generalized model
that predicts the degradation of organic substances by means of solar pho-
tocatalysis using suspended TiO,-P25. This generalized model works as the
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coupling of a modified reaction rate kinetic equation, which includes the
L-H model, and a new model of “effective” quantum yield based explicitly
on the optical properties of the semiconductors photocatalyst, hence, on the
incident irradiance, but independent of the chemical nature of the reactive
system. This model can be used for the scaling, modeling, and simulation of
solar photoreactors. In this model, the solar radiation field and the absorp-
tion of radiation were described using the SFM and the ray tracing technique,
models that satisfactorily quantify the performance of large-scale solar pho-
tocatalytic reactors.**™*°

The kinetic equation proposed by Alfano, Cabrera, and Cassano (1997)
has N + 2 adjustable parameters.*” The equation has a mathematical struc-
ture that includes the L-H model and, according to its authors, corresponds
to a modification of that model. This condition implies a high adsorption
of dissociated water molecules at the Stern plane.”*® In this way, assum-
ing that the concentration of water molecules and hydroxyl ions adsorbed
on the surface is kept constant at any one time and that, within the solar
scale, the molecular process of adsorption of organic substrates is slow due
to the effects of times of operation, it is possible to consider that E(R, R)) >
1.% The reaction rate per photocatalytic particle can therefore be rewritten

as follows:124
, R.
a1+ [1+ i,Rg a3’i¢ (16.21)
i (1+ B(R,R,))

N Nc
E(Ri’Rj) = kzzllas,k [R]= a,,[R] + jglas,j[Rj] (16.22)
J#i

The above expression possesses a mathematical structure associated with
the L-H model. However, this equation can be generalized and applied to dif-
ferent reaction systems since the correction factor (=1 + /1 + 2R, /a; ) incor-
porates the effects of photon irradiance, catalyst loading, and quantum yield
(within the R, term) and is uncoupled from the L-H term.

Summing up the reaction rates per particle over all the Ny particles sus-
pended in the solution volume yields the reaction rate equation for the ith
component in solution:"

S , 2 o, | R;
n=v;=%Ceuo, -1+ [1+ =R, —3’1[ a (16.23)
as a *]1+E(R,R))

where S, is the catalyst-specific surface (m® kg™), C, is the catalyst concen-
tration, as is the area per volume of suspension, r; (mol m™ s™), and R, is the
initial electron-hole generation rate.

For a heterogeneous system, the range of generation of electron-hole cou-
ples (Table 16.5) from Ny irradiated catalyst particles contained in the volume
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vy is given by eqn (16.24) in which the electron-hole pairs are assumed to be
generated with a primary quantum yield (®,):

1 .
R, = N—L ®,6°d ) (16.24)
=z
C
N, = =t (16.25)
DPpP

where é% is the total volumetric absorption rate of photons (LVRPA, Einstein
m~’ s™') and v and p, are the volume and catalyst particle densities, respec-
tively. Here, radiation absorption is considered a volumetric phenomenon
that occurs at the irradiated semiconductor surface, and absorption occurs
only at the catalyst particles.

The case of solar radiation requires the modification of eqn (16.26), taking
the parameter R, and generalizing it for the case of overall integrated poly-
chromatic radiation:'

UpPp o A
R, = %cngg“ ) (16.26)
Cat
j ®,60d
= e——— (16.27)
j é*da
A
A [é&rdi
a bt (16.28)

i) [1.d2

where @, is the overall effective quantum yield of the process (EGQY) and
E,, . is the overall volumetric rate of energy absorption of OVREA. The
approximation of constant global parameters is valid only if pseudo-isotro-
pic systems are considered, where the properties are calculated as functions

of integrated variational parameters.*

16.9 Generalized Model

When introducing the global parameters (quantum yield and LVRPA) into
the new reaction rate equation and assuming that the reaction is referred
only to the primary water contaminant of interest, then [R;] = ¢; v; = —1;
E(R;, R)) = 03 ¢;; oy = ai/ag; a3y = ki a, = 1/ay; where the particle constant
is given by:'

2
S,C

(16.29)

KP
Cat

The reaction rate equation for heterogeneous photocatalytic degradation
in arbitrary suspended semiconductor substrates (with simple or complex
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multicomponent systems, such as mixtures, pesticides, dyes, wastewater,
etc.) is given by:!

r = oM s 1+ ﬁ(pg[;a) | gl_L’H (16.30)
, % o > 7)
with:
_ ke,
L-H A 1
P S 16.31
1+ Kk, Me, ( )

Eqn (16.30) is the L-H kinetic expression, with reaction rate r; (mol m= s™),
surface area per mass of catalyst S, (m* kg™'), catalyst load Cg, (kg m™),
substrate concentration ¢; (mol m™), particle constant , (m®* m™2), effective
overall quantum yield @, (mol Einstein™), overall volumetric rate of energy
absorption Eg, | . (Einstein m™ s™), an L-H type of kinetic constant K,
(m® mol™) and a reaction kinetics rate constant a; (mol m™ s™). The pro-
posed model has two adjustable parameters (e, and k“*,), provided that the
overall quantum yield is a function independent of the reaction rate data.
The above model allows for some simplifications that result in expressions
usually used in processes of photodegradation of organic compounds. Table
16.6 summarizes these approximations.

Table 16.6 Simplifications to the proposed model. (Adapted from Mueses et al.,
2013.! Reproduced with permission of Elsevier copyright 2015.).

Case Conditions Modified model
Ko 5 £ The overall reaction rate - _ A L-H
L1> fd)gE;(l o) T ==KnEy, ,;')Hi

: controls the process.

Direct dependency on photon

KP ma _
1+ ZégEg()v 5 = ﬂux32
1 Kp ma
1+ Eaildngg(}‘ N }',)
Kp . Aa System with lowest reac- — ke,
Ll 7¢gEg(/l L)  tionrate (firstorder) i = = KiinyEy T
%y : 1+k ¢,
and high dependency k
on photon flux L-H model is obtained with root
square of LVRPA*®
ML ko> 1 Diffusion controls the re—x. B
process i TKing[Fg(i > 1)

Reaction rate is independent of
initial concentration of sub-
strate and depends only on the
photon flux**36-38

IV. 1> E(R, R) Systems with high molec- o299l 14 hrabs e
ular adsorption ! K, v 2Tk > ) |7
Model with correction factor

based in LVRPA, a constant
global and first order®*?®
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Further to the reaction rate law and radiation field model, a material bal-
ance and a hydrodynamic model applied to the solar photoreactor need to
be considered. The material balance for a recycle type batch photoreactor is:

T

Zaw=[2 w0 (16.32)

where ¢(t) is the overall concentration of the ith contaminant that changes
with time, <R;> is the average reaction rate in the reactor, and vy and v are the
reaction volume (exposed to radiation) and the total reaction volume of the
system (reactor plus recycle), respectively.

Since the incident solar radiation varies over time due to the effect of atmo-
spheric variations, geographical location, and seasonal period, a standard-
ized treatment time (¢;4y) is usually employed, which corresponds to the
average standard radiation irradiance of 30 W m™ for a clear and sunny day.*
The treatment time is therefore transformed into eqn (16.33), according to
the average solar radiation Qg (W m™2) received by the reactor for the sam-
pling time interval:

tsow,i 1= twow,i + (ti+1 - ti)QUV (D_Rj (16'33)
30 \ v,

The material balance can be expressed as an equation for the reaction step
at steady state, evaluated for each spatial time (z,,,, the mean residence time
in the reactor) as a function of the axial longitude (z). This approximation
describes the dynamic behavior of the batch reactor as a finite sum of steps
(Npassotal) across the reactor during the total treatment time for an accumu-
lated total energy of Quyrota™®

t

Total,QUVacum,Total

NPass,T()tal = ’[— (1 6.34)

pass

With this approximation the mass balance can be solved in an elementary
way. Coupling the material balance and the kinetic model gives the concen-
tration of an arbitrary substrate (c;) as a function of the axial coordinate z, for
each pass through the reactor:'

Cz’ (Z)zpass = Ci,zpass—l exp{z al ki’H (ijj‘ i|:_1 + \/1 + K_P@gEA';(Z - /1’) :|dl)(z)

Kp Op )PV, a,

- Ci (z)r ass
+ k; HCi,zpass—l {1 - —pj (16-35)

Cz’,rpass—l

The concentration at the reactor outlet corresponds to the evaluation of
the function at z = Ly, the reactor length. Eqn (16.35) is applicable to any type
of reactor and is a function of the volume integral, v(z), and the OVRE, which
in turn depends on the specific reactor geometry and the distribution of the
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LVRPA. The material balance equation can be coupled with the material bal-
ance of the dark zone of the recirculation system, to yield a concentration
ratio at the inlet and outlet of the reactor after each pass:*®

ot ) 0]+

i,rpass+1 —

(16.36)

Oy

For complex contaminants mixtures of pesticides, dyes, pharmaceuticals in
water, the concentration (¢;) can be substituted with the total organic carbon
(TOC) concentration, Croc,, or by the total contaminant concentration, by
lumping the concentration of each contaminant into a pseudo-component.

On the other hand, the hydrodynamic model depends on the reactor type
and the prevalent hydrodynamic regime. CPC and FPR reactors are usually
operated under the fully developed turbulent flow regime in which viscous
effects can be neglected. Table 16.7 summarizes the modeling equations for
CPC and FPR reactors.">*?

Using the same methodology described above, annular photocatalytic
reactors with cylindrical geometry have also been modeled.”> The model
includes the mass balance, fluid-dynamic equations, and the description of
the radiation field using both the SFM and TFM. The modeling equations
using dimensionless variables are shown in Table 16.8.

16.10 Thin-Film Slurry Photocatalytic Reactors

Among the different types of scalable photocatalytic reactors, thin-film slurry
(TFS) photocatalytic reactors provide an excellent configuration for efficient
excitation of the semiconductor photocatalyst. TFS photocatalytic reactors
normally operate at higher catalyst concentrations than conventional photo-
reactors because of the thin reactor thickness. This property, together with
the large illuminated catalytic surface area per unit volume of reactor and
minimal mass transfer limitations, gives rise to a higher concentration of
hydroxyl radicals generated per unit volume of reactor. Although there is
simultaneously an increase in the rate of hydroxyl radical recombination,
overall a TFS reactor offers a high efficiency of photon utilization, reaction
rates, and reactor throughput. Such reactors are therefore suitable for indus-
trial-scale applications of photocatalytic reactions.”

The most common configurations of TFS photocatalytic reactors are that
of falling film or double-skin annular/flat reactors®* (Figure 16.7). These
reactor configurations can be operated with three different flow operation
modes: falling film laminar flow, plug flow, and slit flow, which in turn can
affect the performance of the photocatalytic reactor.>" Falling film config-
urations have the advantage over double-skin annular/flat reactors of a very
high mass transfer rate of the reducing agent, i.e., oxygen. They also do not
suffer from the filming problem of the radiation entrance wall, which occurs
in photocatalytic reactors irradiated through a transparent window such as in
double-skin annular/flat photocatalytic reactors. However, the latter reactor

€20z dun( L0 uo Jasn seipey ABojouyoa L 4o snmsul uelpu| Aq ypd°88E€00-6TY02928L T8L64A/S8TLTST/APd-181deyd/8WN|OA-PaIIPa/S$H000/B10"0S1"$3000//:dRy Wol} papeojumoq



Table 16.7 Kinetic and hydrodynamic models for solar reactors.

Reactor type CPC reactor FPR
Coordinate (r,6,2) (x,2)
Reaction rate o P " - P "

Loy =——| -1+ [1+ 2@ E°  (r,0)|0" e =——| -1+ |1+ —®E" x

i(r,0) K, \/ a, g g(h > 2 )( ) E K, \/ a g(r - 2 ( )
Global reaction rate per o, O o OV R

f: R) = -1+ qﬁ r,0) |dodr (R) =——"2"—||-1+ 1+2DE NE:
surrace > .[ J.|: \/ o, A*)A ( ):| < >z K S Ix|: \/ A*)};)( ):|
Hydrodynamic model  , (7 ¢) O\ v, (x) xY
e .03
vmax R vmax 6
1R
Z,max = 77eg5cosﬂ

n, = 0.41\/§
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0.0076Re**'* 16
1+Re*  Re

Re* = 3170/Re

v, _ (. +1)(2n, +1)

v 2n,”
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607

z aung 20 uo sasn seipejy ABojouyda] Jo aymuisu| ueipul Aq Jpd-88£00-6TY0Z9Z8.T8L6MU/S8TLTST/IPd-19)deyd/aUWN|0A-PaNIPa/SH00a/B10°0S1'S1000//:dNY WOy papeoju



Table 16.8 Dimensionless analysis of the radiation field in annular photocatalytic reactors using suspended solid photocatalysts.> i
o
Parameter Expression
Dimensionless a=H/L; f=L/nR R R
geometrical 1 >
parameters Q/
Reynolds number 2R(1 — p)y™ease g 5paverage [}
NRe = ( 77) 2 = z /
-—>
Dimensionless & ’ ’ (LVRPA) I 1 R
r z :
* — I - ook — . * — — [$33
variables ¢r=Zyr¥=—sz¥=—(LVRPA)* = max ~ rmax
5 R H (LVRPA)T™ 10
Scattering albedo  ,, _ @
K+o
Optical thickness 7= (0 +«) ¢y = (0 + K) CeaeR(1 — 1) 3
Maximum radia- max T, L fAmax di L — H
tion intensity at Toey = f(w,z)ﬂ—Rarctan Py .[;mm L
surface (&* = 0)
Maximum LVRPA at max max  _ T omax _ T max
LVRPA)™ = ke I2%, = (1 - 0)=I", = (1 - 0)——= 12>
surface (¢* = 0) ( = L% =( )(5 #0=( )R(l -n) 7"
Dimensionless
radiation inten- arctan[g(Zaz* —-a+ 1)} - arctan[g(Zaz* —-a- 1)} i o g .
sity at inner wall e _ o = T
(&*=0) Zarctan(g) T \ ]
Dimensionless Level 1 TFS photocata- Level 2 TFS photocata- Level 3 “Geometrically thick” photocat-
LVRPA and lytic reactors with w lytic reactors, any value alytic reactors, any value of . Six-
radiation model < 0.3. Beer-Lambert’s of w. Two-flux absorp- flux absorption-scattering model:
parameters absorpti(;n model: tion-scattering model: (LVRPA)*=I'. . n ep (—Tapp f*) Q
(LVRPA) (LVRPA)* n+(1-n)c* S
" " m
=1a_ g exp(—rappf *) T oo eXp(_Tappf *) %
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Figure 16.7 Thin film slurry photoreactors.

configurations are preferred when the solutions to be detoxified contain high
concentrations of volatile organic carbons (VOCs), which may easily escape
falling film reactors. Li Puma and Yue (2003)*> have provided a methodology
to design falling film and double-skin photoreactors.

16.11 Kinetic Parameters Optimization

From the material balance equation and using the same assumptions for the
solution of the equation at a steady state, the function used to calculate the
kinetic parameters is given by the following expression:'

Ci (t ) [ -] t i K a
1n(%J =25k H(SZ_WJ L[q - 2 B }du(z)
i0 p T 1

At
+ kk_HCi,o (1 - —Cl ( o )J (16'37)

Cio

A discrepancy function F(a,, ky ™) was formulated with the following form:

Ndata

L-H\ _ _ _ 2

F<a1’kA )_ ; |:lngi Yiind i :Bkingi:l (16.38)
¢ = ctzow)/Cio (16.39)

a T pass K Ao
Viin = ZK_lkk H(Z—JJ-UR |:—1 + \/1 + O{—@gEg(/1 L) :|dv(z) (16.40)

P T 1

Fi = tSOW/Tpass (16'41)
Prin = ki_HCi,o (16.42)

g=1-g (16.43)
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Applying the method of least-squares to the discrepancy function (eqn
(16.38)), the following residual functions, (;, {,, were obtained to determine
the parameters:'

. 6F Ndata
- (al JQI; H) = P = Z [(lngi ~ Yl — lBkingi)Fi:| =0 (16.44)
1 i=1
B 6F Ndata ay ) ﬂ )
o,k ) = —r = Ing, = yunls = Buni )| I =2 + g, -2 1 1=0
{2( 197A ) akiﬁﬂ l; |:( gz ykm i ﬁkmgt)E zaki—H gz ki—H
(16.45)
The solution to the equation system is given by:
o "
a akL*H Aa(m) (m)
% x| = “ (16.46)
Xy 0, AR |8
oa, Ok,
a™ = a™ + A Ao (16.47)
AR SR WY S (16.48)

where the matrix corresponds to the Jacobian of the residual functions;
Aa{™, AkL 10 represent the linear solutions for the mth iteration; A" is a vari-
ational damping coefficient of the Broyden type, a function of the Euclidean
norm INI of the discrepancy functions {, {, and constrained by the following
conditions:**

=1 (INI<1) (16.49)
-1+ .,/1+6|N
A= N I~ IN] > 1 (16.50)

2(m +1) I 2(m +1)
IN|| = ‘/61 ‘ (16.51)
(Z(m) + 4‘2(’")
1 2

Because the kinetic parameter appears inside the square root and because
this parameter is necessarily greater than zero, the solution above can be
constrained by the following additional condition:

K A
1+ —"cDgE"‘
a, &

on 20 (16.52)

The above solution ensures convergence, involves low computational
times on a PC (<1 s) and shows high accuracy in predicting the experimental
data. The same approach was used for the solution of the material balance
equation at steady-state in terms of the axial coordinate z during each pass
through the reactor.
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16.12 Application of Models to the Photocatalytic
Degradation of Organic Compounds in Water

The models presented in the early sections were validated in four differ-
ent solar, pilot-scale photocatalytic reactors located at the Solar Platform
of Universidad del valle, Cali, Colombia (3° 30’ North latitude). Three CPC
reactors were used, which had different surface areas but the same design
configuration (henceforth called CPC-I, CPC-II, and CPC-III) and a flat
plate, falling film reactor (FPR). The compounds degraded were dichlo-
roacetic acid (DCA), 4-chlorophenol (4-CP), and analytical grade phenol
(PH). Binary 2:1 molar proportions and ternary 1:1:1 mixtures of these
compounds were tested in the reactor to demonstrate the robustness of
the models. The CPC-I reactor and experimental procedures were the
same as those in Colina-Marquez, Machuca-Martinez, and Li Puma.'® The
experimental tests were conducted between March and September, 2011,
and between February and March, 2012. Table 16.9 shows the reactor’s
specifications.

The experiments were performed in a random fashion in different reac-
tors under different operating conditions using the same total volume of
liquid. The total initial concentration of contaminants was 120, 60, or 30
ppm and the catalyst loading was 0.1, 0.35, or 1.0 g cm™. The initial pH was
adjusted to 3.5 using phosphoric acid in all experiments. The reactors were
operated in recirculation mode with a total volume of 20 (FPR), 30 (CPC-I),
50 (CPC-II), and 70 L (CPC-III) with flow rates of 75 (FPR), 80 (CPC-I) and
95 L min~' (CPC CPC-II and-III), 90% oxygen saturation and at a water tem-
perature of 31.0 + 2.5 °C.

Table 16.9 Photoreactor’s specifications.

Reactors CPCI (ref. 1) FPR
Material reactor Duran glass (ten tubes) Borosilicate
glass
Diameter 32 mm (o.d.) —
Thickness (mm) 1.4 (wall) 5 (flat)
Length (mm) CPC-1, 1200 (by tube); CPC-11, 2400; 128 (flat)
CPC-III, 3600
Width (mm) — 98 (flat)
Thickness film (mm) — 2 (film of slurry)
Inclination angle (°) — 3.5
Reaction volume, vy (L) CPC-I, 10.0; CPC-II, 20.0; CPC-III, 2.5
30.0
Total volume of reactor, CPC-I, 40; CPC-II, 70.0; CPC-III, 25
Ormax (L) 120.0
Material reflector Reflective aluminum —

Involute reflector accep- 90 —
tance angle (°)
Reflectivity 0.85 —
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16.12.1 DCA Solar Photodegradation

The kinetic model based on hydroxyl radical attack predicted the photo-
degradation of dichloroacetic acid with a high degree of confidence in both
CPC-I1 and FPR (Figure 16.8). The kinetic parameters were obtained by fitting
the model to the experimental results in the cylindrical reactor geometry
(CPC-I) and further applied without correction to the flat reactor geometry
(FPR). The kinetic parameters were therefore intrinsic parameters indepen-
dent of the radiant field configuration and the scale of the process. Correc-
tion effects associated with the reactor geometry, catalyst loading, and scale
factors are considered directly in the evaluation of the quantum yield and
OVREA through the proposed mathematical model.

In another study, Sagawe et al. (2010)** directly used an L-H model modi-
fied with a global correction factor to consider the effect of the LVRPA. How-
ever, this model could not fit the degradation of DCA in the CPC-I and FPR.

100
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0 — T T T T — T — T — T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

t3ow (min)

(a)

(=)

Concentration (ppm)
N W R W
(=T

—_
[ ==

(=1

0 10 20 30 40 50 60 70 80 90

L3y (min) (b)

Figure 16.8 Solar photodegradation of DCA (dichloroacetic acid), experimental
data and model (—) for an initial concentration of (e) 120, (a) 60, and
(w) 30 ppm and [TiO,-P25] = 0.35 kg m™. (a) CPC-L.! (Adapted from
Mueses et al., 2013." Reproduced with permission of Elsevier copy-
right 2015.) (b) For a flat-plate reactor (FPR).
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The kinetic parameters of the model were found to be negative and therefore
physically inconsistent.””

The FPR was found to be more effective than the CPC-I reactor in the deg-
radation of DCA, which matches the higher values of LVRPA observed in the
FPR at equal optical thicknesses, although the performance in the FPR is
affected negatively by the hydrodynamic effects.

Finally, it should be observed that the solar photodegradation experimen-
tal results differ significantly from those reported in the literature, under
the same operating conditions, in laboratory-scale reactors irradiated by UV
lamps,*®*® implying that laboratory data may not be the most suitable for
scaling photocatalytic reactors to the solar scale, because of the different
LVRPA distribution observed.

16.12.2 Phenol and 4-Chlorophenol Solar Photodegradation

The kinetics of photodegradation of phenol have been commonly described
with the L-H kinetic model, with satisfactory results for predictions under
different operating conditions.>*>®2%3¢

The empirical direct-indirect model“® by Salvador et al., differs from the
L-H model. This model considers the attack of photogenerated holes on
the pollutant molecules absorbed on the TiO, surface, arguing against the
possibility of photo-oxidation of water. Although the Salvador model is the-
oretically acceptable, the model can only be applied to a limited number
of photocatalytic reactions. Furthermore, the model has three adjustable
parameters and is therefore not comparable to the simpler predictive capa-
bility of the L-H kinetic model. Sagawe et al. (2010)** proposed an empirical
modification of the model given by Ollis. However, this model could not pre-
dict the behavior of the photodegradation of phenol at high contaminant
concentrations, even when the effect of photonic correction was considered.

Figure 16.9 shows the experimental data and the authors’ model predic-
tions for the solar photodegradation of phenol in three CPC reactors. The
predictive capability of the model shown in this chapter allows a satisfactory
description of the photodegradation of phenol even at higher initial concen-
trations. This behavior is associated with the correction effect of the varia-
tion in the quantum yields and the radiant field configuration due to optical
effects and catalyst loading. The proposed model can be generalized to any
scale and operating conditions.

The behaviors obtained show the greater effect of the projected area of
reactor exposed to solar radiation. The CPC-III reactor, with three times the
area of reactor I, achieved a higher percentage of phenol degradation at the
same standardized treatment time.

Similarly the degradation of 4-chlorophenol was well represented by the
model presented here (Figure 16.10) but not by the L-H model,** which was
not suitable at higher concentrations of 4-chlorophenol.

The photodegradation of 4-CP follows an apparent first-order kinetics.”®
Satuf et al. (2007)*° therefore proposed a first-order model with an explicit

126
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Figure 16.9 Performance of experimental data and model (mm) in solar photodegra-
dation of phenol using CPC-I (e), II (#), and III (w) with [TiO,] = 0.1 kg
m™, ¢;, =120 ppm on a sunny day; ® =0.88,x=174.749 m* kg and o =
1274.74 m? kg . (Adapted from Mueses et al., 2013." Reproduced with
permission of Elsevier copyright 2015.)
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Figure 16.10 Performance of experimental data and model (mm) in solar photodeg-
radation of 4-chlorophenol using CPC-I (e), II (#), and III (m) with
[TiO,]=0.5kgm™, ¢;, =120 ppm on a sunny day; w = 0.88, k= 174.749
m? kg and ¢ = 1274.74 m?* kg*. (Adapted from Mueses et al., 2013."
Reproduced with permission of Elsevier copyright 2015.)

dependence on the light output and based on the same hydroxyl radical
attack mechanism used in this work. They obtained the same simplified
mathematical structure as for case IV of the generalized model.

The degradation of 4-chlorophenol at any scale is complex due to the forma-
tion of intermediate substances such as 4-chlorocatecol, benzoquinone, and
hydroquinone.* These intermediates affect the overall efficiency of the min-
eralization process. At the solar scale, the presence of these transformation
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Figure 16.11 Phenol photodegradation with a low catalyst concentration (0.05 kg
m~?) and different initial concentrations: (e) 120, (a) 60, and (m) 30
ppm. Model (mm). (Adapted from Mueses et al., 2013." Reproduced
with permission of Elsevier copyright 2015.)

products was detected by observing a color change of the water. However,
despite the presence of intermediates, the performance of the overall pho-
todegradation of phenol could be modeled without considering the effects
of transformation products. The predictions of the experimental data mea-
sured by TOC corroborated with the chloride ion measurements. As for phe-
nol degradation, the CPC-III reactor achieved better performance for the
same treatment time.

For phenol at low concentrations of catalyst, the radiant field effects were
negligible. In this case, the proposed model was reduced to a conventional
L-H model with a global constant that screened the effect of the luminous
flux, enabling it to also be applied to high reagent concentrations. Figure
16.11 presents experimental data and the model for the CPC-I reactor with a
catalyst load of 0.1 g L™" of TiO,.

16.13 Photodegradation of Organic Mixtures

The model was also applied to binary and ternary mixtures of the compounds
investigated. The model predicted the solar scale photodegradation of these
mixtures (see Figures 16.12-16.15), further validating the model.

Figure 16.14 shows experimental data on a sunny day and simulations in
the FPR for: Mx2 (#): DCA + 4-CP (1:2) with ¢;, = 50 ppm, pH 4.3 and Cg,, =
0.35 g L''; Mx3 (w): PH + DCA (2:1) with ¢;, = 50 ppm, pH 3.5 and C¢, =
0.35 g L™'; Mx4 (A): 4CP + PH (2:1) with ¢;, = 75 ppm, pH 4.0 and C¢,, = 0.2
g L''; and Mx5 (e): DCA + 4CP + PH (1:1:1) with ¢;, = 60 ppm, pH 4.0 and
Coae=0.1gL %

The model was also applied in the predictions of solar photodegradation
of a mixture of pesticides reported by Colina-Marquez, Machuca-Martinez,
and Li Puma (2009) in CPC-I with Iye;e = 10.0 W m 2, [TiO,] = 0.6 g L™}, and
pH 9 (Figure 16.15)."*
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Figure 16.12

Figure 16.13

Figure 16.14
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t3ow (min)

Solar photodegradation of mixture 1, Mx1: DCA +4-CP (2:1) applied
to (e) 120, (a) 60, and (M) 30 ppm, and (mm) model with [TiO,] = 0.35 kg
m™ in CPC-I. (Adapted from Mueses et al., 2013." Reproduced with
permission of Elsevier copyright 2015.)
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Solar photodegradation of mixture 2, Mx2: DCA + 4-CP (1:2) applied
to (#) 120, (a) 60, and (m) 30 ppm, and (mm) model with [TiO,] = 0.35 kg
m™ in CPC-1. (Adapted from Mueses et al., 2013." Reproduced with
permission of Elsevier copyright 2015.)
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t3ow (min)
Solar photodegradation of Mx2 (4), Mx3 (m), Mx4 (A), and Mx5 (e)

and proposed model (—) in a flat-plate reactor (FPR) (TOC, total
organic carbon) (see text for details).
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Figure 16.15 Solar photodegradation of a pesticide mixture with a commercial

formulation of 2,4-D (2,4-dichlorophenoxy-acetic acid), diuron, and
Ametryne: (o) 50, (m) 35, and (A) 25 ppm (TOC, total organic carbon)
(see text for details).
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