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Abstract

The paper presents a model of a flat plate photocatalytic reactor under solar radiation. The model was based
on convection and diffusive mass flux balances in two zones: thin liquid layer and pores in the layer of
a porous catalysts. The flux of light intensity was described by Kubelka—Munk theory.
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Streszczenie

W artykule przedstawiono model opisujacy prace plaskiego reaktora fotokatalitycznego, pracujacego
w swietle stonecznym. Model zostal oparty o bilans konwekeyjnych i dyfuzyjnych strumieni masy w dwoch
strefach: cienkim filmie cieczy i porach warstwy katalizatora. Strumien natezenia $wiatla zostal opisany za
pomoca teorii Kubelka—Munka.
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1. Introduction

Advanced oxidation processes are developed as an alternative for biological water
treatment [ 1, 2] and air pollution removal [3, 4]. Several works also present different uses of
these methods: hydrogen production from water splitting and the decay of hydrogen disulfide
[S]. Photocatalysis is one of the most elaborated oxidation processes due to its potentially
low-cost generation in the case of carrying the process under solar radiation.

The photocatalytic potential of oxidation is generated in semiconductor catalysts. An
electron from the valence band may be excited to the conduction band if there a photon is
absorbed, whose energy is higher than the difference of energy between the bands, which rely
on the kind of semiconductor used in the photocatalytic process.

Photocatalysis is realized in photocatalytic reactors. At present, there are two general
concepts of photocatalytic reactor design. The first kind is a flat surface coated with
a semiconductor layer, where only a thin film of fluid makes contact with the immobilized
catalysts. The volume where the reaction takes place is limited to the immobilized catalyst
layer, where the flux of radiation penetrating the catalysts is significant. The second type
may be defined as a suspension of semiconductor nanoparticles in an aqueous solution of
the reacting substrate. Ideal mixing in reactors guarantees bigger than immobilized reactor
volume where the reaction occurs and process kinetics is not limited by diffusion. The main
problems of these devices are: limited concentration of particles due to their aggregation and
a separation method that is heavy to realize in continuous mode, after which the catalyst’s
particles cannot be used again [6]. Several cases of scaling-up the flat plate type have been
reported [7]. To optimize their work, it is necessary to create a mathematical model, obtaining
efficiency of the process in a wide range of parameters.

2. Basic aspects of assumptions selection
2.1. Kinetics of photocatalytic process

Most of the works the describing kinetics of photocatalytic processes use Langmuir-
Hinshelwood kinetics [8, 9]. It is assumed that the oxidation center is an electron hole

located on the crystal’s surface, so the reaction rate has to be correlated with the adsorption
equilibrium:

oy (1)
where: 1+Ke
k ., — is a Langmuir-Hinshelwood constant describing the rate of surface reaction;
K - isan adsorption equilibrium constant;
¢ - isaconcentration of degraded substrate.

Apart from the reports [10, 11] indicating inaccuracies in the theory of the Langmuir-
Hinshelwood model with conclusions resulting from experiments, it has been still successfully




used in kinetic data regression [8, 9]. The Langmuir-Hinshelwood model may be simplified,
if K c << 1 kinetics will gain a pseudo-first order:

r=k,,,c (2)
where:
k., ~ Kk
It is reasonable when the concentration of the decayed substance is relatively low and such
assumption will be made in this paper.

The relation of the light flux intensity on the reaction rate can be described by [10]:

ki =ko" 3)
where:
k - kinetic constant, related to radiation intensity is 1 Wm;
¢ — light intensity in Wm?;
n — parameter.

Note that n is 1 for a low intensity level and could vary with different light flux, which is
accounted on limiting kinetics by mass transfer resistance [10, 12]. In this work, the linear
relation between the light intensity flux and the reaction rate is approached because mass
transfer resistance is considered in a different way, so that the kinetic model is modified.

r= kLHoan I<adsC (4)
I odn I+K ads ¢
where:
K oqn — Langmuir-Hinshelwood constant, measured in I, light intensity;
I — light flux intensity in Wm™.

2.2. Light penetration through catalyst layer

Models describing the rate of degradation in flat plate type photocatalytic reactors [13,
14] do not consider that a photocatalytic reaction can also take part inside the catalyst layer,
where the light flux penetrating the bulk catalyst can be still significant and has influence
on the overall degradation effect. This work also takes into account degradation that takes
place deep in catalyst pores; therefore, it is important to select the light penetration model.
Recently, the Kubelka—Munk model was successfully used to describe light penetration in
particulate materials [15]. The Kubelka—Munk theory considers that light is penetrating an
endless plate on both sides and it changes by light absorption or scattering on penetrated
media (Fig. 1). The process is described by a couple of equations, whose analytical solution
is expressed as:

I(A,8)=1, (K)[u(l—B)exp(a8)+v(l+[3)exp(—0t8):| (5a)

J(18)=Jo () u(1+B)exp(ad) +v(1-PB)exp(-05) | (sb)




where:
I,] - light intensity flux, penetrating the mass of the penetrated substance on both
sides in Wm;
I,], - light flux intensity irradiated on both sides of the penetrated substance on its
borders in Wm™;

o - parameter expressed by equation (6a);
B — parameter expressed by equation (6b);
O  — depth for which the light flux intensity is expressed in m;

u,v — constants, calculated by equations (7a) and (7b);
o, B, u and v can be expressed by:

a=,/k(k+20) (6a)
- = (6b)
K+20

u= (ﬁ—l)exp(—ocA) (7a)
(1+[32 )eXp(OLA)—(l—B)2 exp(—aA)

S (B+1)exp(—0tA2) (7b)
(1+B)" exp(ad)—(1-B)" exp(-aA)

where:
K — light absorption coefficient in m*’;
G - light scattering coefficient in m™;
A - depth of penetrated substance in m.
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Fig. 1. Exposure of radiation stream, contributed to Kubelka—Munk equation

In this work, it is approached that a catalyst is irradiated by solar radiation only from
the top, so J = 0. As it is shown in equation (5a) and also because the light scattering and
absorption coeflicient can vary for different light wavelengths, one must knowthe spectral
distribution of solar light. Work [16] presents the model based on the spectrum of solar light
on a ground level. The solution may be used as I in eq. (Sa). Only for a part of the spectrum,




where the photon has higher energy, the excitation energy is balanced in this model. The
photon energy is bonded with the wavelength by relation:

ke
E

A (8)
where:

A — minimal wavelength to excite electron in semiconductor in nm;

h — Plack’s constant in eVs™;

¢ — velocity of light in nms™;

E - excitation energy eV.

This means that only light, which has a wavelength lower than calculated from equation
(8), can effectively excite an electron and generate a free electron — whole pair. Most of
the semiconductors need radiationthat has a wavelength, which corresponds to near UV
radiation or lower. It constitutes about 5% of the overall solar energy in a ground level [16].
The maximal amount of energy for TiO, atanase, obtained from that model, is about 55 Wm.
It is over twice more than the one measured in the experimental work [17], when the sky is
clear, probably because they take into account the slope of the plate. Apart from that, the value
in outdoor conditions should be higher, because most of the UV radiation is accumulated
through high scattering from the ground [16]. It is hard to obtain that effect, so that I, could
be approached as a value received from work [16].

The scattering and absorption coefficient can vary not only with the wavelength change
and with the type of catalysts. Also, the method of catalyst’s synthesis may be responsible
for the disagreement of the experimental results [18]. Example values were measured in
work [19].

The Kubelka-Munk model equation may be simplified. By calculating u and v from
equations (7) in a boundary case, when , we can get:

limu=0 (92)
A—©
1
limvy=—- (9b)
A—o0 1+B

These conditions change the form of the equation (5a) as:
I(A,8)=I,(X\)exp(—ad) (10)
The overall light flux evaluated in the model is obtained by integration:
Amin

1(8)= j 1(%,8)dn (11)

A=0




The light flux, which is related to the kinetic parameters obtained in an experimental way
(I,), for sure cannot be measured experimentally, because it corresponds to the fictional
value of the average light flux, which may quantitatively affect such a reaction effect and it can
be calculated by:

1 _jjr(a)da )
odn T
where:
I, -  afunction, whose value can be obtained by equation (10), where I equals

the one measured in experiments;
A — depth of layer of semiconductor.

3. Mathematical model

The model of a flat-plate photocatalytic reactor is based on the mass balance of a degraded
substrate. The mass streams included in the model are schematically presented in Figure 2.
The equation describing the mass balance in a differential part of liquid film is defined as:

des

shdl it =shUc, —shU(cA —dd%dlj—sdlskL (ca—ca) (13)
where:
s — width of reactor plate;
h - height ofliquid film;
U - mean velocity of liquid film;
¢, — concentration of degraded substance;
L - length of reactor;
€ — catalyst layer porosity;
k, — overall mass transfer.
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Fig. 2. Scheme of flat plate photocatalytic reactor, modeled in this work

The model also considers the equation of mass balance in an infinite volume of catalysts
pores:
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where:
D - diffusion coeflicient;
¢, — concentration of substrate in catalysts porous zone.
After introducing dimensionless variables, the model of the photocatalytic reactor

operated under a steady state can be presented as:

Z—Z:kL“(a—a,(o)) (15)
oo, _(1-e)A’ - KI(Z’A)(I—OL ) (16)

0z » €D,y

odn

where:
o — dimensionless concentration of substrate in film liquid zone;
o — dimensionless concentration of substrate in catalysts porous zone;
z - dimensionless length of reactor;
z - dimensionless depth of catalysts layer.
Values o, 0. may be obtained by:

a="a"t (17)
Ca0
o, =40 Car (18)
Ca0
The initial condition is purposed as:
a(0)=0 (19)

For equation (16), boundary conditions (20) and (21) can be applied:

d;' (6=0)=kLA (o, —t) (20)
i‘;’ (8=1)=0 (21)

4. Discussion

The presented model can obtain the work of a flat plate photocatalytic reactor under solar
radiation in a wide range of process parameters. It occurred through a sacrifice of its accuracy.
Other works obtain the rate of a process as a function of the energy absorbed from the light




photon flux on a photocatalytic surface. The quantity of photons reaching the catalyst surface
may be used in the model as the I vector in the way of different calculation, for example,
the local-area-specific rate of energy absorption (LASREA) [20] or the local volumetric
rate of energy absorption (LVREA) [21], as they were used in the mentioned works. Note
that such a calculation can have no influence on solution accuracy in the case of processing
in changing atmospheric conditions, which are not accounted on the model and may have
a stronger influence on it. The solution presented in this work measures the limitation of the
process rate by diffusion and that aspect can vary with the size of the reactor. It is possible
that the reaction rate has also been significantly underestimated instead of the diffusive
transport of the decayed substrate and radiation, penetrated inside semiconductor layer was
not considered. The model can be used as the basis for the evaluation of the reactor operation
under the distribution of velocity of the liquid film and concentration gradient, generated
through diffuse transport in catalyst pores may be needed.

Research may be also continuing by attaching other adsorption equilibrium models (BET
isotherm or Dubinin equations, referred to microporous adsorption [22]).

References

[1] Parsons S., Advanced Oxidation Processes (AOP) for water purification and recovery, Catalysis
Today, vol. 53(1), 1999, 51-59.

[2] Ollerl, Malato S., Sanchez-Perez J.A., Combination of Advanced Oxidation Processes and
biological treatments for wastewater treatment decontamination — A review, Science of The
Total Environmental, vol. 409(20), 2011, 4141-4166.

[3] Oppenlander T., Photochemical Purification of Water and Air: Advanced Oxidation
Processes (AOPs)-Principles, Reaction Mechanism, Reactor Concepts, Wiley, Darmstadt
2003.

[4] Zhao J., Yang X., Photocatalytic Oxidation for indoor air purification: a literature review,
Building and Environmental, vol. 38,2003, 645-654.

[S] Preethi V., Kanmani S., Photocatalytic hydrogen production, Materials Science in
Semiconductor Processing, vol. 16,2013, 561-575.

[6] Mukherjee P.S., Ray A.K., Major Challenges in the Design of a Large-Scale Photocatalytic
Reactor for Water Treatment, Chemical Engineering & Technology, vol. 22(3), 1999,
253-260.

[7] Bahnemann D., Photocatalytic water treatment: solar energy applications, Solar Energy,
vol. 77,2004, 445-459.

[8] Behnajady M.A., Modirshahla N., Hamzavi R, Kinetic study on photocatalytic degradation
of C.I. Acid Yellow 23 by ZnO photocatalyst, Journal of Hazardous Materials, vol. 133
(1-3),2006, 226-232.

[9] Sauer T, Cesconeto Neto G., Jose H.J., Moriera R.FE.P.M., Kinetics of photocatalytic
degradation of reactive dyes in a TiO, slurry reactor, Journal of Photochemistry and
Photobiologymistry, vol. 149(1-3), 2002, 147-154.




[10] Ramamurthy V., Schanze K.S., Semiconductor Photochemistry and Photophysics, Marcel
Derrer, Inc., vol. 10, New York 2003.

[11] Lazar A.M.,, Varghese S., Nair S.S., Photocatalytic Water Treatment by Titanium Dioxide:
Recent Updates, Catalysts, vol. 2,2012, 572-601.

[12] Dionysiou D.D., Suidan M.T., Baudin I, Laine J.M., Oxidation of organics contaminants
in a rotating disk photocatalytic reactor: reaction kinetics in liquid phase and the role
of mass transfer based on the dimensionless Damkolher number, Applied Catalysis B:
Environmental, vol. 38,2002, 1-16.

[13] Al-Ekabi H., Serpone N., Kinetic Studies In Heterogeneous Photocatalysis, 1. Photocatalytic
Degradation of Chlorinated Phenols in Areated Aquerous Solutions over TiO, Supported on
a Glass Matrix, Journal of Physical Chemistry, vol. 92, 1988, 5726-5731.

[14] Khataee A.R., Fathinia M., Aber S., Kinetic Modeling of Liquid Phase Photocatalysis on
Supported TiO, Nanoparticles in a Rectangular Flat-Plate Photoreactor, Industrial &
Engineering Chemistry Research, vol. 49, 2010, 12358-12364.

[15] CianiA., Goss K.U., Schawrzenbach R.P., Light penetration in soil and particulate minerals,
European Journal of Soil Science, vol. 56,2005, 561-574.

[16] Gates D.M., Spectral Distribution of Solar Radiation at the Earth’s Surface, Science,
vol. 151(3710), 1966, 523-529.

[17] Nogueira R.E.P, Jardim W.E,, TiO -fixed-bed reactor for water decontamination using solar
energy, Solar Energy, vol. 56(5), 1996, 471-477.

[18] Sclafani A., Palmisano L., Schiavello M., Influence of the Preparation Methods of TiO,
on Photocatalytic Degradation of Phenol in Aqueous Dispersion, Journal of Physical
Chemistry, vol. 94, 1990, 829-832.

[19] Cabrera M.I, Alfane O.M., Cassano A.E., Absorption and Scattering Coefficients of
Titanium Dioxide Particulate Suspensions in Water, Journal of Physical Chemistry,
vol. 100, 1996, 20043-20050.

[20] Zhang Z., Anderson W.A., Moo-Young M., Rigorous modelling of UV-absorption by TiO,
films in a photocatalytic reactor, AIChE Journal, vol. 46(7), 2000, 1461-1470.

[21] Brandi R.J,, Alfano O.M., Cassano A.E., Modeling of flat plate photocatalytic reactor,
5. World Congress of Chemical Engineering, San Diego, 14-18 July 1996, 1118.

[22] Do D.D., Adsorption analysis: equilibria and kinetics, Imperial College Press, Singapore
1998.




