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Abstract: Thanks to the high photon efficiency and reaction density, the optical fiber monolith reactor
(OFMR) for InTaO4-based CO2 photoreduction is regarded as a promising photoreactor. In this
work, the OFMR coupling with parabolic trough concentrator (PTC) is proposed to enlarge the
daylighting area by several times without increasing the cost of photocatalysts. Based on the Monte
Carlo ray-tracing (MCRT) approach and the finite volume method (FVM), a computational model
of the reaction module considering the light, heat, and mass transfer is developed to optimize the
fiber honeycomb reactor coupled with the PTC. As a result, the volume-averaged concentration of
production reaches 1.85 × 10−4 mol·m−3, which is much higher than the traditional OFMR with the
production concentration of 9.61× 10−6 mol·m−3 under the same condition. The optimized structure
of the monolith for better photocatalytic performance is obtained. It shows that the diameters of
gas channels ranging from 1.5 to 2 mm are beneficial to the reaction efficiency. Finally, the results
suggested that the even number of the gas channel should be avoided due to the pseudo-steady
zone in the middle of the monolith. The reaction element with the high serial number along the flow
direction has the reduced reaction density and endangers the organic optical fibers especially when
the serial number exceeds 5.

Keywords: carbon dioxide reduction; photocatalytic; optical fiber monolith reactor; parabolic trough
concentrator; reaction density

1. Introduction

With the development of the society and economy, the energy shortage and global
warming have become two crucial issues for the human beings. However, it can be resolved
by converting the greenhouse gases (CO2) into organic fuel with the photocatalysis technol-
ogy. Due to its high photocatalytic performance, stability and relative low cost, tantalate
has been regarded as one of the most potential photocatalysts [1,2]. Owing to the process of
the material technology, the InTaO4 based photocatalysis under visible spectrum has been
improved and seems promising for the applications in the immobilized photoreactors. At
first, InTaO4 has a band gap of 2.6 eV, which illustrates its outstanding visible-light-driven
property [3]. Secondly, the immobilization process of InTaO4 on the ceramic substrate
by the sol–gel and calcination process is realizable [4]. Furthermore, the InTaO4 based
photocatalysts show significant potential for photoactivity enhancement by available pro-
cesses such as the doping process [5]. On the other hand, the photoreactor structure also
influences the photocatalytic performance significantly, because it dominates the light
transmitting efficiency, molecular diffusion rate, and reaction capacity [6]. Therefore, the
design and optimization of photoreactors have attracted a lot of attention [7].

Various photoreactors under artificial light sources were proposed in previous studies,
such as the slurry reactors [8,9], fluidized-bed reactors [10–12], fixed-bed reactors [13–15],
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optical fiber illuminating reactors [16] and optical fiber monolith reactors (OFMR) [17,18],
among which the OFMR structure firstly reported by Lin and Valsaraj et al. [19] stands
out because the inserted fiber illuminating structure increases quantum efficiency [20].
What is more, the catalyst coated on the surface of optical fibers and monoliths increases
the reaction capacity, and the direct reaction channels lower the pressure drop. While the
OFMR shows high performance under the artificial light sources, it is designed to collect
the parallel irradiation and could not directly utilize the natural light sources because of
its relatively small net aperture area. Coupling the concentrated solar systems, especially
the trough concentrators, with the photoreactors is an available approach to enlarge the
total irradiation input with less material cost, which has been applied to other kinds of
photoreactors both in experiments and simulations [21]. As early as 1993, Minero et al.
built a large-scale photoreactor assisted by the parabolic trough concentrators (PTC) for the
pentachlorophenol degradation, achieving a better photocatalytic performance than that
on a laboratorial scale [22]. In the experimental platform of Wei et al., the trough surface
uniform concentrators (SUC) were equipped with the fluidized-bed photoreactors for
hydrogen production, enlarging the solar power collection area by up to 15 times [23,24].
Baniasadi et al. discussed the single tube photoreactors irradiated by the compound
parabolic concentrators (CPC) on an industrial scale [25]. Valades-Pelayo et al. analyzed
the optical performance of the multi-tube photoreactors coupled with the CPC, using the
Monte Carlo ray-tracing (MCRT) method [26], and the optimized absorber tube radius
and photocatalyst film thickness were provided. Otálvaro-Marín et al. studied the influ-
ence of the diameters of the commercial TiO2 particles and reactors on the photocatalytic
performance of the fluidized-bed photoreactors with the CPC by numerical methods [27].
Nguyen et al. employed an optical fiber photoreactors under the concentrated natural
sunlight produced by the dual-axis-tracking Fresnel concentrators for the photoreduction
of CO2 [28]. It seems promising for large-scale utilization of the photocatalysis under
natural light by combining the OFMR with a relatively high reaction density [29] and the
trough concentrators as a mature solar concentrating technique [30].

However, there are still several obstacles to the incorporation, depicted as follows.

1. In a typical continuous photoreactor coupled with the trough concentrator, the re-
actant flow direction is perpendicular to the irradiation incoming direction, shown
in Figure 1a. On the contrary, both directions of the flow and incident rays are par-
allel to the reaction channels as well as the internal fibers for the OFMR, shown in
Figure 1b. By directly inserting a monolith into a transparent tube-like concentrated
solar photoreactors vertically, the pressure drop along the flow direction may increase
and the mass transfer efficiency can be reduced. As a result, the requirement of
concentrated irradiative flux distribution for OFMR is different from that of other
types of photoreactors. In an OFMR, the orientations of the optical fibers are uniform
so that the parallel incident rays are more suitable for this structure while the CPC
and SUC are designed to provide a uniform irradiative flux distribution around the
surface of the tubular vessels [31].

2. The material properties of optical fiber limit the availability of the dish concentrators,
although the first barrier would disappear with this kind of concentrator in use. The
overheat of optical fibers with a dish concentrator is an inevitable problem because of
the contradiction between the high concentrating ratio (illustrated in Figure 1c) of the
concentrator and the low melt point of the organic fibers [32], shown in Figure 1d.

3. It is difficult for a dish-concentrator-illuminated system to expand the reaction ca-
pacity due to the shadow effect of the monolith. Meanwhile, the concentrated flux
of high concentrating ratio requires long reacting channels to consume but the ris-
ing of the gravity center would increase installation cost in high altitude for large-
size monoliths.
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Figure 1. Schematics of (a) the continuous reactor coupled with a reflector and (b) the OFMR, (c) the map of concentrated
irradiative flux, and (d) the melted optical fibers in the point concentrating system (reprinted from Ref [33]).

Therefore, the basic structure of the monolith should be modified to satisfy the cou-
pling requirement of the OFMR with the trough concentrated system.

The modified photoreactor structure is proposed based on the geometrical and physi-
cal characters of the commercial ceramic monoliths and the PTC systems. The gas channels
are added along the gas flow direction crossing the reaction channels, aiming to reduce
the pressure loss and improve the mass transfer efficiency. According to our previous
studies [34], the reaction efficiency is correlated to the flow velocity in the reaction channels,
so the efficiency loss is inevitable due to the side flow structure. In this work, the feasibility
of this new structure is evaluated by the numerical method [35], in which the commercial
software Fluent and user-defined functions (UDF) are introduced to solve the multi-physics
model, and the reaction model modified by the temperature effects is adopted. In addition,
the model presented is verified by the experimental data from the previous studies. The
variable fields and the reaction efficiency with different design parameters are obtained
and analyzed for the reactor structure optimization. It could contribute to the large-scale
utilization of photoreduction of CO2 for this new photoreactor with the combination of the
solar concentrated systems.

2. Models

The basic structure of the PTC coupled with the OFMR is similar to that of a typical
PTC system for thermal power generation, in which the tubular receiver is replaced by
honeycomb monoliths with fibers inserted as shown in Figure 2. The whole photocatalysis
model consists of several modules, including light transmission, mass transfer, and pho-
toreaction. The profile chart in Figure 3 illustrates the light transmission process. The rays
colored in red that hit the parabolic trough concentrator are reflected and concentrated
onto the end surfaces of the fibers. Then, they transmit inside the fibers (colored in pink)
and emit from the sidewall of the fibers to illuminate the internal surface of the monolith
coated with the photocatalyst evenly. The detailed structure and the basic element of the
monolith are shown in Figure 4. The geometrical parameters of the gas channels and the



Catalysts 2021, 11, 829 4 of 23

elements are listed in Table 1, which are computed from the porosity of the commercial
ceramic monolith. The height of the whole monolith rather than that of a basic element is
set as a constant. The whole monolith could be regarded as the basic elements in series
and parallel, as shown in Figure 4a, where Nx, Ny, and Nz are introduced to represent
the number of the pile in different directions. Due to the non-uniform irradiance along
x-direction on the monolith, the reaction element for the simulation is one layer of basic
element along z-direction (Nz = 1) rather than one reaction channel with its gas channel
and internal fiber.
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Table 1. Parameters of the present photoreactor.

Type Variables Values Unit

Reaction channel diameter dr 3 Mm
Side length of basic elements Lx 7 mm

Ly 7 mm
Light absorption of monolith αm 0.8 dimensionless

Emissivity of monolith εm 0.9 dimensionless
Transmissivity of glass envelope τg 0.95 dimensionless

Fiber diameter df 0.5 mm
Fraction loss coefficient α 0.386 cm−1

Backward attenuation coefficient β 1.95 cm−1

percentage of the direct rays fθ 0.762 dimensionless
Inlet concentration Ci,CO2 43.75 mol·m−3

Ci,H2O - mol·m−3

Kinetic rate constant kt0 5.0678 × 10−10 m−2·s4·mol·kg−2

Arrhenius activation energy Et 10.5329 kJ·mol−1·K−1

The photocatalysis takes place on the internal walls, the reaction walls. The mass
transfer generated by the creeping flow and species diffusion lowers the production con-
centration, which enables the reversible photocatalysis to proceed in a positive direction.
Different from the traditional OFMR structure, the gas channels along the main flow of the
glass vessel penetrate the ceramic monolith, which increases the mass transfer efficiency
and reduces the pressure drop without catalyst coated. The reactant mixture of the CO2
and water vapor flows into the monoliths inlet, and then, the mixture of reactants and
products vents out from the outlet after the reaction. The blocking effects of the optical
fibers lead the airflow to the vertical directions so that the reaction surface can be fully
utilized to increase the reaction capacity.

In addition, only half of the monolith is simulated to evaluate the effect of the structure
because of the symmetric characteristics of the model. Some assumptions are made for
simplification and expressed as follows:

(1) The light transmission in the gas channels is neglected, and photocatalysis only occurs
on the reaction walls.

(2) The flow field inside the monolith will be calculated, while the effect of the convective
heat transfer on the outer surface is taken into account by empirical equations.

(3) The light attenuation in the gas phase is neglected.
(4) The flow is laminar, incompressible with no backward flow because the Re is approxi-

mately from 40 to 70.
(5) The species inside the monolith are homogeneous and incompressible Newtonian fluid.
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(6) The photocatalyst coating with the same thickness on the reaction surface consists
of 2.6wt% NiO/InTaO4 (imp). The photocatalytic kinetic model was established
according the OFMR experiments with NiO/InTaO4 as catalysts from Liou et al. [36]
When the photoreaction took place at the room temperature with Mercury lamps as
the light source, methanol was measured as the major product. In the cases that the
Xenon lamp was utilized as the light source, and the reaction temperature exceeded
70 ◦C, acetaldehyde was found to be the major product, and high selectivity was
claimed. The UV–VIS spectrum of the Xenon lamps is similar to the sunlight, and the
reaction temperature is relatively high when coupled with a solar concentrator. With
this kind of photocatalyst, the apparent reaction takes the following form:

CO2 + H2O
catalyst−−−−−−→
photon

1
2

CH3CHO +
5
4

O2

The conversion and mass transfer of the intermediate product is neglected, while the
conversion from the reactants to the products is of interest.

2.1. Optical Model

Focusing on increasing the average local concentration ratio (LCR) and flatting the
irradiative distribution around the surface of the receiver, the design philosophy of the
parabolic concentrating system with a tubular receiver is widely applied to the photo-
thermal power generation and the photocatalytic wastewater treatment. When the optical
fiber is introduced in this work, the orientations of the concentrated rays that land on the
end surfaces of the fibers can affect the transmissivity. According to our previous study,
for PMMA optical fibers of 10 m, the attenuation rate is 66% with the maximum incident
angle of 15◦, while the maximum incident angle of 24.4◦ enlarges the attenuation rate to
73% [37]. As a result, the incident angle at the end of fibers should be controlled less than
15◦ to avoid an excess energy loss. Restricted by the manufacturing process and cost of
the ceramic honeycomb monolith, the reaction channels are usually parallel. Based on the
aforementioned issues, the design strategy of reacting channels is different from that of
previous studies. The circumferential irradiation should be more concentrated within an
angular range rather than uniform along the circumferential direction, and the proportion
of the rays that are vertical to the incident ends of the fibers should be enlarged. The side
illumination of an arbitrary fiber derives from the optical process that consists of two parts,
and the derivative irradiative flux located at the monolith wall with covered catalyst plays
an important role in the photocatalytic reaction rate.

The incident rays are reflected by the parabolic trough concentrator and reach the
end surfaces of the optical fibers and the monolith, which can be simulated using MCRT
method. The rays in red in Figure 4 illustrate the configuration of the first part of the optical
process with a parabolic trough concentrator, a glass envelope, and a honeycomb as the
main equipment. The key geometric parameters such as aperture length W and focal length
F are listed in Table 2, and the orange part in Figure 5 shows the basic calculation flow. The
rays launching from the sundisk carry a certain amount of energy, which is dominated by
both the brightness distribution of the sundisk called sunshape and the launching position.
For the sunshape, it can be obtained from the investigation of Buie et al. [38].

Φ(γ) =
cos(0.326γ)

cos(0.308γ)
(0 ≤ γ ≤ δ) (1)

where δ is the solar intercept angle.
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Table 2. Parameters of the PTC system.

Type Variables Values Unit

Focal length F 1 m
Width W 0.8284 m

Rim angle θrim 45 degree
Solar intercept angle δ 4.65 mrad

Transmissivity of glass envelope τg 0.95 dimensionless
Reflectivity of mirror rm 0.93 dimensionless

Direct normalized irradiance DNI 1000 W·m2
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Figure 5. Block diagram of the computational model.

As rays reach the surface of the trough reflector, the reflection equations are used to
calculate the tracks of the corresponding reflection rays. The influence of the envelope is
simplified as the transmissivity, τg, so as to reflectivity of the reflector, rm. Via tracing rays
of large quantity, the statistical results of the flux distribution on the end surface of the
fibers can be obtained. Besides the distribution characteristics of the photon, the vector
information of the rays landing on the ends of fibers is also important in analyzing the
optical efficiency. The transmittance of the interface between the reaction gas and end wall
of optical fibers is considered based on Fresnel equations.

As shown in Figure 6, the incident angles at the end of fibers and polarization compo-
nents of the incident rays affect the transmission coefficient. Light waves are the transverse



Catalysts 2021, 11, 829 8 of 23

waves, of which the vibrating electric vector corresponding to each wave, called the polar-
ization direction, is perpendicular to the direction of light propagation. Natural incident
light consists of the electric vectors in all directions, which can be orthogonally decomposed
into two different linear polarizations with an equal amount of power, the polarization
of a wave’s electric field normal to the fiber’s end plane, called s polarization, and the
polarization of electric field in the plane called p polarization. For the s polarization, the
power transmission coefficient when the incident rays are not vertical to the interface can
be expressed as follows [39].
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τs =
4n f cos θi

√
1− n2

f sin2 θi(
cos θi +

√
n2

f − sin2 θi

)2 (2)

For the p polarization, it can be expressed as

τp =
4n3

f cos θi

√
1− n2

f sin2 θi(
n2

f cos θi +
√

n2
f − sin2 θi

)2 (3)

where θi is the incident angle on the end wall of fibers, and nf is the refractive index of
PMMA fibers. The average power transmission coefficient takes the following form,

τf =
1
2

τs +
1
2

τp (4)

In addition, unlike the traditional trough reflectors and flat receivers coupled con-
centrating systems, the rays that fall onto the monolith receivers are not totally blocked.
Some of the rays transmit through the fibers and gas zones and finally reach the reflecting
mirrors. This portion of rays is not completely traced, while an area-weighted estimation is
introduced for simplification instead. The energy of rays that transmit through the receiver
zones can be expressed as,

Ir = ηm × 0 + η f It + ηgDNIτg

(
−1

2
Lmx ≤ xr ≤

1
2

Lmx
)

(5)
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where ηm, η f and ηg are the area ratios of the monolith zone, the fiber zone, and the gas
zone, respectively, on the top surface of the monolith receiver; It represents the energy
of rays that go through the fiber from the top end and finally reach the reflector; Lmx
represents the length of the whole monolith along x-axis; DNI represents the direct normal
irradiation on the reflector, and τg represents the transmissivity of the glass envelope.

Then the light intensity distribution of optical fibers is characterized to calculate the
internal illumination of fibers, with the rays colored pink in Figure 4 (circled in pink in
Figure 5) and the parameter, It. The incident rays transmitting through fibers attenuate
along the y axis exponentially with the following form,

Iaxial(y) = Iinput[(1− fθ) + fθ exp
(
−αL f

)
] (6)

where Iinput is the irradiative flux on the incident end of fibers; fθ is the percentage of the
incident light with the incident angle less than 90 degrees [40]; α refers to the refraction
loss coefficient, and Lf is the depth of the evaluated cross section from the entrance plane.
Therefore, It in Equation (5) could be obtained as follows,

It = DNI · τg · [(1− fθ) + fθ exp(−αL)] (7)

Based on the simplification that the irradiative absorption of the fiber is ignored, the
rays transmit in the side illuminating fiber, which could be described by the modified
exponential decay equation,

Is f = −
d f

4

[
dIaxial(y)

dy

]
=

1
4

αd f fθ exp(−αy)Iinput (8)

where df is the diameter of fibers.
Taking the end effect, which increases the side illuminating intensity near the end of

the fiber, into consideration, the above equation is corrected by the experimental data from
Lin et al. [19],

Iiside(y) =
1
4

d f fθα exp(−αy)Iinput(x) +
1
4

d f fθ β exp[−β(L− y)]Ioutput (9)

where β is the attenuation coefficient of the light flux reflected by the inner surface of the
end. Iinput(x) represents the transmitted irradiative flux at the entrance of the fibers, which
has been calculated using the aforementioned ray-tracing method. Ioutput represents the
output flux intensity of the fiber’s end which is back to the concentrator, expressed as the
similar form to Equation (6),

Ioutput = Iinput[(1− fθ) + fθ exp(−αL)] (10)

The peak value of the transmitted concentrated flux on the entrance is approximately
ten times of DNI, so the rays which directly reach the surface confront to the sky cannot be
neglected. Therefore, the side illuminating flux of fibers follows the expression by adding
the content of effect of flux intensity on the exit end,

Iside(y) = Iiside(y) + Ioside(y) (11)

where

Ioside(y) = αgDNI
{

1
4

d f fθα exp[−α(L− y)] +
1
4

d f fθ β exp[−βy][(1− fθ) + fθ exp(−αL)]
}

(12)

The flux deriving from the rays that finally reach the front surface of the monolith is
also considered as a boundary condition. In addition, the solar spectrum was discretized
and substituted into the ray-tracing codes.



Catalysts 2021, 11, 829 10 of 23

2.2. Species Transport Model

The fluid in the monolith is of single phase and multicomponent, so the classical
governing equations are introduced as follows in the Cartesian coordinate system:

∂ui
∂xi

= 0 (13)

ui
∂uj

∂xi
= −1

ρ

∂p
∂xj

+ ν
∂2uj

∂x2
i

(14)

∂(uiT)
∂xi

=
∂

∂xi

(
λ

ρcp

∂T
∂xi

)
+

ST
ρcp

(15)

where λ is the thermal conductivity; cp is the specific heat capacity at the constant pressure;
ρ and ν represents the density and viscosity, ST is the source term of the gas energy equation.

The mass diffusion of the species is modeled as a dilute mixture because of the
relative low concentrations of water vapor and organic resultant at room pressure. In the
concentrated photocatalytic system, the temperature distribution is non-uniform because
the boundaries of the monolith are heated by the concentrated irradiation, and then the
heat is transmitted to the reactant mixture both by conduction and convection. Therefore,
the mass diffusion flux component derived from thermal diffusion should be considered.
The diffusion flux of the chemical species in a laminar flow can be described based on
Fick’s law as:

Ji = −ρDs,i∇Yi − DT,i
∇T
T

(16)

where Ds,i, Yi and DT,i are the mass diffusion coefficient, mass fraction and thermal diffusion
coefficient for the species i in the solvent, respectively.

The semi-empirical formula presented by Gilliland [41], which is a modification of the
Chapman–Enskog formula, is usually used to calculate the diffusivity coefficient:

Ds,i =
435.7T3/2

p
(

V1/3
s + V1/3

i

)√ 1
Ms

+
1

Mi
(17)

where T is the absolute temperature; p is the total pressure; Mi is the molecular mass of
a component; Ms is the molecular mass of the solvent, and Vi is the molar volume of a
liquid component.

The heat transfer process near the reaction surface can influence the mass diffusion
property significantly due to the temperature difference between the reactant flow and the
heated monolith honeycomb. The thermal diffusion coefficient takes the empirical formula
as follows [42]:

DT,i = −2.59× 10−7T0.659

 M0.511
i Xi

Nt
∑

i=1
M0.511

i Xi

−Yi

 ·
Nt
∑

i=1
M0.511

i Xi

Nt
∑

i=1
M0.489

i Xi

(18)

where Xi is the mole fraction of a species.

2.3. Reaction Kinetics Model

The catalyst simulated is synthesized and fixed using the sol-gel process according to
Liou et al. [36]. The Langmuir–Hinshelwood mechanism developed by Tahir and Amin
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et al. [43] is adopted to describe the photocatalytic reaction rate which is generally governed
by the adsorption rate and desorption rate.

r(y) = kIn
side

KH2OKCO2

(
PH2OPCO2

)
1 + KH2OPH2O + KCO2 PCO2 + KO2 PO2 + KCH3CHOPCH3CHO

(19)

where Iside is the local light input intensity on the reaction wall; n represents the power law
coefficient depending on the value of Iside. Although the incident radiation is concentrated,
the radiation on the reaction walls is relatively low (less than 70 W·m−2) because of the
relatively low percentage of the refracted rays. Therefore, n is set to 1 according to the study
of Choi et al. [39]; k is the kinetic rate constant which is a function of the temperature; Ki is
the ratio of adsorption to desorption equilibrium constants affected by the local reaction
temperature; Pi refers to the partial pressure of each reactant.

The temperature correction for the reaction rate equation is necessary because of the
relatively high and non-uniform reaction temperature deriving from the concentrating
system. The temperature governing expression should be added to the temperature-
dependent variables, k and K. However, the correction of K is hard to be quantified and
distinguish from that of k because of the nonlinear form in Equation (19). The following
assumptions are presented to simplify the analysis of temperature effects:

(1) The reaction only takes place in a thin film near the reaction wall.
(2) Based on the experimental data, carbon dioxide is regarded as the solvent, while water

vapor, acetaldehyde vapor, and oxygen are treated as the solute. Therefore, in the whole
fluid zone including the reaction zone, KCO2 PCO2 >> KH2OPH2O + KO2 PO2 + 1 [44].

(3) Although the resultant CH3CHO will be accumulated in the film as the reaction
process goes on, the relatively low production rate and the species transfer by fluid
flow and diffusion ensure the low concentration of product near the reaction wall,
resulting in that KCO2 PCO2 >> KCH3OHPCH3OH. In addition, the deviation of the
concentration of CO2 is not significant because the amount of CO2 is in large excess
compared to the other reactant.

As a result, in the temperature effect analysis, Equation (1) could be modified as
follows [44]:

r(y) = kIsideKH2OPH2O (20)

It suggests that this kind of photocatalytic reaction could be regarded as the pseudo
first order reaction. The temperature fixed reaction rate constant using the Arrhenius
expression for a pseudo first order reaction is

k = k0K0 exp(−Et/RT) = kt0 exp(−Et/RT) (21)

where kt0 represents the total reaction kinetic constant at a certain temperature as the
pre-exponential factor which could be obtained from the experiments; Et refers to the
activation energy for the reaction, and R is the universal gas constant with the value of
8.314 Pa·m3·mol−1·K−1.

The modified reaction rate with temperature effects considered is expressed as follows:

r(y) = kt0 exp(−Et/RT)IsidePH2O (22)

Osaki et al. [45] proved the rationality of the simplification that the photocatalytic
carbon dioxide reduction is regarded as the pseudo first-order reaction.

The fit curves of the natural logarithm of reaction rate as a function of the reciprocal
of the temperature are straight lines with the slopes of Et of the photocatalytic reactions.
The activation energy is mainly determined by the material properties and the thermal
treatment temperature, with the values of 17.5 kJ·mol−1·K−1 for a Pt-TiO2/water sys-
tem, 23.3 kJ·mol−1·K−1 for Pt-TiO2/water/MeOH system [46], and 88.9 kJ·mol−1·K−1 for
Ni/TiO2 [47]. For the NiO/InTaO4/vapor system, the activation energy is at the value of



Catalysts 2021, 11, 829 12 of 23

10.5329 kJ·mol−1·K−1. This activation energy is the apparent activation energy with the
temperature-caused deviation of K included.

2.4. Boundary Conditions

The boundary conditions on the surfaces of the top and bottom walls irradiated by the
concentrated rays are both set as the mixed boundary, where heat transfer exists between
the surface and ambient fluid and also between the surface and sky by radiation. The heat
transfer by radiation is obtained using Boltzmann law. The commercial ceramic honeycomb
is a mixture whose main components are silicon dioxide and aluminum dioxide without
precise mixing ratios. The solar energy absorption, αm, and the thermal emissivity, εm, are
estimated to be 0.8 and 0.9, respectively. The convection heat transfer on both of the top
and bottom surfaces of the monolith is described as [48]

Nuxz = 0.664Re1/2
LmzPr1/3 (23)

where Re is the Reynolds number, Pr is the Prandtl number, and Lmz represents the length
of monolith along with the gas flow.

The convection process at the surface which confronts the flow is expressed by the
following empirical equation [48]:

Nuxy = 0.228Re0.731
Lmx Pr1/3 (24)

On the other hand, the irradiative flux calculated by the ray-tracing method is treated
as the flux boundary compiled using UDF codes, and the flux on the top surface is regarded
as uniform. In addition, the flux distribution on the bottom surface follows the scalar
irradiative flux distribution, corrected by characteristic parameters of reflection on the
mirror, transmission through the glass envelope, and absorption on the monolith. The inner
wall of the monolith coated by the catalyst is set as the solid–liquid coupled interface, on
which the photocatalytic reaction takes place. The side irradiative energy from fibers that
is not converted to the chemical energy in the organic product is treated as the volumetric
heat source on the reaction wall at 0.05 mm, taking the following form,

STdRm = αm Iside(y)− ∆rGm · r(y) (25)

where αm is the absorptive coefficient of the monolith; dRm is the thickness of the heat
source, and ∆rGm represents the molar Gibbs free energy change of this reaction, described
as follows,

∆rGm = ∆r Hm − T∆rSm (26)

where ∆r Hm represents the standard molar reaction enthalpy of this reaction.

∆r Hm =
Nt

∑
j=1

υj∆ f Hm
(
Yj
)

(27)

where ∆ f Hm
(
Yj
)

and υj are the standard molar state enthalpy and stoichiometric number
of reacting species Yj, respectively.

The photoreaction is regarded as the isothermal process so that ∆rSm takes the follow-
ing form:

∆rSm = R ln

(
Ni

∏
j=1

(
Pj
)υj

)
(28)

2.5. Verification

The model of the traditional OMFR at the constant temperature has been verified
in our previous work [49], where the product concentration in a reaction element was
calculated to estimate the reaction rate of the whole structure. Then, the PTC system is
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introduced as the light source for the proposed model, with the irradiative flux distribution
simulated using the ray-tracing method. The optical model for the light transmission
process in a PTC system with a flat receiver under non-ideal conditions has been verified
in our other work [38] by comparing the simulation results with the semi-analytic results
from Jeter et al. In addition, the effect of temperature on the reaction performance should
also be verified. The comparison between the numerical and experimental data from
Reference [36] in Figure 7 shows that the kinetic constants and production rate increase
linearly with the temperature. A good agreement between them could be observed with
the standard deviation of 4.50 × 10−14 m−2·s·mol·kg−1 and 1.91 × 10−8 mol·m−3 for
the kinetic constant and the outlet acetaldehyde concentration, respectively. Therefore,
the aforementioned verification proves the reliability of the model for evaluating the
photocatalytic performance of OMFR coupled with a PTC system.
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3. Results and Discussion
3.1. Irradiative Flux Distribution

The scalar irradiative flux distribution on the lower surface of the flat receivers and
vector irradiative flux distribution, in other words, the transmitted light intensity on the
end of fibers, are expected to be non-uniform along the x-axis, as shown in Figure 8a. It
can be seen that when the position deviates along the y-axis, ey is higher than −0.002 times
of the focal length of the reflector, the two types of irradiative flux distributions reach the
peak value at the center of the receiver, and sharply reduce to zero along the x-axis. With
decreasing the ey, the two types of flux distributions show a trend of long-tail character [33]
and gradually become flat. The sharp central peak of light intensity disappears and
translates to a concave due to the shadow effect of the receiver. Considering the overheating
of the fibers and the catalyst utilization efficiency, the flat flux distribution is more suitable
for the concentrated solar photocatalytic system. Compared to the scalar irradiative flux,
the transmitted light intensity shows a significant attenuation due to the reflection on
the end surface of fibers, with the total energy input reduced by 32.17% when ey equals
−0.004 times of the focal length. The attenuation could be neglected on the center of the
receiver, and it increases along with the plus and minor direction of the x-axis because the
included angle between the incident ray and the normal of fibers’ end surface increases
with increasing the rim angle of the reflection position on the reflector. Therefore, it may
not work well with the increase of daylighting area to increase the rim angle of a PTC.
Meanwhile, the half width and the alignment error along y-direction of the monolith are
suggested to be −0.02 and 0.0035 times of the focal length, respectively, which have been
applied to the following simulations.
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by the focal length of different alignment errors and (b) irradiative flux on the reaction wall with y
coordinate of different reaction channels.

As shown in Figure 8b, the light intensity direction on the reaction channel along
y-direction has a similar trend as that in a traditional OFMR, with the light intensity
increasing from the middle to both ends of each channel because the penetrated light is
attenuated along with the fiber with the end effect added to the flux near the output end.
The side illumination intensity at the same y coordinate in the different channels has a
linear relation with the incident irradiative intensity on the end wall of the fibers, which
increases along the x-direction. Furthermore, the rays that hit the fibers’ end directly from
solar irradiation strengthen the end effects, with the ratio of the flux on the output end to
the input end ranging from 34.34% to 57.24%, compared to 25.74% in a non-concentrated
system [36]. The high concentration ratio near the center of the whole reactor reduces the
significance of the end effect because of the constant incident irradiative flux.

3.2. Variable Fields

The typical case is used to characterize the variable fields in the photoreactor, with the
alignment error along y-direction set to −0.002 times of the focal length, the diameter of
the gas channels set to 2 mm, and the serial number of the reaction element of 4. The inlet
flow rate and the temperature of the reactants are set to 1.50 × 10−7 kg·s−1 and 298.15 K,
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respectively. It should be noted that the thermal and optical properties of the optical fibers
and the monolith are set as temperature-independent to simplify the calculation. The
velocity field at the cross-section x = 3.5 mm in Figure 9a shows that the block effect of
the fibers forces the fluid to travel along the reaction channel, increasing the mass transfer
efficiency of production near the photocatalyst coating. The confronting of reactant flow
induced by the gas channels penetrated on the middle of the reaction channels weaken
the velocity component along the reaction channels. In addition, the average velocity
of the gas flow attenuates in the z-direction by approximately 0.0369 m·s−1 per meter,
resulting in lower local flow velocity in the tandem reaction channels. The temperature
fields at the cross-section z = 3.5 mm, z = 10.5 mm, z = 17.5 mm, and z = 24.5 mm are
shown in Figure 10. The maximum temperature of 412.57 K could be observed on the
monolith derived from the concentrated irradiative flux, while the minimum temperature
of 386.49 K is on the fibers because of the low absorptivity and high transmissivity. The
fibers are mainly heated by the ambient gas mixture with the temperature increasing along
z-direction, so the overall temperature of the monolith and fibers increases along z-direction
by approximately 0.1 K·mm−1. As shown in Figure 9b, the production concentrations at
the same y coordinate in different channels are different because the input gas flow of one
channel is the output flow of the previous one, and the higher production concentration
lowers the local reaction rate. The highest concentration of the production appears near
the upward outlet of every channel due to the end effects, with the approximate value of
4.58 × 10−4 mol·m−3 in the present case, though the reaction wall near the downward
outlet receives higher irradiation. Additionally, the volume-averaged concentration of
production is 1.85× 10−4 mol·m−3, which is much higher than the maximum concentration
of a reaction element with the value of 9.61 × 10−6 mol·m−3 in a traditional OFMR because
of the much larger daylighting area. What is more, the variable field in the present
photoreactor is much complicated than that in a traditional OFMR. Therefore, the reactor
structure should be further improved based on the photocatalytic performance.
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3.3. Effect of Receiver Structure

Several characteristic parameters are used to evaluate the photocatalytic perfor-
mance of the present concentrated solar photocatalytic system. The volume average
production rate, Φv, is introduced to analyze the reaction density of the photocatalytic
organic synthesis:

Φv =

∑
i

Vot,iCot,i

Vr
(29)

where Vot,i and Cot,i are the volumetric flow rate and the concentration at the outlets
numbered by i.

The production specific rate per input light power, ηpc, is introduced to assess the
utilization efficiency of photocatalyst, described as follows:

ηpc =

∑
i

Vot,iCot,i

mpc · Sr · Sd · DNI ·Vin
(30)

where mpc is the area average mass of catalyst loading of the reaction channels based on
the Choi’s experiment; Sr is the area of reaction wall; Vot,i refers to the volumetric flow rate
of inlet i. The physical meaning of this variable is the molar production rate of a unit mass
of photocatalyst under unit irradiative flux with unit reactant input.

In addition, the maximum temperature of fibers, Tfbmax, is also an essential evaluation
parameter to judge whether the temperature of fibers exceeds the melting point of PMMA
to ensure the safety of the system.

3.3.1. Diameter and Penetration Number of Gas Channels

Under the conditions that Nx is set to 5, Nz is 1, and Ny is 5, and the area-weighted
average velocity of the side outlet is ensured to be 0.5 mm·s−1 which is the estimated outlet
velocity in the experiment of Liou et al. [36]; the variations of photocatalytic performance
with the gas channel diameter are shown in Figure 11. It can be seen that with the increase
of diameter, both the reaction density and reaction efficiency first increase because the
larger gas channels increase the mass transfer rate of reactants and production by higher
diffusion area and then decrease because when the fibers are much slimmer than the gas
channels, the volume fraction of the inlet flow blocked by the fibers gets low, and the
reaction area reduction becomes dominant. The reaction density reaches the peak value of
3.97 × 10−6 mol·m−3·s−1 when dg is approximately 2 mm, while the maximum reaction
efficiency of 0.00634 mol·J−1·g−1·m3 occurs as dg equals 1.5 mm. It should be noted
that with the same outlet velocity, the reaction density and reaction efficiency of the
traditional OFMR are 1.65 × 10−6 mol·m−3·s−1 and 0.0379 mol·J−1·g−1·m3, respectively.
The proposed photoreactor takes advantage of a larger daylighting area, leading to a
higher reaction density. While the reaction efficiency is lower than that of traditional
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OFMR because of the optical loss in the light transmission process and the lower velocity
near the reaction wall caused by the side-flow structure, which deteriorates the mass
transfer performance.
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The variations of reaction density and reaction efficiency with the penetration number
of gas channels are shown in Figure 12, with the inlet mass flow rate and temperature set
to 1.50 × 10−7 kg·s−1 and 300 K, Nz set to 1, and dg set to 1 mm. It could be obtained that
both evaluation variables decrease as the penetration number of gas channels increases
firstly due to the reduced reaction area. When the penetration number is 2, there is a
clear decline of both reaction density and reaction efficiency by approximately 20%. It
could be seen in Figure 13 that the symmetrical flow field in the monolith with even
penetration channels lowers the mass transfer efficiency of the middle part of reaction
channels where the product diffusion becomes dominant, resulting in that the production
aggregates near the wall and the forward reaction process is prevented. According to
Figure 8, the local irradiative intensity on the surface near the end in the reacting channels
is relatively high due to end effects of the optical fibers. The additional gas channels are set
to improve the mass transfer efficiency near the end of the reacting channels to accelerate
the product removal process. However, the symmetric flow field of the of reacting channels
in Figure 13b,d makes the flow in the middle of the reacting channels stagnant, on which
the utilization efficiency of the photocatalysts is restrained. When the penetration number
reaches 4 shown in Figure 13d, the pseudo-steady zone in the middle part of the reaction
channels is reduced, with the reaction density and efficiency reduced by 2.5% and 2.7%,
respectively. However, the density of the gas channel could not be determined with only
the reaction density taken into consideration because, in the present model, the percentage
of the incoming gas flow that enters the monolith through the gas channels and the pressure
loss of the monolith depend on the position and density of gas channels, especially when
the incoming flow velocity is relatively high.
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3.3.2. Connection in Series

In the perspective of the proposed photoreactor, several layers of the reaction elements
should be in series to enlarge the reaction capacity. However, the temperature and pro-
duction concentration of the mixture in the monolith will increase along the main flow
direction, which could lower the reaction rate and endanger the PMMA fibers. Figure 14
shows the variations of reaction density and maximum temperature of fibers with the
serial number of the reaction elements with the inlet mass flow rate and temperature set
1.5 × 10−7 kg·s−1 and 300 K, respectively, and dg = 2 mm, and Ny = 4. The maximum
temperature of fibers increases with the serial number first clearly and then slightly, with
the highest value of 416.92 K at the serial number of 6. Compared to the melting point of
PMMA ranging from 410 to 420 K, the photoreactor with more than 5 layers of reaction
elements could endanger the inserted fibers. It should be noted that the critical temperature
proposed is much higher than the maximum temperature in actual engineering because
the higher flow rate and lower incident irradiance could reduce the input energy. On the
other hand, it could be observed that as the serial number increases, the reaction density
first fluctuates and then decreases by 0.28 × 10−7 mol·m−3·s−1 per layer linearly when the
serial number exceeds 3. Because even though the local reaction kinetic constant increases
with the temperature, the reaction density loss deriving from the flow velocity attenuation
near the reaction wall and the higher production concentration of the inlet gas mixture of
the rear reaction elements are also strengthened and finally overcome the reaction gain
from the increase of temperature.
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Moreover, the external heat term coming from sunlight impinging directly on the
apparatus, without being routed into the fibers but landing on the internal surface of the
monolith was not taken into consideration in this paper, so that the presented threshold
values of the serial number could be overestimated. This portion of radiative energy could
be estimated by the radiation component perpendicular to the reacting surface incident
from the end of the reacting channels. Meanwhile, the relatively low reflective fraction of
the catalyst surface makes this portion of energy concentrated on the surface near the end
of the reacting channel, on which the maximum temperature occurs without considering
this thermal source term. Quantitative analysis of the aforementioned thermal source is
still required to obtain a more accurate allowable value of the serial number.
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4. Conclusions

An OFMR coupled with the PTC structure is proposed to expand daylighting area
without increasing the cost of photocatalyst, where the gas channels are penetrated along
the flow direction to increase the mass transfer efficiency and reduce the pressure drop.
For the optical components, the optical loss at the entrance end of the fibers limits the
direct increase of the rim angle of the PTC. Sacrificing the reaction efficiency, the volume-
averaged concentration of production could reach 1.85 × 10−4 mol·m−3, compared to
9.61 × 10−6 mol·m−3 in a traditional OFMR under similar conditions. To increase the
reaction efficiency, the diameter of gas channels ranging from 1.5 to 2 mm is recommended.
What is more, the even number of the gas channel should be avoided due to the pseudo-
steady zone in the middle of the monolith. The negative effects will be weakened as the
gas channel density increases. When the serial number is over 3, the reaction elements of
the high serial number along the flow direction could reduce the reaction density, while
they endanger the organic optical fibers when the serial number exceeds 5. However, the
external heat term coming from sunlight impinging directly on the apparatus, without
being routed into the fibers but landing on the internal surface of the monolith, was not
taken into consideration in this paper, so that the presented threshold values of the serial
number could be overestimated.

The OFMR and PTC coupled photoreactor shows its feasibility in promoting reaction
density to meet the need in practical engineering.
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Nomenclature

C molar concentration, mol·m−3

cp heat capacity at constant pressure, J·g−1·K−1

DNI direct normalized irradiance, W·m−2

Ds,i mass diffusion coefficient, m2·s−1

DT,i thermal diffusion coefficient, m2·s−1

d diameter, mm
dg diameter of gas channel, mm
dr diameter of reaction channel, mm
ey alignment error along y direction, m
F focal length, m
fθ percentage of direct rays, dimensionless
Hm molar enthalpy, J·mol−1

I irradiative flux, W·m−2

It irradiance trough fiber, W·m−2

Iinput, Iouput input and output irradiance on fibers’ ends, W·m−2

K ratio of adsorption to desorption, dimensionless
k kinetic rate constant, m−2·s·mol·kg−1

kt0 kinetic rate constant, m−2·s4·mol·kg−2

L length, m
LCR local concentration ratio, dimensionless
Lf depth of the evaluated cross section, m
Lx, Ly, Lz edge length, m
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Lmx, Lmz length of monolith along x and z direction, m
M molecular mass, g·mol−1

Ms molecular mass of solvent, g·mol−1

mpc area-average mass of photocatalyst, g·m−2

Nx, Ny, Nz number of pile, dimensionless
nf refractive index of fiber, dimensionless
P pressure, Pa
rm reflectivity of mirror, dimensionless
Sd daylighting area, m2

Sr area of reaction wall, m2

ST source term of energy equation, W·m−3

T temperature, K
Tfbmax maximum temperature of fibers, K
ui velocity, m
V volume, m3

Vin inlet volumetric flow rate, m3·s−1

Vi molar volume, L·mol−1

W aperture length, m
Xi mole fraction, dimensionless
x, y, z Cartesian coordinates, m
Yi mass fraction, dimensionless
Greek symbols
α fraction loss coefficient, cm−1

β backward attenuation coefficient, cm−1

γ angular displacement, mrad
δ solar intercept angle, mrad
ε emissivity, dimensionless
θi incident angle, degree
θrim rim angle, degree
λ heat transfer coefficient, W·m−1·K−1

ν viscosity, Pa·m
η area ratio, dimensionless
ηpc reaction efficiency, mol·J−1·g−1·m3

ρ density, kg·m−3

τ transmissivity, dimensionless
υ stoichiometric number, dimensionless
Φv reaction density, mol·m−3·s−1

Subscripts
axial along axial direction
g glass
f fiber
in inlet
m monolith
ot outlet
p p polarization
s s polarization
side toward side wall
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