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Abstract: The objective of this study was to solve the radiative transfer equation in one dimension using
the six-flux model (SFM-1D) to characterize, estimate, and optimize the radiant field in annular
photocatalytic reactors by performing an energy balance on a cylindrical element. The local volumetric rate
of photon absorption (LVRPA), a critical parameter for describing photocatalytic reaction kinetics, was
determined. This parameter was evaluated for two types of reactors: one with a constant-intensity radiant
source positioned vertically at the center (annular reactor R1) and another with the source located externally
around the reactor (tubular reactor R2). Simulations were conducted using the commercial TiO, P25 as the
catalyst model, with its optical properties obtained from the literature. The model was assessed using the
Heyney-Greenstein (HG) and diffuse reflectance (DR) phase functions. For reactor R1, the LVRPA decreases
from the reactor's inner wall to its outer wall, whereas for reactor R2, it decreases from the reactor wall
toward its center. The volumetric rate of photon absorption per unit reactor length (VRPA/H), which
provides a broader perspective on radiation absorption within the reactor, was established. The originality
of the present model lies in its derivation from an energy balance, unlike existing models in the literature,
which are based solely on the LVRPA formulated for slab geometry using the SFM approach. The VRPA
calculated in this work differed by approximately 13.78% from values reported in the literature for reactor
R1. For both reactors, VRPA/H was found to increase exponentially with increasing catalyst loading (C¢q¢)
until reaching a plateau where further increases became negligible. The optimal apparent thicknesses were
approximately 4.8 and 10.6 for reactors R1 and R2, respectively, using the Heyney-Greenstein phase function.
For R2, the optimal reactor radius was determined to be in the range of 1-3 cm, while the optimal reaction
space thickness was less than 3 cm. Additionally, the dimensionless parameter n, introduced for
optimization, was found to range between 0.55 and 0.8.
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1. Introduction

Modeling the radiant field in heterogeneous photocatalysis
processes remains a challenging task due to the need to solve
the radiative transfer equation (RTE) in its integro-differential
form, which makes it very difficult to solve (Illi et al., 2019). Eq.
(1) represents the steady-state and non-temperature-
dependence of the RTE, which describes the different
phenomena that occur on the light when it traverses a
medium, such as absorption, in-scattering, and out-scattering,
as represented in Eq. (1).

d, (S, 0
% = —KL(S,2) — ,1,(S, Q)
+ 2 [ P - DRS,20d (1)
4T ) s

where I is the photon irradiance (W/m?), Kj the absorption
coefficient (m?/kg), a3 the scattering coefficient (m?/kg), P(2' —
N)the scattering phase function, A the wavelength (m), S the
spatial coordinate (m) and £2 the directional solid angle (Steradian)
(Fujii et al., 2022; Ghafoori et al., 2020; Howell et al., 2021).

The RTE gives an account of how light is dispersed or
absorbed within a specific medium. Numerous numerical
techniques, such as the discrete ordinates methods (DOM)
and the Monte Carlo model, were employed to solve the RTE;
nevertheless, these methods are time-consuming and need
significant processing resources (Acosta-Herazo et al., 2020;
Moreno-SanSegundo et al., 2020; Moreira & Li Puma, 2021).
Another point to highlight is that many commercial software
packages are not affordable to everyone. Solving the RTE
allows for the determination of the LVRPA, one of the key
parameters in the intrinsic kinetic rate equation of
photocatalytic processes (Colina-Marquez et al, 2015).
Simplified analytical methods for solving the RTE are often
used because they provide a good balance between accuracy
and computational efficiency. The six-flux model (SFM) has
been proposed as an alternative simplified analytical method
to solve the RTE and has been used successfully to describe
the radiant field in photocatalytic reactors with different
geometries (Brucato et al., 2006; Colina-Marquez et al., 2010;
Nchikou et al., 2021; Moreira & Li Puma, 2021). The SFM
stipulates that a photon after colliding with a particle can be
scattered in six directions (Brucato et al., 2006). Li Puma et al.
(2004), (Grci¢ & LiPuma, 2013) used the SFM in one dimension
(SFM-1D) to find the LVRPA on a slab geometry and then
extended its expression to annular photocatalytic reactors (reactor
R1) without performing an energy balance (Eq. (2)). This extension
was made by replacing the x coordinate with the radial one (r), and

by adding the term @ to take into account the attenuation of the

photon flux with radial distance (Li Puma et al., 2004).

r
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A,
((ﬂcorr_l_ 1_((‘)(:01‘1‘)2)3 Wcorr

LVRPA,, =
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(2)

where [, is the incident radiation intensity, f, b, and s are
scattering probabilities  (forward, backward, and sidewards,
respectively), w is the scattering albedo, 1 is the ratio of the inner to
the outer radius of the reactor, and R, is the reactor's outer radius.

a'=1—-owf - % (3)
b* = wh + #jj_m (@
Worr == )
Weorr = a*(o*+x*)c(,-a1t¢1—(wwrr)2 (6)

= 1V1-Weorr)? ,~274py @)

V= 1+y1~(wcorr)?

Nevertheless, avoiding using an energy balance to solve
the RTE could affect the accuracy of the solution found.
Furthermore, this approach cannot be applied to reactors of
type R2 (Fig 1b), as the LVRPA expression diverges as the
radial coordinate approaches zero. Therefore, an energy
balance must be performed to derive the LVRPA on both
reactors using adequate boundary conditions.

The primary objective of this work was to use the SFM
approach to solve the RTE in cylindrical coordinates in one
dimension, considering only the radial coordinate. This
approach was applied to model the radiant field in two types
of photocatalytic reactors: one with a constant-intensity
radiant source positioned vertically inside the reactor
(annular reactor R1, Fig. 1a) and another with the source
placed vertically outside and surrounding the reactor
(tubular reactor R2, Fig. 1b). The same energy balance on a
cylindrical element used by Nchikou et al. (2021) was
implemented here. Simulations were made with data
reported in the literature. The catalyst model used here was
the commercial titanium dioxide P25, but this model can
also be applied to any other type of catalyst. Diffuse
reflectance (DR) and Heyney-Greenstein (HG) phase
functions were implemented and the optimum catalyst
loading, and reactor radius were found. The LVRPA found
here on reactor R1 was then compared to that adopted by Li
Puma et al. (2004).
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Figure 1. Annular photocatalytic reactors of heights H.
a) Collimated radiant source of intensity I, and height L placed vertically at the reactor center.
b) Collimated radiant source of intensity I, and height L placed vertically outside and around the reactor.

2. Materials and methods

2.1. Mathematical modeling for the radiant field

2.1.1. Six-flux model in radial coordinate

For the derivation of the LVRPA in polar coordinates, the
novel SFM (SFM-1D) was formulated following the same steps
used in the literature (Nchikou et al., 2021). As said before, the
original SFM supposes that photons are scattered in any of the
six principal directions with respect to the incoming radiation
after colliding with a particle (Figure 1). Six different photon
fluxes are defined, hence the name six-flux model (SFM).

In this work, an analytical expression of the LVRPA was
formulated by solving the RTE with the SFM approach in radial
coordinate (SFM-1D) and performing the energy balance in a
given control volume, as shown in Figure 3.

The SFM-1D used here relies on the following assumptions:

e Infinitely long annular or tubular photoreactor;

e Geometric optics holds (hence, large and largely
spaced particles);

e Random particles distributed inside the space
considered;

e Thefluid can absorb any radiation;

e Thereis no emission by the heterogeneous system;

e When the photon hits a particle, only scattering or
absorption occurs; the scattering probability is given
by the catalyst albedo w;

« The scattering event can occur only along the six
directions of the cartesian coordinates, as presented
in Figure 2;

e For symmetry considerations, the probability of
scattering s along any of the four directions of the
plane normal to the incoming direction is the same,
the forward and backward probabilities f and b
respectively are different according to Figure 2.

Figure 2. Six-flux model scattering directions.
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The photon balance in the volume of a cylinder, as shown
in Figure 3 leads to:

z+dz

T r+dr
LY

E5

Es

Figure 3. A differential model for the radiant energy balance.

where n,, is the number of particles per unit volume, a,, is
the projected area of one particle, w is the single albedo of the
particle, f, b, and s are the forward, backward, and sidewise-
scattering probabilities respectively which match Eq. (9).

f+b+4s=1 (9)

Rearranging and dividing the Eqg. (8) by rdrdf8dz and
tending dr to zero, and performing the same way an energy
balance in the other directions, one obtains the set of the
following six equations:

O(rE)) _ 1
ror _AO

[(—1+ wf)E; + wbE, + ws(E3+E,+Es+Eg)] (10)

2 = L[(+1 - wf)E; — wbEy — ws(Bs+E,+Es+Eg)] (1)
0

ror

25 = L[(~1+ wf)Es + wbE, + ws(Ey+E,+Es+Ee)]  (12)
0

20 = S [(+1 — 0By — wbEs — ws(Ey+Ep+Es+E)] (13

25 = L[(—1+ wf)Es + whEq + wS(Ey+E,+Eg+E)]  (14)
0

2 = L[(+1 = wf)Eg — wbEs — ws(Ey+Ey+Es+E,)] (15)

rdrdfEsw(s)n,a,0z + rord0Eqw(s)n,a,0z
Scattering in

(8)

where Ey, E,, E3, E4, E5, and Eg represent the six discrete
components of the specific radiation intensity (in this case E,
is the incident beam, see Figure 1); f, b, and s represent the
forward-scattering, backward-scattering, and sidewise-
scattering probabilities, respectively. f, b, and s are calculated
using an adequate phase function that accurately describes
the catalyst particles' behavior, A, is the photon mean free

path.;—0 is equal to nya, and also defined as (6™ + k™) ceqe +

K;C. where ¢* and k* are the catalyst-specific mass
absorption and scattering coefficients respectively, k7 is the
specific mass absorption coefficient of a given contaminant,
C. is the contaminant concentration and C,g; is the catalyst
loading. E3, E,, Es, and Eg are equal because of the symmetry
consideration.

For symmetry consideration, the assumption of an infinitely
large system results in:

9(Es) _ 9(Es) _
9z 9z 0 (16)

Eq. (16) into (12-15) gives:

wS(E{+E,) (].7)

1-wf-wb-2ws

E3=E4=E5=E6=

Eq. (17) into (10-11) gives:

2®) - _ZE, +BE, (18)
2%) _ _BE, +1F, (19)
where,

E_1 =rE (20)
E, = TE, (21)
- 1 4(ws)?

A_/l_o(l - wf - 1—wf—wb—2ws) (22)

4(ws)? ) (23)

l1-wf-wb-2ws

EZ%(wb +

Differentiating Eq. (18) with respect to the radial coordinate
implies:
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92(Ey) _ =12 (51) a(Ez) (24)

ar? ar
Eq. (18) into (24) implies:
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ar?
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Eq. (18) leads to:

A0(Ey)

Ez %E_ B or (26)
Egs. (19) and (26) into (25) give:
(7 -8)E (27)
The general solution for Eq. (25) when A>Bis:

E; +qe KT (28)
where

K=\|4 -F (29)
p and q are real constants.
Eq. (28) into (26) gives:
B, = p2iKefr 4 q 2K o Rr (30)
Egs. (20-21, 28-30) give:
E, = %(pem + qe_m) (31)
and:
E, =1 (p 44K R q?e‘m) (32)

The specific intensity of the radiation G is equal to
¢ | E; which leads to:

G(r.2) = 1+4{ (p (1 + A+K) Kr 4 q (1 + ?) e‘f’") (33)

ws

where the parameter ¢ is equal to Tor—obzas The
LVRPA will be defined as:
LVRPA(r,z) = (k + k.)G(r,2) (34)

where Kk and k. are the catalyst and contaminant
absorption coefficients respectively.

The volumetric rate of photon absorption per unit reactor
length (VRPA/H), which describes the distribution of photon
absorption within the reactor, provides a broader perspective
on energy absorption as it is independent of the reactor
length; it is defined later in this work and obtained by
integrating the LVRPA over the circular cross-section of the
reactor. The overall volumetric rate of photon absorption
(OVRPA) is obtained just by multiplying the VRPA/H by the
reactor length.

2.1.2. Modeling of the radiation absorption on reactor R2
(tubular reactor)

In this case, the fact that G should not diverge when r = 0
leads to:

p(1+ﬂ) q(1+Z?TE)=O (35)

which implies:

9=7"P"Zx (36)

Combining Egs. (33, 36) one finds the specific intensity of
the radiation as:

1+ 46 A+K _
G(r,z) = - 2p(1+ = sh(Kr)

(37)
where:
_ wS
6= (1-wf-wb-2ws) (38)
The boundary condition is:
E,(R) =1, (39)

where I, is the incident radiant flux reaching the reactor
wall.
Eq. (32) into (39) implies:

1( A+K KR, ,AK -KR)
R(p§e ta=e ) (40)
Egs. (36, 40) give
R 1+Z‘?_ un
P =T ®mak = ARK\AK % 41
(14557 R (1425 f e R

Egs. (37,41) give the final expression of the specific intensity
of the radiation as:
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(43)

The parameter Pg, depends on the reactor radius and

catalyst's optical properties.
Finally, the volumetric rate of photon absorption per unit
reactor length is found to be:

D) Pr,,lo
(44)

VRPA/H = [ [ LVRPArdrd6 =

2m(ch(KR)—
K

2.1.3. Modeling of the radiation absorption on reactor R1
(annular reactor)

In this case, one should apply the two following boundary
conditions:

E1(Ry,2) = Go(Ry, 2) (45)
E;(Ry,2) =0 (46)
This leads to solving Egs. (47-48) simultaneously.

peERi + qe‘ER1 = R, (47)

pA;?KeERZ + q%e‘m?2 =0 (48)

Eq. (48) leads to:

A+K 2ER2 (49>

Eq. (49) into (47) gives:

_ (4-K)eKR1R,
p (A-K)e?KR1-(Z+K)e?KRz2 ©

(50)

Egs. (33, 49-50) give the final expression of the specific
intensity of the radiation as:

6(r,2) = ”“g((z ) (14 25) R — (347 (1 +
=) eﬂRz-r)) I (51)

p _ (1+48)eK(Rit+Rap, (52)
Rizop — (A4-K)e2KR1—(4+K)e?KRz

The parameter PR, sop depends on the reactor's inner and
outer radii as well as the catalyst's optical properties.

The volumetric rate of photon absorption per unit reactor
length is found as:

VRPA/H = [ [7" LVRPATdrdo =

. @7E)(1+_+E7)(17e?(R1—R2))
+(Z+E)(1+%K)(1_3E(RTR1))

K

y

PRlzapIO

|

(53)

The optical thickness (7) and the apparent optical thickness
(Tapp) (EQs. (54-55)) defined with the SFM approach (Colina-
Marquez et al., 2010; Li Puma et al., 2004) were used in this
work for optimization purposes.

T=(0%+K")Coqr€ (54)

Tapp = a1 — (@corr)? (55)

where € isthe reactorthickness and can take thevalue R, —
R, forreactor R1 and 2R for reactor R2.

3. Results: Simulations, comparisons, and discussions

Simulations were made by taking titanium dioxide as a
catalyst model varying the catalyst loading. The HG and DR
phase functions were used with f = 0.754, b = 0.133 and
s = 0.028 for the HG phase function and f = 0.11, b = 0.71
and s = 0.045 for DR phase function. The characteristics of
the catalyst and the reactor radius are defined in Table 1.

3.1. Absorption behavior inside both reactors
Figure 4 shows the absorption profiles for reactors R1 (Fig 4 d), ),
and f) and R2 (Fig 4 a), b), and c). For R1, the LVRPA decreases
from the reactor's inner to its outer wall, while for R2, it decreases
from the reactor wall to its center. The more the catalyst loading
increases the more the LVRPA increases in the reactors' zones
close to the radiant source, while in the reactors' region far away
from the radiant source, absorption decreases considerably.
Figure 5 displays the plot of the LVRPA as a function of the
reactor radius for both reactors for several catalyst loadings
(0.1,0.2,0.3,0.4,0.5,and 0.6 g/L). For each catalyst loading, an
exponential decay of the LVRPA is observed, from the reactor
wall towards the bottom in reactor R2 and from the inner to
the outer wall in reactor R1. Additionally, the figure shows that
for catalyst loadings below 0.3 g/L in both reactors, the energy
absorption profile exhibits good uniformity. For higher catalyst
loadings, the clouding effect begins to impede photons from
penetrating the inner parts of the reactor. This observation is
in good agreement with the literature (Alvarado-Rolon et al.,
2018; Gréi¢ & Li Puma, 2013; Li Puma et al., 2004; Nchikou et
al., 2021). The clouding effect occurs due to the saturation of
catalyst particles near the reactor wall, which prevents light
from penetrating into the inner parts of the reactor (Colina-
Marquez et al., 2010)
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Table 1. Reactors and catalyst features.

R1innerand outer radius: Ry and R, (m)

0.013and 0.019

R2 radius: R (m) 0.0165

The solar UV radiation flux: lo (W/m?) 30
The specific mass absorption coefficient k* (m?/kg) 174.75
The specific mass scattering coefficient o*(m?/kg) 1295.75

The specific mass absorption coefficient of a given contaminant: k.

Considered here equal to zero.

The catalyst loading: Ceqr(g/L)

Starting from zero g/L

The photon mean free path length: 44 (m)

Ao

1
= (0" +K")Ceqs + x:C,

The scattering albedo w:

0 Ceat
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Figure 4. The LVRPA profiles for different catalyst loadings for both reactors with Heyney-Greenstein phase function.
a), b), and c) stand for R2 for 0.1, 0.5, and 1 g/L of Ccat respectively, and d), e), and f) stand for R1 for 0.1, 0.5,

and 1 g/L of Ccat, respectively.
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Figure 5. The LVRPA vs. radius plot for different catalyst loadings for both reactors with
Heyney-Greenstein phase function: a) reactor R2; b) reactor R1.

3.2. Impact of the phase function on the radiation
absorption for both reactors

The LVRPA was simulated using diffuse reflectance (DR) and
Henyey-Greenstein (HG) phase functions separately to illustrate
the impact of phase function type on photon absorption and
scattering in both photoreactors. The SFM-1D-DR and SFM-1D-
HG represent the SFM-1D model with DR and HG phase functions,
respectively. Figure 6 presents the LVRPA for SFM-1D-DR and
SFM-1D-HG as a function of the radial coordinate for each reactor
at a catalyst loading of 0.3 g/L. The LVRPA with SFM-1D-DR is
lower than that with SFM-1D-HG throughout most of the reactors,
except in the region very close to the radiant source. The
preference of titanium dioxide particles for forward over
backward scattering (Acosta-Herazo et al., 2016) explains this

== LVRPA-DR-R2

== LVRPA-HG-R2

5000 —

4000 +—

3000 -1

2000

LVRPA (Wim*3)

1000 -

t t
0,010 0.015

Radius (m)

(@)

LVRPA (Wim*3)

behavior, suggesting deeper photon penetration into the
reactor's inner zone, which increases photon absorption with the
HG phase function. In contrast, the DR phase function favors
backward over forward scattering, resulting in lower photon
penetration into the reactor's inner zone and, consequently,
reduced photon absorption.

Figure 6 shows that absorption at the reactor wall using the
DR phase function is higher than that using the HG phase
function (Figs. 4, 7) because backward scattering is greater
with the SFM-DR-1D than with the SFM-HG-1D. Specifically, for
the DR phase function, the backward scattering probability is
b = 0.71, which is more than six times higher than that for the
HG phase function (b = 0.113) (Acosta-Herazo et al., 2016;
Otalvaro-Marin et al., 2014).

= s LVRPA-DR-R1

== LVRPA-HG-R1

5000

4000 ..
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1000

0 } t f } f {
0.013 0.014 0.015 0.016 0.017

Radius (m)

(b)

Figure 6. The local volumetric rate of photon absorption vs. the reactor radius for both reactors
at 0.3 g/l of catalyst loading with HG and DR phase functions: a) reactor R2; b) reactor R1.
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Figure 7. Local volumetric rate of photon absorption profile of both reactors at 0.5 g/l of catalyst loading
with diffuse reflectance phase function: a) reactor R2; b) reactor R1.

3.3. The optimum catalyst loading, optical thickness,
and apparent optical thickness for both reactors

The VRPA/H which describes the distribution of the photon
absorption inside the reactor gives a broader view of the energy
absorption and was introduced for optimization purposes.
Figure 8 shows how the VRPA/H varies as a function of cataly
st loading. The dashed and solid black lines represent the
VRPA/H for reactor R1 (Ry= 1.3 cm, R,= 1.9 cm) using the
model formulated in this work and the one adapted from the
literature, respectively. Meanwhile, the solid red line represents
the VRPA/H for reactor R2 (R = 1.65 cm) using the model
formulated in this work. In this figure, it is observed that the
optimum value of the VRPA/H is reached at 0.74 g/L of catalyst
loading for R2, and at 1.85 g/L for R1, approximately. Above
these values, the VRPA/H remains almost constant, thus 0.74
g/L and 1.85 g/L of catalyst loading can be taken as the
optimum catalyst loading for R2 and R1 respectively. The
corresponding apparent optical thicknesses are respectively

== Reactor R1 == =mm Reactor R1 == Reactor R2

20 +

-

VRPA/H (W/m)
~

Cecat (g/L)

()

10.59 and 4.8, approximately. These results are a little higher
than those found by Nchikou et al. (2021), and Alvarado-Rolon
et al. (2018) who worked respectively on a CPC reactor with
sunlight and an annular photoreactor with artificial light with
the characteristics of both reactors similar to those in this work
and based on TiO,. Alvarado-Rolon et al. (2018) worked with
titanium dioxide optical properties different from those used in
this work, and they used the Four-Flux model to find the
LVRPA. Itis then recommended to work at an apparent optical
thickness between 0.71 and 10.59 with R2 and between 0.26 and
4.8 with R1 since working out of these intervals corresponds to
either less production of oxidizing species (< 0.26 for R1 and <
1.43for R2) or catalyst waste (> 4.8 for R1 and > 10.59 for R2). The
recommended range for the apparent optical thickness for
reactors of type R1 reported in the literature using the adapted
model was 1.8-3.4 (Li Puma, 2005). Colina-Marquez et al. (2010)
found the optimum apparent thickness of about 12.97 on
tubular reactors using sunlight, a little higher than that found in
this work (10.6), but the SFM they used was not too accurate.

== Reactor R1 == == Reactor R1 == Reactor R2

25 1

20 +

-
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AY

T T T 1
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Figure 8. The VRPA/H vs. catalyst loading plot for both reactors with Heyney-Greenstein phase function. a) From 0 to 5 g/L, b) From 0
to 1 g/L. The solid and dotted black lines represent the model formulated in this work and the one adapted for reactor R1, respectively.
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Table 2 displays the optimum catalyst loading, apparent
optical thickness, and optical thickness for different reactor
radii. It was found that reactors of type R1, with the same
reaction space (R,-R;), operate at the same optimum catalyst
loading, and that the optimum catalyst loading decreases with
an increase in the reaction space for both reactor types.

The findings in Table 2 show that 7.y, and Tapp0p do NOt
vary when changing the reactor radius for both reactor types.
Therefore, the optical thickness and apparent optical
thickness stand as dimensionless optimization parameters,
both remove the dependence of the optimum catalyst loading
on reactor radius while the second also removes the
dependence of the optimum loading on the catalyst optical
properties as shown in Table 3. Table 3 displays the optimum
optical thickness and apparent optical thickness for different
catalyst albedos and scattering coefficients with a fixed
specific mass absorption coefficient (k* = 174.75 m?/kg).

A significant fluctuation was found in the optimum optical
thickness, while the optimum apparent optical thickness
remained almost unchanged. As a result, the perceived optical
thickness is a more reliable optimization parameter than the
optical thickness. The recommended apparent optical
thicknesses that lead to the optimum operating conditions for
reactors R1 and R2 are approximately 4.8 and 10.6,
respectively. Colina-Méarquez et al. (2010) found the optimum
apparent optical thickness to be around 12.97 on a tubular
reactor using solar light as the radiant source. The differences
could be due to the fact that the LVRPA used by these authors

was adapted from the SFM derived in rectangular geometry
and that the discretization technique that they implemented
on the tubular reactor was not accurate. It was also observed
that the optimum catalyst loading decreases with the increase
of catalyst albedo, which implies a decrease in terms of
photon absorption since photon absorption and catalyst
loading vary the same way (Alvarado-Rolon et al., 2018;
Nchikou et al., 2021). The reduction in the catalyst's
absorption capacity due to an increase in catalyst albedo
could explain this phenomenon.

3.4. Comparison between the model formulated in this
work and that adapted on reactor R1

The model developed in this study for reactor R1 was
compared to that adapted from the literature (Li Puma et al,,
2004), and the comparison was made by estimating the
VRPA/H with both models using Heyney-Greenstein phase
function. Regarding Figure 8, the VRPA/H with the adapted
model is higher than with the current model, even though
both models show similar variation. The discrepancy between
both models for catalyst loadings from 0to 5 g/L is about 13.78
% using the root mean square percentage. Since the adapted
model was formulated without performing an energy balance,
it appears to simplify the RTE, leading to an overestimation of
radiation absorption compared to the model formulated in
thiswork. Therefore, the actual modelis more reliable than the
adapted one.

Table 2. Optimum catalyst loading (Ccat,op), optical thickness (t,,), and apparent optical thickness
(Tapp,op) With catalyst properties in Table 1 with Heyney-Greenstein phase function.

R (cm) Ccat,op (g/L) Top Tapp,op Ry (cm) R, (cm) Ccat,op (g/L) Top Tapp,op
1 1.224 36 10.59 1 2 111 16.31 4.8
1.65 0.742 36 10.59 2 3 111 16.31 48
2 0.612 36 10.59 1 3 0.55 16.31 48
3 0408 36 10.59 2 4 0.55 16.31 48
4 0.306 36 10.59 1 4 0.37 16.31 48
5 0.245 36 10.59 1 5 0.28 1631 4.8
6 0.204 36 10.59 1 6 0.22 16.31 48
Table 3. Optimum catalyst loading, optical thickness, and apparent optical thickness for both reactors
(R=1.65cm,Ri=1cm, R, =1.9 cm) at different catalyst albedo with a fixed specific mass absorption
coefficient (k* = 174.75 m?/kg) with Heyney-Greenstein phase function.
R1 R2
w Ccat,op (g/L) Top Tapp.op Ccat,op (g/L) Top Tapp.op
0.8 2.44 12.79 4.75 0.99 28.55 10.6
0.85 2.1 14.71 4.77 0.85 32.68 10.61
0.9 1.69 17.68 4.81 0.68 38.93 10.6
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3.5. Optimum radius for reactor R2

Figure 9 shows the evaluation of VRPA/H as a function of
catalyst loading at various reactor radii. It was found that
VRPA/H increases with both reactor radius and catalyst
loading. This can be explained by the fact that increasing the
reactor radius enlarges the reaction volume, which in turn
facilitates light penetration into the deeper regions of the
reactor, enhancing the interaction between photons and
catalyst particles. However, an excessive increase in reactor
radius can either lengthen the photon path to reach the inner
part of the reactor or reduce the amount of light reaching each
catalyst particle, leading to a decrease in light absorption.

15 + = R=001m
= R=0.0165m
= R=0.02m
= R=0.03m
= R=0.04m
== R=0.05m
= R=0.06m
= R=0.07m
R=0.08m
= R=0.00m
= R=01m

VRPA/H (Wim)

Ceat (g/L)

Figure 9. The VRPA/H vs. catalyst loading plot for different
reactor radii (R2) with Heyney-Greenstein phase function.

Increasing the catalyst loading leads to an increase in
radiation absorption until a saturation point is reached.
However, exceeding this limit may intensify competition for
light absorption in zones near the reactor wall, preventing
photons from penetrating into the reactor's inner regions.
Therefore, it is crucial to balance the reactor radius and
catalyst loading, as excessive increases in either parameter
could result in economic losses or reduced process efficiency.
Furthermore, it was observed that larger photoreactor radii
corresponds to lower optimum catalyst loadings, while
smaller photoreactor radii correspond to higher optimum
catalyst loadings. This observation can be explained by the
concepts of optical thickness and apparent optical thickness.
A similar observation was made when working on CPC
reactors (Fernandez-Ibafiez et al., 1999). The optimum reactor
radius that leads to the best operating conditions in reactor R2
taking into account what was discussed earlier should be
chosen in such a way as to reduce the reactor zones where
there is almost no absorption. For photoreactors with a high
radius (greater than 3 cm), photons have difficulty reaching
the inner part of the reactor. This is evident in Figure 10, where
the LVRPA is significantly lower at the reactor center
compared to its value near the reactor wall. It is then useless

to work with a high reactor radius (greater than 3 cm). For
instance, with 0.2 g/L of catalyst loading and with the reactor

radius equal to 3 cm, the LVRPA at r= g is about 50 % of its

value at the zones near the reactor wall, and this percentage
reduces considerably when the reactor radius increases (Fig
10). Reactors with small radii (less than 1) operate at very high
catalyst loadings (Table 3). Under these conditions, the
reaction space is too small, making photon penetration into
the reactor volume more difficult, and the uniformity of
radiation absorption is significantly reduced. It is
recommended to work with reactors between 1 and 3 cm for
optimization purposes. It has been found that the optimum
diameter of compound parabolic reactors (CPC) reactor was
between 2.5-5 cm (Dillert et al., 1999; Guillard et al., 1999) which
is not far from that found in this work for reactors of types R2.

Reactor R2, Ccat=0.2 g/L

25T = R=3cm,50.82%
= R=4cm,3435%
== R=5cm, 22.69%
= R=6cm,14.83%
== R=7cm,965%
== R=Bcm,627%
== R=8cm, 47 %

== R=10¢cm, 2.64%

LVRPAX104{-3) {wim*3}

T T
0.00 0.25 0.50 0.75 1.00

Dimenslonless radius

Figure 10. The LVRPA versus dimensionless radius for different
reactor radii and the ratio of the value of the LVRPA at r= g toits

value at r= R for reactor R2 with Heyney-Greenstein phase function.

3.6. Impact of the parametern = RRiE on the photon
2
absorption in the reactor R1
A dimensionless parameter n equal to RRie where € = R, —
2

R; is the reaction space thickness was introduced for
optimization purpose. i lies between 0.5 and 1 but cannot
take the values of 0.5 or 1, as these correspond to cases where
the inner radius is zero or the inner and outer radii are equal,
respectively. € is very high when n is around 0.5 and very small
when n is around 1. Figure 11 shows the plot of the VRPA/H
versus catalyst loading for two values of R, at different values
of n. For every value of R;, the VRPA/H increases
exponentially until reaching a maximum for each value of 1
(Figure 11 a and b). This VRPA/H maximum is reached for a
very small amount of catalyst when 7 is around 0.5 (€ very
high) and for a very high amount of the catalyst loading when
n tends to unity (€ very small). For n=0.55 the optimum value
of the catalyst loading is around 0.3 g/L and 0.25 g/L for
R;=0.01 m and R;=0.02 m, respectively (Fig 11). When n
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approaches unity, € becomes negligible compared to the
outer reactor radius, and the reaction space width is very
small. Conversely, when 1 approaches 0.5, the reaction space
increases considerably. For instance, when R;=0.01 m, n =
0.55,and € = 0.045 m, while when R;=0.02 m,n = 0.55,and
€ = 0.09 m (Fig 11). In the latter case, the reaction spaceis too
large, and photons will struggle to penetrate the reactor's
inner zone. The inner radius of the reactor should be
positioned close to the radiant source. The observations made
regarding the optimization of reactors of type R2 can be
extended to reactors of type R1 by comparing the reactor
radius R to the reaction space €. Thus, for any value of Ry, 1
should be chosen between 0.5 and 1 to ensure that the
reaction space € does not exceed 3cm. Forn = 0.9, reactorR1
is a very thin film reactor and the VRPA/H increases very
slowly, probably because the reaction space is very small (€ =
0.13 cmforR;=0.01 mand e = 0.25 cm for R;=0.02 m). In this
case, the optimum catalyst loading is too high, the contact
between photons and catalyst particles becomes difficult, and
photon penetration into the reactor volume is hindered. The
uniformity of radiation absorption is significantly reduced,
negatively affecting the overall absorption.

Itis then recommended to work with a value of  not too close
to unity (less than 0.8). Many studies have been carried out with n
between 0.55 and 0.8. Alvarado-Rolon et al. (2018) and Li Puma et
al. (2003) worked with a reactor of type R1 with R,=0.025 m, n =
0.55 and R,=0.019 m, n = 0.76, respectively; meanwhile Moreira
etal. (2010;2011) used R,=0.044 m and n =0.62.

== Inner radius=0.01 m, n=0.9, €=0.0013 == Inner radius=0.01 m, n= 0.76, €=0.0046
Inner radius=0.01 m, N= 0.7, £=0.0075 == Inner radius=0.01m, n= 0.65, €=0.0117
== Inner radius=0.01 m, n= 0.55, €=0.045

15

VRPAH (m)

4, Conclusion

By performing an energy balance on an element of a cylinder,
the general solution of the radiative transfer equation (RTE)
was derived in one dimension with respect to the radial
coordinate using the SFM approach. The LVRPA was
formulated for two types of reactors: one with a constant-
intensity radiant source located vertically at the center of the
first reactor (reactor R1), and the other with the radiant source
positioned outside the second reactor (reactor R2). The
LVRPA derived in this work differed from that formulated in
the literature by approximately 13.78% for reactor R1, while for
reactor R2, it was adjusted to avoid divergence at the reactor
center. The present model successfully describes and
optimizes radiation absorption in both reactors. Since it was
derived from an energy balance, its originality makes it more
reliable than that adapted from the literature. This model can
be scaled up and applied to a variety of catalysts, not just the
commercial titanium dioxide P25. The information provided
here for the two types of photoreactors is significant, as it
eliminates the need for statistical analysis of experimental
designs and the use of complex models to solve the RTE,
which typically require substantial time and financial
resources. This approach could also be useful for developing a
rate equation to describe the kinetics of photocatalytic
degradation of various compounds. Future work will extend the
formulation of the LVRPA to 2D in reactors Rl and R2,
considering variations in radiant source intensity along the z-axis.

== Inner radius=0.01 m, n=0.9, €=0.0013 = Inner radius=0.01 m, n= 0.76, €=0.0046
Inner ra dlus=0.01 m, n=0.7, €=0.0075 == Inner radius=0.01 m, n= 0.65, €=0.0117
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Figure 11. The VRPA/H Vs catalyst loading plot for reactor R1 for different values of Ry and n with Heyney-Greenstein phase function.
a) From0to 7 g/L, Ry=0.01 m, b) From0to 1 g/L, R;=0.01 m,c) From0to 7 g/L, R;=0.02 m, d) From 0to 1 g/L, R;=0.02 m.
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