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A computational fluid dynamics (CFD) model for the simulation of immobilized pho-
tocatalytic reactors used for water treatment was developed and evaluated experimen-
tally. The model integrated hydrodynamics, species mass transport, chemical reaction
kinetics, and irradiance distribution within the reactor. The experimental evaluation
was performed using various configurations of annular reactors and ultraviolet lamp
sizes over a wide range of hydrodynamic conditions (350 < Re < 11,000). The evalua-
tion showed that the developed CFD model was able to successfully predict the photo-
catalytic degradation rate of a model pollutant in the analyzed reactors. In terms of
hydrodynamic models, the results demonstrated that the laminar model performs well
for systems under laminar flow conditions, whereas the Abe-Kondoh-Nagano low Reyn-
olds number and the Reynolds stress turbulence models give accurate predictions for
photoreactors under transitional or turbulent flow regimes. The performed analysis
confirmed that degradation rates of organic contaminants in immobilized photocata-
Iytic reactors are strongly limited by external mass transfer; as a consequence,
the degradation prediction capability of the CFD model is largely determined by
the external mass transfer prediction performance of the hydrodynamic models used.
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Introduction

The contamination of drinking water sources with harmful
organic substances has been recognized as a major problem
worldwide. Among many other compounds, pesticides, phar-
maceuticals, and personal care products are now frequently
found in water resources and outflows from sewage treat-
ment plants.l_3 The removal of these contaminants using
conventional water treatment processes has shown to be very
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difficult; therefore, an increasing number of new treatment
technologies are being developed and evaluated. A particu-
larly emerging and promising technology is heterogeneous
photocatalysis.4 Photocatalytic processes involve the use of
nanostructured photocatalyst materials, predominantly tita-
nium dioxide (TiO,), activated by ultraviolet (UV) irradia-
tion. One of the main appeals of this technology lies in its
capability to potentially mineralize the pollutants into harm-
less compounds (carbon dioxide, water, and mineral acids)
without producing any other waste streams.’

Despite the many advantages of photocatalysis and the
extensive laboratory research done in this field, there are still
some factors that stymie the development of large scale
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photocatalytic oxidation reactors for water treatment. Lack
of proper models and simulation tools for predicting and
analyzing the performance of full-scale systems, and there-
fore lack of adequate scale-up strategies, is among the key
factors hindering the development of commercial water treat-
ment systems using this technology.®® An effectual
approach to this issue is the application of computational
fluid dynamics (CFD), which has extensively demonstrated
to be a very effective tool in the design, optimization and
scaling up of reacting systems.gfm Through simultaneous
modeling of hydrodynamics, species mass transport, chemi-
cal reaction kinetics, and photon flux distribution, CFD
allows for comprehensive analysis of photocatalytic reactor
performance by providing the local values of the parameters
of interest (i.e., fluid velocity, pollutant concentration, reac-
tion rate, UV irradiance, etc.). In addition, applying CFD
analysis to scaled-up reactors minimizes experimental effort
and fabrication costs at the pilot-scale level.”

Most of the CFD models of photocatalytic reactors reported
in the literature are related to the simulation of immobilized
photocatalytic reactors used for air treatment.''™' There are
few CFD investigations of photocatalytic reactors used for
water treatment.'®'® For the case of turbulent flow immobi-
lized photocatalytic reactors for water treatment, to the
authors’ knowledge, only two investigations are reported in
the literature. In one of them,'*° a series of simulations were
run to determine the effects of flow rates, diffusion coeffi-
cients, reaction rate constants, and inter lamp spacing on the
performance of a multilamp reactor. One of the main findings
of the investigation was that the conversion in the reactor was
primarily controlled by the flow and diffusion of the pollutant,
and was practically independent of the surface reaction rate.
However, the publications neither offer much information
about the computational model (boundary conditions, radia-
tion model, near-wall modeling approach, mesh quality, etc.)
nor evaluate the simulation results against experimental data.
The other investigation is reported by Duran et al.?' In this
study, different hydrodynamic models (laminar, realizable k-¢,
and Reynolds stress models [RSMs]) were evaluated in terms
of their external mass transfer and photocatalytic oxidation
prediction capabilities. A flat-plate differential reactor and for-
mic acid as a model compound were used in the evaluation.
Based on radiation field simulations of the system, the UV
irradiance over the photocatalyst plates in the reactor was
assumed constant. As a consequence, irradiance modeling was
excluded from the model and was not evaluated. The study
showed good agreement between the model predictions, and
the experimental data for those cases where completely lami-
nar or turbulent flow regimens were present in the system.

The primary objective of this study was to develop and evalu-
ate experimentally a CFD-based model for the simulation of
photocatalytic reactors, comprising of nanosize TiO,-coated
surfaces used for water treatment. The computational model
integrates hydrodynamics, species mass transport, chemical
reaction kinetics, and irradiance distribution within the reactor.
Each of these aspects have been individually analyzed and
experimentally evaluated in previous investigations.”>>> Two
annular reactors presenting different inlet configurations, dimen-
sions, and lamp sizes were used for the experimental evaluation.
Benzoic acid (BA) was chosen as a model pollutant, and the
CFD-based model was evaluated over a wide range of hydrody-
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namic conditions (350 < Re < 11,000) in which laminar, tran-
sient, and turbulent flow regimes were present. Comprehensive
methodologies were followed to obtain accurate estimations of
the experimental surface reaction rate kinetics and UV lamp
power outputs. The model predictions using different hydrody-
namic models and near-wall modeling approaches were com-
pared against the experimental data collected. Commercial CFD
code Fluent® 6.3.26 was used to perform the simulations.

CFD Model
Laminar flow governing equations

Assuming that the fluid is Newtonian, incompressible, iso-
thermal, non-reactive, with constant physical properties and
under laminar steady state flow, the hydrodynamic and spe-
cies transport governing equations are as follows:'®

Mass conservation equation:

V- (U)=0 (1)

Momentum conservation equation:
V- (pUU)=-VP -V -1 2)

where the stress tensor is:

2
T=pu(VU+ VU") —guv-w 3)
Species conservation equation:
V- (pUm))=-V-J; i=12,...N—1 4

where the diffusive flux of species 7 is estimated using Fick’s
first law of diffusion:

Ji = —DnV(pm;) 5

In Egs. 1-5, p is density, U is velocity, P is pressure, 7 is
viscous stress tensor, u is molecular viscosity, / is unit ten-
sor, m; is mass fraction of species i, J; is diffusive flux of
species i, N is the total number of species, and D,, is the
molecular diffusivity of species 7 in the mixture.

Turbulent flow governing equations

Under the same assumptions stated for the laminar flow
model, the Reynolds-averaged Navier-Stokes turbulence
modeling approach involves solving the following time-aver-
age equations:

Mass conservation equation:

V- (0)=0 ©)
Momentum conservation equation:
V- (pUU + pun) = —VP -V -7 (7)
Species conservation equation:
V- (o + p]) = —V -7,

i=1,2,.,N—1 (8
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where the overbar indicates a time-averaged value, and u and
m; are fluctuating flow velocity and mass fraction of species i,
respectively.

The specification of the apparent stress gradients (puu) was
made by means of a turbulence model.”*”>’ Because no turbu-
lence model is universally accepted to be superior for all con-
ditions, four hydrodynamic turbulence models were evaluated
against experimental results in this investigation: the widely
used standard k—¢ model (S k—s),28 the realizable k—¢ model
(R k—a),29 the RSM,30 and the low Reynolds number k—¢ tur-
bulence model developed by Abe, Kondoh, and Nagano
(AKN).*!' Near-wall modeling for the S k—¢, R k—¢ and RSM
models were performed with the enhanced wall treatment
approach, which combines a two-layer model applicable in
regions with fine near-wall meshes, with enhanced wall func-
tions used in regions with coarse meshes.?> On the other hand,
the AKN near-wall modeling approach incorporates wall-
damping effects on the empirical constants and functions in
the turbulence transport equations. This approach enables the
extension of the k—¢ turbulence model all the way to the wall.
The AKN model has given promising results in modeling
near-wall heat and mass transfers in various applications,®*>*
and more recently modeling external mass transfer™ and sur-
face reaction®* in annular reactors. L

The specification of the mass transfer fluxes (pumﬁ) was
made by analogy to the linear approximation for the Reyn-
olds stresses (or to Fick’s first law of diffusion):

pum| = —D, N (pT;) ©)

where D, is the so-called eddy (or turbulent) diffusivity for
species concentration. Combining Egs. 5, 8, and 9 results in
the convection-diffusion turbulent mass transfer equation
applicable to our case:

V- (pUm;) =V - Kpo + ﬂ) Vﬁ,} (10)
SC[

with Sc,, the turbulent Schmidt number, defined as the ratio
between the turbulent viscosity, f, and the turbulent
diffusivity:

1y
Scp = — 11
Ct oD, (11)

A value of Sc, = 0.7 was used in the simulations as rec-
. . 35-3
ommended in various references.>> %

Radiation field governing equations

Modeling the radiation field in a given photoreactor involves
solving the radiative (photon) transfer equation (RTE).>’~*® For
monochromatic radiation, the RTE is defined as:

dL(r,s)
dz

+ (k+ a)L(r,s) = j*(r) +% / L(r,sp(s' — s)dQ
4n

12)

where L is the photon radiance, r is the position vector, s is the
propagation direction vector, z is the path length, x is the
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absorption coefficient, o is the scattering coefficient, j° is the
emission (source) term, p is the phase function for the in-
scattering of photons, and Q' is the solid angle about the
scattering direction vector s'. Fluent solves the RTE using the
finite volume method which considers the RTE in the direction
s as a field equation;38 thus, Eq. 12 is rewritten and solved as:

V- (L(r,s)s) + (k + o)L(r,s)

4
O'S,BT g
= an —+

2 / Lir,)p(s — ) (13)

4n

where 7 is the refractive index, gg_p is the Stefan-Boltzmann
constant (5.672 x 107® W m~2 K™%, and T is the absolute
temperature of the medium.

In this investigation, the reactor monochromatic lamp was
included in the computational domain. The lamp emission
model implemented was a modification of the extensive
source volumetric emission model®’ that incorporates the
photon absorbance/re-emission effect produced by the mer-
cury vapor in the lamp, so as the reflection/refraction/absorp-
tion at the lamp quartz envelope (ESVERA model). All the
details about this lamp emission model and its corresponding
CFD-based modeling approach can be found elsewhere.”

Surface chemistry model

The heterogeneous photocatalytic decomposition of BA
over a composite sol-gel TiO, coating was selected as the
model reaction for the experimental evaluation of the devel-
oped CFD-based model. Photocatalytic reactions carried out
in a porous photocatalyst layer are “volumetric” reactions.
The rates of these reactions vary with position within the
layer because of UV irradiance gradients caused by radiation
absorption and concentration gradients of the reacting spe-
cies caused by conversion or diffusion resistance.* How-
ever, the overall reaction can be treated as an surface reac-
tion by expressing the overall degradation reaction rate (free
of external mass transfer limitation) in per unit area of
coated catalyst. This overall reaction rate is a function of the
concentration of the reacting species and UV irradiance at
the liquid-catalyst layer interface, and of a series of proper-
ties inherent to the catalyst layer (i.e., UV absorption coeffi-
cient, thickness, tortuosity, porosity, etc.).39411

Under the experimental conditions used in this study, the
surface photocatalytic decomposition of BA —R}, followed
pseudo first-order kinetics with respect to the concentration
of BA and the UV irradiance (refer to the kinetics determi-
nation experiments in the “Results and Discussion™ section).
Thus, the rate expression was defined by:

— RS, = MwaECgas (14)

where My is the BA molar weight, o is the rate constant
obtained from the kinetic experiments, E is the UV irradiance
reaching the catalyst surface, and Cgags is the BA molar
concentration at the catalyst surface exposed to the fluid
medium. « is inherent to the photocatalyst coating, BA initial
concentration, and dissolved oxygen concentration used in the
experiments; in this study an o value of 4.75 x 10 ®m* W~ 's™!
was obtained. This reaction rate expression (Eq. 14) was
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programmed as a sub-program (user defined function in Fluent),
and it was integrated to the surface reaction rate model of
Fluent. Because an overall reaction is required to be set in the
CFD software, complete mineralization of BA was assumed
(CcHsCOOH + 15/2 O, — 7 CO, + 3 H,0). The “laminar
finite rate” model which ignores the effect of turbulent
fluctuations on reaction rates was chosen for reaction modeling.

Geometrical models and mesh structure

Two commonly used annular reactor configurations were
studied, with the inlet normal (U-shape) and parallel
(L-shape) to the main reactor body. The reactor geometries
are shown with their dimensions in Figure 1. The inlet and
outlet tubes were chosen to be 100 diameters in length to
ensure that a fully developed flow was established at the
entrance and at the outlet boundaries of the reactor. The
L-shape reactor sleeve holder consisted of three prongs
(3-mm wide x 5.5-mm long x 3-mm thick) located 120°
one from another.

A boundary-layer mesh was setup in the annular region
where the surface reaction took place. y© < 0.5 at the wall-
adjacent cell, and at least 10 cells within the viscosity-
affected near-wall region (Re, < 200) were defined.® Also,
a boundary-layer mesh was setup at the lamp envelope
where high radiation gradients occur. The commercial mesh
generator Gambit® 2.2.30 was used to create the grid. Struc-
tured hexahedral cells were used to discretize the physical
domains, except for the region of the sleeve holder of the
L-shape reactor, where it was necessary to split the reactor
domain and use unstructured cells. The used grids had
approximately 1.7 million volume cells, and they were veri-
fied to give mesh-independent results.

Boundary conditions

The boundary conditions related to the hydrodynamics and
mass transport in the CFD model were defined as follows.
At the inlet, the mass flow rate of the fluid was specified.
The direction of the flow was defined normal to the bound-
ary. For the cases corresponding to turbulent flow, the
hydraulic diameter was fixed at 12 mm, and the turbulence
intensity (TI) was set according to the formula TI = 0.16
Re "®.%2 The inlet mass fractions of BA, dissolved oxygen,
and carbon dioxide were specified as 4.41 x 1075, 8.0 x
1076, and 0, respectively. These conditions were defined
considering that in a typical experimental run, the initial
concentration of BA was around 4.41 ppm, the dissolved ox-
ygen concentration was kept constant at saturation (8 ppm at
25°C) and no CO, was present initially. At the outlet, a fully
developed flow (outflow) condition was applied. At all the
walls, a no-slip boundary condition was imposed. Also, zero
diffusive flux of species was specified at the walls, except
for the walls coated with the photocatalyst where the follow-
ing boundary condition was defined:

Ji-h=R} (15)
where n is the unit vector normal to the surface, and Rl-S is the
rate of production/depletion of species i arising from the
surface.
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Figure 1. Schematic diagram and dimensions of the U-
shape and L-shape TiO,-coated annular reac-
tors: (a) reactor entrance details, (b) L-shape
reactor dimensions, (c) U-shape reactor
dimensions (with two UV lamp lengths of 165
and 207 mm).

The 228-mm-long white areas shown in both reactors corre-
spond to the photocatalyst coatings. The cylinders inside the
sleeves represent the UV lamps.

The radiation field boundary conditions were defined as
follows. The lamp plasma was defined as a solid continuum
cylinder surrounded by a 1-mm thick, semitransparent, fully
specular wall. The temperature of the entire computational
domain was set at 1 K (to eliminate any volumetric radiation
effect), except for the temperature of the lamp plasma which
was defined so that the radiation power generated matched
the corresponding power output of the lamp. The lamp end
caps were semitransparent, fully diffused absorbent walls.
The air surrounding the lamp was also defined as a solid
continuum. The quartz sleeve was set as a 1-mm thick, semi-
transparent, and fully specular wall. The water inside the
annulus was defined as a fluid continuum, and all the
remaining walls (including the photocatalyst-coated wall)
were set as zero-thickness, opaque, fully diffused, non-reflec-
tive walls. A detailed explanation of these radiation field
boundary conditions can be found elsewhere.”

Physical properties

The concentrations of BA used in this study were very
low (<5 mg/L); consequently, the physical properties of
water were assumed for the solution. At 298 K, the follow-
ing values were used:**** 1 = 8.9 x 107* Pass, p = 997
kg/m?®, Dy, = 932 x 107" m%s, n = 1.38, and k = 1.3
m~' (measured for a 2.5 ppm BA solution). The optical
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properties assumed for the other materials were as follows:
air (n = 1.00, and x = 0 m™"), GE 124 quartz“’45 (n =
1.52, and k = 22 mfl), lamp plasma46 (n = 1.00, and x =
191 m™"). All the optical properties were estimated for 254
nm UV radiation.

Numerical solution method and strategy

Commercial CFD code Fluent® 6.3.26 was used to perform
the simulations. The segregated steady-state solver was used
to solve the governing equations. Second-order upwind discre-
tization scheme was used except for pressure for which the
standard scheme was selected. The SIMPLE algorithm was
chosen for the pressure-velocity coupling. An angular discreti-
zation of 40 divisions was used for solving the RTE. This
number was found to be sufficient to avoid the appearance of
the “ray effect”; and to overcome control angle overhang, 1
X 1 pixelation was used. ¥ Convergence of the numerical
solution was assured by monitoring the scaled residuals to a
criterion of at least 10~* for the continuity and momentum,
and 10°° for the concentration and radiation variables. In
addition, the variation of velocity magnitude, BA concentra-
tion, and radiation fluence rate at several points of the compu-
tational domain was used as an indicator of convergence.

Taking advantage of the facts that in the studied system
the velocity and radiation fields did not interact, and that the
photocatalytic reaction development did not affect these
fields, the CFD model was solved in three steps. First, the
equations of conservation of mass and momentum were
solved for getting the flow field across the computational do-
main. Then, the velocity values were kept “frozen,” and the
RTE was solved for obtaining the radiation field. Finally,
keeping “frozen” the converged flow and radiation field sol-
utions, the conservation of species equation was solved for
computing the BA concentration map within the system.
This solving strategy saves computation time and brings sta-
bility to the solution.

Experimental
Catalyst preparation

The photocatalyst used in the experiments was a compos-
ite sol-gel TiO, coating. A detailed description of the steps
followed in the preparation of the composite sol-gel TiO,
coating can be found elsewhere.*’ The titanium tetraisoprop-
oxide (97%) was from Sigma-Aldrich; the HCI (36.5%) and
denatured ethanol (85% ethanol+15% methanol) from Fisher
Sci.; and the TiO, power was Degussa P-25. The prepared
mixture was deposited on the desired surfaces (previously
sandblasted to improve the adhesion of the coating) using
dip-coating technique at a withdrawal speed of 1.25 cm/min.
The coated samples were dried at room temperature for 1 h
and then heat-treated at 500°C for 2 h. Under the used con-
ditions, the resulting coating density was estimated gravimet-
rically at 17.3 & 1.7 g/m?.

Determination of the surface reaction kinetics

For obtaining the surface kinetics, experiments were con-
ducted in a differential reactor (i.e., a reactor with very
low conversion per pass) equipped with three glass slides
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(25 mm x 75 mm each) coated with the photocatalyst
according to the previously described method. The reactor
consisted of a 63-mm wide aluminum block designed to
allow the BA solution to flow through a 225-mm long pas-
sage of 25 mm (width) and 3 mm (height), and over the
coated glass plates. The reactor was covered by a diffused
quartz plate and was irradiated by two low-pressure mercury
UV lamps (GPH357T5SL/4P, Atlantic Ultraviolet) mounted
under an aluminum reflector. Radiometer measurements and
irradiance  CFD simulations reported elsewhere®! demon-
strated that the irradiance over the coated glass slides was
fairly uniform; therefore, a constant value could be assumed.
Schematics of the experimental setup can be found in the
cited study.”' The differential reactor was operated in a con-
stantly aerated, recirculating batch system. Five hundred
milliliters of BA solution (prepared using ACS certified BA
from Fisher Sci. and ultrapure water) with an initial concen-
tration of ~5 mg/L was charged in a mixed tank (600 mL
glass beaker), and then pumped through the reactor using a
magnetic drive gear pump (Micropump 221/56C). The solu-
tion was run for 30 min without UV irradiation for BA
absorption equilibrium to occur; after which, samples were
collected from the well mixed tank every 20 min over a pe-
riod of 120 min, and their BA concentration was analyzed.

The previous procedure was repeated for different UV irra-
diance values which were adjusted by changing the distance
of the UV lamps to the reactor. The lamp centerlines (20 mm
away from each other) were located 5, 10, 15, 22.5, and 30
cm above the quartz plate. The UV irradiance over the cata-
lyst-coated slides was measured using potassium ferrioxalate
actinometry. For this, 500 mL of potassium ferrioxalate solu-
tion (0.02 M), prepared and used as described by Murov
et al.,50 was recirculated through the differential reactor with-
out TiO,-coated slides. All the chemicals used were ACS cer-
tified, obtained from Fisher Sci., and used as received. The re-
actor quartz plate was covered with UV absorbent electrical
tape (3M) except for the area above the normal position of the
coated glass slides. Samples were taken from the container
beaker at different time intervals, and the irradiance was cal-
culated with the following formula:>*!

g 472 10° x Vr_ dCpe-

DA & % 0.89 (16)

where Vr is the total volume of liquid solution, ® is the
quantum yield of potassium ferrioxalate at 254 nm, A is the
area of the irradiated window (which corresponds to the area
of the coated slides), dC%:/dt is the slope obtained from the
linear regression of Fe®'-concentration versus time, 4.72 x
10° is a factor to convert Einstein to Joule (valid for 254 nm
radiation), and 0.89 is a correction factor to deduct the
contributions made by the lamp emitted radiation having
wavelengths longer than 254 nm.>> The quantum yield used in
the calculations was ® = 1.41 in accordance with a recent
study by Goldstein and Rabani.>

Photocatalytic degradation performance
of the annular reactors

The CFD-based model was evaluated against the experi-
mental performance of annular reactor prototypes having the
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Figure 2. TiO,-coated U-shape annular reactor used in the experiments.

(a) photocatalyst-coated glass halves, (b) photocatalyst-coated glass tube fitted in the PVC structure, and (c) U-shape annular reactor under
operation. A similar reactor with modified inlet was used for the L-shape geometry. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

same dimensions as the geometrical models described in Fig-
ure 1. The reactor structures were made of PVC and
included a union that allowed for fitting catalyst-coated glass
tubes in the inside (see Figure 2). The TiO, photocatalyst was
coated on the inner wall of previously sand blasted glass tube
halves (76-mm long and 33- or 44-mm inner diameter) as
shown in Figure 2a. Six tube halves were put together using
electrical tape to form 228-mm long coated tubes with either
33 or 44 mm inner diameter. The reactor quartz sleeves had
20 mm inner diameter and 1.0 mm wall thickness (quartz type
GE 124, CANSCI Glass Products Ltd.). The L-shape reactor
was operated using a 165 mm-long lamp, whereas the
U-shape reactor was operated using two different lamps (165
and 207 mm). With the low-pressure mercury lamps
(GPH357T5L/4P, Light Sources Inc.) having 277 mm arc
lengths, the desired lamp lengths (165 and 207 mm) were
obtained by covering the ends of the lamps with a layer of
Teflon tape, topped by another layer of electrical tape.

The UV power output of the lamps under the actual oper-
ating conditions in the reactors was estimated as follows.
First, the output of the lamps running in air was determined
using the method proposed by Lawal et al.>* For this, the
irradiance at 1 m perpendicular to the center of a lamp was
measured using a radiometer (IL1700, SED240 detector,
NS254filter, International Light Tech.). Under these condi-
tions, the power output (W) was calculated using the follow-
ing formula:

- E2m%y x 1

2B +sin2p an

where y is the normal distance from the lamp, / is the lamp
length, and f is the half angle subtended by the lamp at the
sensor position (i.e., tan ff = [/(2y)). The power values
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obtained in air at 21°C were corrected to the operating
conditions inside the reactor quartz sleeve surrounded by water
at 25°C. For this, a temperature correction factor of 0.975 as
obtained in a separate study was used.”’

The TiO,-coated annular reactors were operated in recir-
culating batch mode using the experimental setup shown
schematically in Figure 3. The tank was a 3 L plastic beaker,
and the pump was a magnetic drive centrifugal pump (Flotec
MDR60OT-X03). The temperature of the system was kept at
298.0 K + 0.5 K and was measured using a type-K thermo-
couple system (Digi-Sense, Cole-Parmer). Temperature con-
trol was achieved passing cold water through a copper coil
submerged in the tank. The operation of the system involved
recirculating 2.5 L of constantly aerated BA solution (initial
concentration ~5 mg/L) at constant flow rate through the re-
actor. At the beginning of each experiment, the solution was

L-shape annular reactor

; ; n
Sampling
<+

TiO; coating

Flowmeter

o

Bl 2 — Coil

Mixed aerated tank

Pump

Figure 3. Schematic of the experimental setup used for
evaluating the photocatalytic degradation per-
formance of the prototype annular reactors.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

DOI 10.1002/aic 1865



run for 30 min without UV irradiation for BA absorption
equilibrium to occur. Following, the UV lamp (preoperated
for 30 min to achieve stabilized emission) was inserted in
the reactor sleeve, and samples were taken from the tank ev-
ery 15 min for 90 min. The samples were analyzed for their
BA content. The procedure was repeated using flow rates of
1.0, 6.6, 11.4, and 24.6 L/min for the L-shape reactor and
1.0, 8.5, 20.0, and 27.4 L/min for the U-shape reactor.

Analytical methods

The concentration of Fe>" formed during the actinometric
measurements was determined via UV spectrophotometry at
510 nm (Cary 100 UV-Visible spectrophotometer, Varian).>
The concentration of BA was directly analyzed with a
Waters 2695 HPLC. Separation was accomplished using a
reverse phase Nova Pak C18 4 um 3.9 x 150 mm separator
column operated at 35°C. The compound detection was
achieved using a Waters 2998 photodiode array detector
with UV detection (detection wavelength = 230 nm). A
sample volume of 100 uL. was injected to the system and a
58% methanol/40% water/2% acetic acid solution was used
as the mobile phase. The type of elution was isocratic with a
flow rate of 1.23 mL/min. Empower Pro software was used
to analyze the chromatographs.

Results and Discussion
Surface reaction kinetics

Before investigating the surface kinetics of the photocata-
Iytic reaction of BA, experiments were conducted to study
any possible removal of the model pollutant by direct pho-
tolysis and/or adsorption on to the photocatalyst surface. The
direct photolysis experiments showed a small degradation of
BA (<15% in 2 h) that presented first-order kinetics. On the
other hand, only a small fraction of the initial BA (<5%)
was adsorbed on the TiO, coating within the first 20 min of
contact time.

Several runs at different UV irradiances and flow rates
were performed in the differential reactor, each resulting in
an exponential decay of BA concentration with time. This
observed exponential decay implied that the surface reaction
rate follows first-order kinetics with respect to the BA con-
centration.”* However, a dependence of the photocatalytic
degradation rate on the flow rate was also observed, imply-
ing that the reaction rate was being partially limited by the
rate of external mass transfer in the system. As a conse-
quence, the surface reaction rate constants (k") were calcu-
lated using the BA external mass transfer coefficients for the
used system reported in a previous study21 according to:>

Kl % k
V= . r (18)
€

where kgff is the effective surface reaction rate constant, and k.
is the mass transfer coefficient for experiments performed
using a flow rate of 5 L/min. k. was obtained subtracting the
rate constant associated with direct photolysis from the
observed reaction rate constant. Figure 4 shows the surface
reaction rate constants obtained for different UV irradiances.
The surface reaction rate constants presented a linear relation-
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Figure 4. Surface reaction rate constants obtained at
different UV irradiances for the photocatalytic
degradation of BA over the composite sol-gel
TiO, coating.

The error bars represent the 95% confidence intervals.

ship with the UV irradiance (k" = 4.75 x 10~° E); and overall,
the molar photocatalytic degradation rate of BA (—r'l’3 A)
followed first-order kinetics with respect to BA concentration
and UV irradiance at the photocatalyst surface layer:

—rga =4.75 %X 107% X E x Cpas 19

Heterogeneous photocatalytic reactions of diluted substrate
solutions with constant dissolved oxygen concentration are
commonly found to follow pseudo first-order kinetics with
respect to the substrate concentration.’®™>’ Also, linear de-
pendence of the reaction rate with the UV irradiance is nor-
mally reported for systems under low UV irradiation.>® For
the particular case of BA, analogous results were reported in
another investigation in which the concentration and irradi-
ance conditions were similar to the ones used in this work.”

It is worth noting that even though the surface reaction rate
expression (Eq. 19) does not correspond to the intrinsic reac-
tion kinetics, it is inherent to the photocatalyst coating and
dissolved oxygen concentration used in the kinetic experi-
ments, 324160 Therefore, it is expected that this surface reac-
tion kinetic expression can be used for predicting the BA deg-
radation rate in any other immobilized system which uses the
same TiO, coating (same preparation, coating technique, coat-
ing thickness) and dissolved oxygen concentration as in here.
Similar methodology presented here can be applied to deter-
mine the surface kinetic expression for other conditions.

CFD simulations of the prototype annular reactors

Besides the surface kinetics expression, the other required
experimental parameter for running the CFD simulations was
the lamp power outputs. Because of the importance of this
parameter, the comprehensive methodology described in the
Experimental section was used for obtaining reliable values.
After this method, the UV output of the 165 and 207 mm
lamps were estimated to be 3.3 and 4.1 W, respectively.
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Figure 5. Contours of velocity magnitude (m/s) in the
L-shape (a) and U-shape (b) annular reactors
calculated using the AKN turbulence model.

The figure shows the longitudinal center plane and three
transversal planes along the reactor volume. The results
correspond to flow rates of 24.6 L/min (Re = 11,000) and
274 L/min (Re = 10,000), respectively. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Steady state CFD simulations of the prototype annular
reactors were performed using different hydrodynamic mod-
els. Several operating flow rates which represented 350 <
Re < 11,000 were used to cover a range of laminar, transi-
tional, and turbulent flow conditions. Even though the abso-
lute values of the obtained results were different for each of
the flow rates and turbulence models evaluated, the main
patterns and local distributions of the analyzed variables (ve-
locity, mass transfer coefficient, surface reaction rate, and
external effectiveness factor) were somehow similar. These
general results are described in the following paragraphs.

The obtained hydrodynamic results (Figure 5) were very sim-
ilar to the ones obtained in previous investigations of annular
reactors.”> > Essentially, the velocity magnitude distribution
along the annular space was more uniform for the L-shape than
for the U-shape configuration. In the U-shape reactor, the fluid
presented high velocities in the section opposite to the inlet and
outlet ports, but low velocities on the same side of the ports. In
the case of the L-shape reactor, the inner tube holder prongs
generated a wake of low velocity behind them. These velocity
distributions induced analogous local mass transfer coefficient
distributions on the photocatalyst-coated surfaces, as presented
in Figure 6. The local mass transfer coefficients were calculated
in Fluent using a custom field function defined as:

475 % 107°E x Cas

C

(20)

Ceap — CBas

where Cgap is the concentration of BA in the bulk fluid
(assumed equal to the inlet concentration because of the small
conversion of BA). Equation 20 is obtained from equating the
surface reaction rate and the mass transport flux; this derives
from the steady state assumption used for solving the
governing equations.

The local distribution of mass transfer coefficients is very
valuable for analyzing the performance of immobilized pho-
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Figure 6. Local mass transfer coefficient distributions
(m/s) on the photocatalyst surface of the
L-shape (a) and U-shape (b) annular reactors
as calculated using the AKN turbulence model.

The results correspond to flow rates of 24.6 L/min (Re =
11,000) and 27.4 L/min (Re = 10,000), respectively. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

tocatalytic reactors. The overall reaction rate in these sys-
tems is usually limited by the rate of mass transport. Hence,
identifying areas of low mass transfer, and finding alterna-
tives for increasing the transport of species toward those
photocatalyst-coated areas will result in an increase of the
degradation rate achieved in the photoreactor. For example,
the U-shape annular reactor configuration presents a low
mass transfer area in the top region of the reactor, toward
the outlet port (see Figure 6b). This situation could be
improved, for example, with the insertion of internal baffles
that generate fluid turbulence toward that region.

The results of the radiation field simulations are presented
in terms of irradiance distributions over the TiO,-coated sur-
face in Figure 7. Because of the proximity between the
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4.45e+01 (c)

3.56e+01

2.67e+01
1.78e+01
8.90e+00
0.00e+00
Figure 7. Irradiance distributions (W/mz) over the TiO,-
photocatalyst surface for: (a) U-shape reactor
with 207-mm lamp, (b) U-shape reactor with
165-mm lamp, and (c) L-shape reactor with
165-mm lamp.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Surface reaction rate (kmol s~' m™2) distribu-
tions over the TiO,-photocatalyst surface for:
(a) U-shape reactor with 207-mm lamp, (b) U-
shape reactor with 165-mm lamp, and (c) L-
shape reactor with 165-mm lamp.

The results were computed using the AKN turbulence model
for flow rates of 24.6 L/min (L-shape reactor) and 27.4 L/min
(U-shape reactors). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

photocatalyst surface and the lamps (<1.5 cm), the predicted
irradiance profiles were nearly flat in the regions directly
facing the lamps and then dropped drastically toward the
ends of the coated-areas. These results agree with the experi-
mental measurements of irradiance at the outer wall of an
annular reactor reported elsewhere.”> As seen in Figure 7,
the irradiance distributions and irradiance values on the pho-
tocatalyst layer of each reactor are very specific. For exam-
ple, the irradiance values at the cental area of the reactors
(areas with the highest irradiance) present differences of up
to 50%. Evaluating the CFD model at different UV irradi-
ance values and distributions is very important since during
scale-up these quantities usually change.

Figure 8 presents the local surface reaction rate distribu-
tions over the photocatalyst surface. As expected, the areas
combining high velocity gradients (and therefore, high mass
transfer coefficients) with high UV irradiance resulted in
high surface reaction rate, whereas low surface reaction rates
were found in the areas having low mass transport and/or
UV irradiance. The U-shape reactor with the 207 mm lamp
(Figure 8a) showed high surface reaction rates at the en-
trance region, particularly at the bottom of the annular space
where the incoming fluid presented high velocity gradients.
However, as expected from the local mass transfer analysis,
this reactor showed low reaction rates in the top, outlet area.
The U-shape reactor with the 165-mm lamp (Figure 8b) pre-
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sented a similar behavior, except for the two ends of the
TiO,-coated surface where the reaction rate was minimal
because of the absence of sufficient UV irradiation. The L-
shape reactor with the 165-mm lamp presented overall higher
surface reaction rates because of the more uniform velocity
and mass transfer distributions. However, regardless of mass
transfer rates, the surface reaction rates at the end sections of
the catalyst were close to zero because of the very low UV
irradiance reaching the photocatalyst in those regions.

The external effectiveness factor (E.,) demonstrated to be a
suitable parameter for analyzing the performance of turbu-
lence and near-wall models in terms of their surface reaction
prediction capabilities.”* This factor is defined as the ratio
between the observed reaction rate and the reaction rate with-
out external mass transport limitations.®! In this work, E., was
computed using a custom field function in Fluent as follows:

"
_ kK'Cpas Cgas

E.. = =
“ k'Cpap Cpas

2D

Figure 9 presents the local effectiveness factor distribu-
tions obtained for the analyzed annular reactors. The magni-
tude of E., ranges from O to 1, indicating the relative impor-
tance of diffusion and reaction limitations. As FE.
approaches 1, the overall reaction is surface-reaction-limited,
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Figure 9. External effectiveness factor (dimensionless)
distributions over the TiOs-photocatalyst sur-
face for: (a) U-shape reactor with 207-mm lamp,
(b) U-shape reactor with 165-mm lamp, and (c)
L-shape reactor with 165-mm lamp.

The results were computed using the AKN turbulence model
for flow rates of 24.6 L/min (L-shape reactor) and 27.4 L/min
(U-shape reactors). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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whereas when E., is much smaller than 1 (i.e., E., < 1), the
overall reaction is diffusion limited. A common criterion
applied to heterogeneous reactions states that if E., is larger
than 0.95, external mass transport limitation is negligible in
the system.61 The analysis of the local E., distributions in
the three reactors shown in Figure 9 reveals that E., was
very low at those areas where surface reaction was taking
place (areas with significant UV irradiance). This result
implies that at those regions, the surface reaction rate was
much higher than the mass transport rate which induced
overall a diffusion controlled process. E., values close to 1
were achieved only at the end sections of the catalyst surface
for the 165-mm lamp reactors, where the surface reaction
rates were very low because of the lack of UV irradiation.
These results confirm that overall, the pollutant degradation
rates in immobilized photocatalytic reactors are strongly lim-
ited by external mass transfer. In such systems, the predic-
tion of the overall reactor performance will be largely deter-
mined by the external mass transfer prediction capabilities of
the hydrodynamic models used for the simulations.**

Comparison of the CFD simulations with the
reactor experimental performances

Several runs at different flow rates were performed, oper-
ating the immobilized photocatalytic reactor prototypes in
recirculating batch mode. The photocatalytic degradation
performance of the reactors was measured in terms of the
apparent degradation rate constants (k,p,) obtained under
each experimental condition. These reaction rate constants
corresponded to the photocatalytic degradation only and
were computed subtracting the direct photolysis rate con-
stants (obtained from control runs without the photocatalyst)
from the observed reaction rates. The apparent reaction rate
constants obtained from the experiments were compared
with the rate constants calculated by the model. The CFD-
based apparent rate constants were calculated using the BA
conversion per pass (Xs) achieved in the photoreactor as pre-
dicted by the steady state CFD simulations. This calculation
was based on the analysis presented by Duran et al.** which
derives from the fact that the conversion per pass, Xg, in any
reactor (real or ideal) with first-order reaction kinetics is the
same for the reactor operating in either continuous or recir-
culating batch mode. Given this property, the apparent reac-
tion rate constants for the recirculating system were calcu-
lated using the following formula:**

Xs

R 22
0’1‘ —XsHR (22)

Kapp =
where Or is the total residence time within the system (01 =
V1/Q), O is the residence time in the reactor (Og = Vr/Q), V1
is the total fluid volume in the system, Vg is the reactor
volume, and Q is the flow rate through the reactor. Equation
22 was obtained from a model which describes the dynamic
process of the catalytic reaction within the reactor as well as
mixing within the holding tank in a recirculating batch system.
The detailed model description is provided by Duran et al.**

Figure 10 presents the results obtained for each of the pro-

totype reactors and hydrodynamic models evaluated in this
work. The experimental apparent reaction rates obtained for
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Figure 10. Comparison of the apparent reaction rate con-
stants estimated based on CFD simulations with
the ones obtained experimentally for the
U-shape reactor with 207 mm lamp (a), U-shape
reactor with 165-mm lamp (b), and L-shape reac-
tor with 165-mm lamp (c).

The CFD predictions were computed using different
hydrodynamic models and the error bars represent the
95% confidence interval obtained with triplicate runs.
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the three reactors presented a monotonic increasing tendency
with respect to flow rate. These results confirmed that the
overall photocatalytic degradation process was limited by the
rate of mass transport within the range of the studied flow
rates. When analyzing the performance predictions obtained
using different hydrodynamic models, it can be noticed that
the laminar model was able to predict the photocatalytic rate
for all the studied annular reactors. This result agrees with
those of previous studies''™'?**?* in which the laminar
model presented very good external mass transfer and sur-
face reaction prediction performance.

The prediction performance of the turbulence models was
different for each of the photocatalytic reactors. For the U-
shape reactor with the 207-mm lamp, all the turbulence
models underpredicted, to some extent, the apparent reaction
rate constants (Figure 10a). The predictions of the AKN
model were in fair agreement with the experimental data
(average error = 12%), RSM gave an average error of 19%,
and R k-¢ and S k-¢ presented the largest deviation from the
experimental results (average error = 33%). The CFD simu-
lations of the external effectiveness factor for this reactor
(see Figure 9a) revealed that the BA degradation process
was highly limited (and hence determined) by the rate of
mass transfer over the entire photocatalyst surface. Under
these conditions, the performance of the turbulence models
for predicting the degradation of BA in the reactor was
defined by their capability to predict external mass transfer
in the system. In this sense, the results presented here are
consistent with the ones obtained by Duran et al.® in an
investigation on external mass transfer prediction capabilities
of different hydrodynamic models in annular reactors.
According to the cited work, the studied turbulence models
underpredicted the average mass transfer; however, AKN
model provided better predictions of both average and local
mass transfer rates. The overall underprediction was mainly
attributed to an inappropriate prediction of mass transfer at
the highly turbulent entrance section of the reactors. How-
ever, once the flow redeveloped through the annular space,
model predictions, particularly those from the AKN and
RSM models, improved significantly.

The results obtained for the other two reactors (U-shape
and L-shape with 165 mm lamp) can also be discussed in
the light of the previous analysis. The external effectiveness
factor distribution for these reactors revealed that essentially
no reaction, and hence mass transfer, took place at the end
sections of the photocatalyst surface because of the absence
of UV irradiation (see Figures 9b and c). According to this
result, it could be expected that the overall performance of
the turbulence models would be better for these reactors
since no mass transport took place at the region where the
models failed to predict mass transfer (entrance section of
the reactor); all the species transport happened at the central
region of the reactor where turbulence models perform well
predicting mass transfer. As it can be seen in Figures 10b
and c, the predictions of the turbulence models were in fact
better for both reactors. AKN predictions presented an excel-
lent match with the experimental data, RSM predictions
were very close, but R k-¢ and S k-¢ continued underpredict-
ing, to some extent, the degradation rate of BA.

Overall, AKN model presented better prediction of the
degradation rate in the analyzed photocatalytic reactors. The
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better performance of the AKN model can be attributed to
the large impact that near-wall region modeling has on inter-
facial phenomena predictions.”***=** In this sense, it seems
that for the systems under investigation, the low Reynolds
number approach gives better results than the two-layer
approach used in the enhanced wall treatment used in the
RSM, R k-¢ and S k-¢ models.

Conclusions

A CFD model for simulating immobilized photocatalytic
reactors was developed and evaluated against experimental
data. The evaluation of the CFD model was performed using
several hydrodynamic models that incorporated different
near-wall modeling approaches. The performance of the
model was assessed in terms of its capability for predicting
the photocatalytic degradation rate of BA, as a model com-
pound.

Under the used experimental conditions, the photocatalytic
degradation of BA followed pseudo first-order kinetics with
respect to both BA concentration and UV irradiance. The
obtained kinetic expression is specific to the composite sol-
gel TiO, coating, initial BA concentration, and dissolved ox-
ygen concentration used in this study. This rate expression is
expected to be applicable to other reactors as long as these
variables remain similar to those in this work.

The experimental results and CFD simulations showed
that the BA degradation rate in the analyzed photoreactors
was limited by the rate of mass transport in the system.
Under these conditions, the performance of CFD model was
strongly determined by the external mass transfer prediction
capability of the hydrodynamic models used. The CFD
model photocatalytic reactor performance predictions were
accurate when the laminar flow model, for laminar flow con-
ditions, and the AKN or RSM turbulence models, for transi-
tional and turbulent flow conditions, were applied.

The integrated model provided detailed description of the
local photoreactor performance and identified the areas
where improvement can be made. The model can be applied
to better understanding of the reactor behavior and design
optimization.
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Notation
A = area of the irradiated window, m?>
C = molar concentration, mol m
Da = Damkdhler number
D, = molecular diffusivity of species k in the mixture, m? s~ '
D, = eddy (or turbulent) diffusivity for species concentration, m” s~
E = radiation irradiance, W m~?
E.x = external effectiveness factor
I = unit tensor
J¢ = emission (source) term, W m > s !
J; = diffusive flux of species i, kg s~ ' m >
k = first-order reaction rate constant, s~

1

first-order surface reaction rate constant, m s~
. = mass transfer coefficient, m s~

~
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5

L = photon radiance, W m 2 s !

[ = lamp arc length, m
m; = mass fraction of species i
mll = fluctuating mass fraction of species i
= molar weight, kg kmol '
= refractive index
= unit vector normal to the surface
= total number of species
= phase function for the in-scattering of photons
= pressure, Pa
= flow rate, m® s~
= position vector, m
/' = molar surface reaction rate, mol s~' m~?
surface rate of production/depletion of species i, kg s~' m >

1

~Q v 2> =

Re = Reynolds number
Re, = wall-distance-based turbulent Reynolds number

s = propagation direction vector, m
scattering direction vector, m

Sc; = turbulent Schmidt number

t = time, s

T = absolute temperature of the medium, K
TI = turbulence intensity
fluctuating flow velocity, m s™
U = velocity, m s7!

V = volume, m?

W = power output of the lamp, W
Xs = reactant conversion per pass

y = normal distance from the lamp center, m

1

y" = nondimensional distance from the wall
z = path length, m
Greek letters
o, = reaction rate constant, m3 wlg!
p = half angle subtended by the lamp at the sensor position, rad
0 = residence time, s
Kk = absorption coefficient, m~!
1 = molecular viscosity, m? s
1, = turbulent viscosity, m* s~
p = density, kg m >
o = scattering coefficient, m~!
os.g = Stefan-Boltzmann constant, 5.672x 10 Wm2K™*
T = viscous stress tensor, N m~?
® = quantum yield of potassium ferrioxalate at 254 nm, mol
einstein ™!
Q' = solid angle about the scattering direction vector §, sr
Subscripts
app = apparent

BA

B = bulk fluid phase
benzoic acid

eff = effective

FeZ+

ferrous ion

R = reactor

S = catalyst surface

T = total amount of liquid solution
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