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ABSTRACT  

Compared to more conventional techniques, advanced oxidation processes (AOP) hold huge 

promise in terms of elimination of organic (especially ‘persistent’) compounds and 

microorganisms (disinfection) in wastewater. If the objective is to power these processes 

using solar energy, we need to be able to manage the intermittency in the solar resource. This 

is an essential step for design and to ensure efficient operation of the treatment processes. As 

solar radiation is inherently variable due to day/night cycles, seasonal cycles, and weather 

meteorological conditions, solar AOP performances are difficult to establish using 

conventional measures. To address this gap, we carry out experimental campaigns under 

controlled conditions and develop modeling tools capable of describing dynamic-mode 

photocatalytic degradation. Here we develop a way to capture the responses of a photoreactor 

subjected to various stresses, including irradiation conditions, via an LED panel. Using a 

model that considers the influence of UV flux density and pollutant concentration made it was 

possible to represent photoreactor responses under different irradiation conditions and feeds 

(concentration or flow at the input). The ultimate objective is to study the photocatalytic 

capacity of the photoreactor under irradiation conditions simulating a real day of sunshine.  
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GLOSSARY 

CSTR  Continuous stirred-tank reactor 

LED  Light-emitting diode 

LH   Langmuir Hinshelwood 

MO  Methyl orange 

PMMA Poly(methyl methacrylate) 

UV  Ultra violet 

 

SYMBOL 

I  incident flux density        W.m
-2

 

qe   adsorption capacity at equilibrium     kg.kg
-1

 

qm   maximum monolayer adsorption capacity    kg·kg
−1

 

Ce  the equilibrium concentration      kg.m
-3

 

b   the constant related to energy of adsorption    m
3
.kg

-1 

mv   the flow rate         m
3
.s

-1
 

Ci  the concentration at the inlet of the reactor    kg.m
-3

 

C0   the concentration at the outlet of the reactor   kg.m
-3

 

Vr   the volume of the photoreactor      m
-3

 

VT   the volume of the system including the loop and reactor    m
-3

 


r    photoreaction rate        kg.m
-3

.s
-1

 

α   constant of the photoreaction      m
2
.J

-1 

β   parameter modulating reaction rate with respect to concentration m
3
.kg

-1
 

γ   parameter modulating reaction rate with respect to irradiation m
2
.W

-1
  

τ  the residence time        s 

τirr  the irradiation time        s 

k   the number of experimental data     (-) 

Ccal  the calculated concentration       kg.m
-3

 

Cexp  the experimental concentration      kg.m
-3

 

 

 

  



1. INTRODUCTION 

It is now well established that organic compounds are a significant source of pollution and a 

very high risk to human health
[1-3]

. To overcome the shortcomings of biodegradation-based 

processes, a number of innovative technologies
[4-14]

 have been developed to eliminate 

biorecalcitrant organic pollutants, microorganisms, and more. In this context, compared to so-

called tertiary treatment techniques, advanced oxidation processes (AOPs) hold huge promise 

and are particularly effective at removing persistent organic compounds in wastewater. 

Membrane and adsorption processes can offer technical solutions to fix pollutants but not to 

degrade them,
[15-16]

 whereas photo-oxidation presents three significant advantages: low-

temperature operation, no chemical additives, and—crucially—the possibility to use solar 

energy to activate the photochemical process
[17]

. In heterogeneous photocatalysis based on the 

use of radiation, the highly oxidizing species are produced by a solid photocatalyst under UV 

irradiation. As a result, when combined with direct use of solar power,
[9]

 this process is almost 

energy-self-sufficient and makes it possible to design a water treatment process that is simple, 

robust and inexpensive to install and operate
[10-13]

. In 2002, on the PSA site
[10]

 researchers 

conducted pilot-scale experimental campaigns using solar energy. Using an experimental 

approach, they described pilot-scale wastewater treatment technologies and the allied 

parameters based on photochemical reactions. More recent research
[18]

 shows that one of the 

major problems encountered in the field of AOPs is the use of sunlight. Indeed, if the 

objective is to use solar resources, we need to consider two specific features of solar radiation. 

First, sunlight is particularly weak in the UV spectral region, unlike lamps that provide an 

intense and constant beam of light. The UV spectral region represents only 5% of total solar 

flux available at the Earth’s surface,
[19] 

which represents a maximum available irradiation of 

50 WUV.m
-2

. The second constraint to consider for efficient design and use of a photoreactor 

is the intermittency of sunlight. Radiation variations during day-night and seasonal cycles
[20-

22]
 make it a complex task to select the right operating conditions and predict how the 

photochemical process will perform. Thus, to scale-up a solar oxidation process, it become 

essential to model the capacity of a photoreactor operating under dynamic conditions, both 

from the irradiation side and the supply conditions side. The vast amount of research carried 

out on pollutant degradation processes is almost entirely based on photoreactors operating in 

batch mode,
[23-24] 

which makes it difficult to translate results into real-world-based processing 

operations which inevitably operate in a pseudo-continuous mode. Thus, in order to design 

solar-based photooxidation processes, it is necessary to conduct experimental campaigns in 



‘dynamic’ conditions (typically irradiation and flow rate) and to develop modelling tools that 

describe photoreactor capacity in continuous-mode operation. 

Here we developed a photochemical process capable of operating in continuous mode. This 

process consists of a photoreactor fed by single passage of pollutants. This photoreactor can 

operate under a flux density simulating solar irradiation conditions but also with variable 

pollutant concentrations and flowrates. The experimental set-up equipped with an LED panel 

makes it possible to apply firmly-controlled irradiation setpoints. Thus, unlike UV 

incandescent lamps whose flux density cannot be precisely fixed or modulated at small 

timesteps, LEDs can produce variable flux densities as well as daylighting setpoint of a 

typical day. Experimental tests were performed in different operating conditions—flow rate, 

flux density, and concentration—to study the influence of these variables. Modelling the 

capacities of the photoreactor made it possible to simulate the pilot’s responses, as well as 

providing sizing tools for the design and scaling of solar reactors operating in dynamic mode. 

This model,
[25-26]

 which depends on flux density and pollutant concentration level, is primarily 

designed to account for the discontinuous nature of solar irradiation. We selected a target 

substance to perform the experiments under perfectly controlled conditions, and we used a 

database to propose, validate and test the model taking into account material balance in the 

photoreactor. Here we focus on aspects of process engineering with a photoreactor operating 

in dynamic mode, which have insufficiently addressed in the literature. The ultimate aim of 

this research was to assess the photocatalytic capacity of a photoreactor process using LEDs 

to apply irradiation simulating a day of sunshine. 

 

2. MATERIALS AND METHODS 

2.1. Catalyst, target substances and analytical tools 

The photocatalyst was TiO2, the material most widely used for this purpose. In this study, 

P-25 was taken as the reference material on account of its photocatalytic behaviour. Its 

specific surface area (BET) was 54 m
2
.g

-1
 and the particles of TiO2

[9-10, 25, 27]
 had an average 

diameter of about 20 nm. In a previous publication,
[5]

 we correlated catalyst concentration 

with transmittance capacity to optimize catalyst design for different reactor geometries. In this 

study, a concentration of 0.2 g.L
-1

 was needed to absorb the total incident radiation at the 

surface of the photoreactor.  

Methyl orange (MO) was chosen as an indicator to follow the effect of operating 

conditions.  To determine the change in the methyl orange concentration after MO removal 

during UV irradiation, samples of the suspension were withdrawn regularly from the reactor, 



and suspended solid matter removed with a syringe filter (pore size 0.45 µm). The clean 

transparent solution was analyzed by UV-Vis spectroscopy (Thermo scientific Evolution 600 

spectrophotometer) after filtration. The MO concentration was measured from the absorbance 

at 480 nm using a calibration curve. Repeat tests were done to ensure reproducibility. For 

kinetic analyzis, each sample taken from the reactor was divided into three different vials, and 

the final absorption was taken as the arithmetic average over the three measurements. 

2.2. Experimental set-up  

The photochemical process is in a flat-type configuration illustrated in Figure 1,
[20]

 essentially 

consisting of a photoreactor irradiated by an LED panel.  

 

It operates as a perfectly stirred reactor fed in continuous mode with controlled flow and 

irradiance conditions. It has three parts: a photoreactor connected to a recirculation system, an 

LED panel as light source, and a micropump system to feed the loops. The photoreactor itself 

consists of a 0.1 m-wide, 0.15 m-long, 0.01 m-thick parallelepipedal window (3). A 

transparent PMMA plate transmits 95% of the LED-generated radiation (4). Distilled water 

used for all experiments is circulated using a variable speed centrifugal pump (2) (Cole-

Palmer Instruments) to feed the photoreactor from bottom to top. This feed mode makes it 

possible to obtain a homogeneous concentration of particles in the solution. Total loop 

volume was 0.00025 m³. The LED panel consists of 280 LEDs arranged in 10 rows 

generating UV radiation. The spectral field centred on a 375 nm is spread on 360-400 nm 

wavelength [28, 29]. The whole irradiation system is placed in a closed chamber to isolate it 

from any external light source. The parallelepiped window coupled to the LED panel 

corresponds to an irradiated surface per unit volume of 10
-4

 m².m
-
³. The system can provide a 

UV radiation flux density in the range 1 to 170 W.m
-
² at an accuracy of 0.2 W.m

-
². This range 

of UV flux density corresponds to that of three suns. Irradiation conditions can be controlled 



using a software interface, which makes it possible to apply flux density homogeneously over 

the entire range of available radiation and to simulate the solar radiation of a typical day, e.g. 

in February or July, in sunny or cloudy weather, in seasonal cycles or daily cycles, etc. The 

third part corresponds to the feed system and homogenization of the solution at the inlet of the 

photoreactor. It essentially consists of a multi-channel peristaltic pump (1) (Watson-Marlow 

205CA) to maintain the continuous flow regime. The pump is connected to a storage tank and 

to the inlet of the loop (7). The photoreactor is fed with a solution consisting of a suspension 

of catalyst and MO at a given concentration. The photoreactor output (5) is also connected to 

the micropump to simultaneously empty the volume of solution corresponding to the one 

entering at the inlet of the photoreactor. In this configuration, range of flow can be made to 

vary between 0.016 and 0.16 (.10
-6

) .m
3
.s

-1
, thus maintaining a fixed volume of fluid in the 

system. 

 

3. PRELIMINARY RESULTS 

3.1. Isotherm capacity 

Adsorption equilibrium experiments were performed under dark conditions. A stock solution 

of 1 kg.m
-
³ of pollutant was prepared by dissolving 0.001 kg of analytical reagent in 0.001 m³ 

of distilled water. The adsorption isotherms were derived from measurements carried out in 

magnetically-stirred beakers (0.00025 m³) each containing 0.0001 m³. The tests were carried 

out at several initial MO concentrations in the range 0.01–0.5 kg.m-³ while maintaining a 

constant catalyst concentration (1 kg.m-³). Once equilibrium is reached, the quantity of MO 

adsorbed (qe) is deduced from the experimental data. The time required to reach the 

adsorption equilibrium was estimated based on a previous study
[30]

.  



 

 

Figure 2 shows the MO adsorption isotherm on the catalyst slurry, where qe is plotted against 

Ce, the concentration of MO remaining in the solution once equilibrium is reached. In 

agreement with the literature,
[25]

 the catalyst has a low adsorption capacity, mainly due to its 

non-microporous texture. The adsorption equilibrium isotherms were modelled using the 

Langmuir isotherm. Langmuir’s theory,
[31]

 based on the hypothesis of monolayer adsorption 

occurring on a homogeneous surface, is represented by the following equation: 

e
e m

e1

bC
q q

bC



          (1) 

where qe is the adsorption capacity at equilibrium (kg.kg
-1

), qm is the maximum monolayer 

adsorption capacity (kg·kg
−1

), Ce is the equilibrium concentration (kg.m
-3

), and b is a constant 

related to energy of adsorption (m
3
.kg

-1
). The Langmuir fittings were performed with qm = 

0.25 kg.kg
-1

 and b = 25 m
3
.kg

-1
. Experimental results and identification of qm showed that 

whatever the initial concentration of pollutant, a negligible quantity of MO was adsorbed. Due 

to the low adsorption capacities of MO/TiO2, the mass transfer could be neglected in 

degradation kinetic equations. 

 

3.2. Continuous stirred tank photoreactor 

To conduct the experiments, the photoreactor has to operate as a continuously-fed stirred-tank 

reactor. The characteristics of the processing loop, and in particular the residence time of the 

system, were therefore defined. Experimental residence time was determined taking into 

account photoreactor and circuit volume. The experimental data, i.e. the inlet and outlet 



concentrations of the photoreactor, were acquired under different operating conditions. 

Different input concentrations were applied to assess the homogeneity of the system (Figure 

3): the entire treatment loop was fed with MO solutions at concentrations of 0.2, 0.1, 0.02 and 

0.01 kg.m
-
³, but at a fixed rate. 

 

 

To describe the concentration variations in the photoreactor, we established the material 

balance including the inlet and outlet conditions and a term expressing photodegradation. In 

Equation (2), the variation of the pollutant concentration in the photoreactor is described 

assuming that sorption phenomena at the catalyst surface are negligible 
[20, 24-25]

.  

o
v v O r T

( )
( ) ( , , )i

dC t
m C m C t V r C I t V

dt



          ( 2) 

where vm  is the flow rate (m
3
.s

-1
), Ci is the inlet concentration (kg.m

-3
), Co is the 

outlet concentration (kg.m
-3

), Vr is the irradiated volume (m
-3

), VT is the total volume of the 

loop (m
-3

), 


r  is the speed of the photoreaction (kg.m
-3

.s
-1

) and o ( )dC t

dt
is the term for matter 

accumulation corresponding to the transient regime. 

If the photoreactor is in the dark, the photo degradation term becomes zero. Thus the 

concentration in the reactor depends only on the input conditions, i.e. the concentration and 

the flow rate applied. The variation in the concentration is described by Equation (3). 



o i i i0( ) ( ) ( ( ) )
t

C t C t C t C e 



           (3) 

where T

v

V

m
 is the average time a volume element of fluid stays in the system (called 

residence time) (s
-1

), Ci0 is the initial input concentration applied to the photoreactor, and Ci(t) 

is the stepped input concentration applied to the photoreactor. Theoretical concentrations from 

the resolution of Equation (3), taking into account the operating conditions (inlet and outlet 

concentration, volume of the system and flow rate) are also reported in Figure 3. The 

residence time τ was found with an optimization method using a trust-region-reflective 

algorithm
[24]

. The profiles of the calculated pollutant concentrations at the outlet of the 

processing loop were plotted against time. The curves of calculated and measured 

concentrations coincided, indicating that the processing loop operated as a CSTR. The 

calculated residence time was 0.67 h. The difference between the calculated and the 

experimental results gave a dead volume of less than 2% of the total volume, which was 

considered negligible in the rest of the study. This result validates the fact that the 

photoreactor can be assimilated to a perfectly agitated reactor. 

 

4. EXPERIMENTAL RESULTS  

To highlight the importance of the operating conditions, a series of experiments were 

conducted at different flux densities, flow rates and feed concentration. We aimed to quantify 

the effects of the key variables on the capacity of the photoreactor to degrade a target 

pollutant. The performance of the process is defined by the rate of photoreaction resulting 

from the matter balance in Equation (2).  

 

4.1.Flux density effect 

Given the inevitable variability in the levels of irradiation during solar experiments, 

knowing the influence of the UV flux density on the kinetics is necessary to simulate the 

concentration profile as a function of time. In the laboratory set-up, photodegradation was 

investigated under different UV radiation fluxes, in the range 1–170 W m
-2

, corresponding to 

flux from 0 to 3 suns (incident on the earth’s surface). This set of experiments was carried out 

with fixed operating conditions, namely a concentration of MO of 0.02 kg.m
-3 

and a flow rate 

of 0.08.10
-6

 m
3
.s

-1
 applied at the input of the reactor. The photoreactor window was irradiated 

at a flux density of 170 W m
-2

, thereby engaging the photoreaction. The concentration in the 

system decreased until an equilibrium concentration was reached. Operating in an open 



reactor, the threshold corresponded to the steady state of the system for which the 

accumulation term was zero. Thus once this phase occurred, the rate of degradation was 

deduced directly from Equation (4).  

v
i o

r

( ( )) ( , , )
m

C C t r C I t
V



                           (4) 

where r
irr

v

V

m
  is the average time of irradiation of a volume of fluid (called irradiation time) 

(s).  

The next experiment was conducting directly after the first one, changing the applied flux 

density to 100 W m
-2

 and maintaining the concentration at 0.02 kg.m
-3

 and the flux rate at 

0.08 .10
-6

 m
3
.s

-1
. The concentration thus decreased until a new equilibrium was reached, 

corresponding to the steady state of these new conditions (lower flux density). In the same 

way, new flux densities were applied successively. Results are reported in Figure 4. As well 

established in the literature, we found that the more intense the irradiation, the faster the 

photodegradation.  

 

 

4.2.Pollutant concentration effect 

In the treatment by heterogeneous photocatalysis, the influence of concentration is widely 

described in the literature
[27, 32-33]

. However, most of these studies were conducted in batch 



systems. We therefore set out to assess the capacities of the photocatalytic treatment in the 

open reactor.   

As regards the feed concentration of pollutant, it was decided to keep within the usual 

range of concentrations, namely 0.001–0.3 kg.m
-3

. The experiments were built on the same 

mode, i.e. with fixed operating conditions: a flow rate of 0.08.10
-6

 m
3
.s

-1
 which corresponded 

to a residence time of 1 h, and a flux density of 50 W.m
-2

 equivalent to that reached on a 

sunny day. Four feed concentrations spanning the range 0.02–0.003 kg.m
-3

 were applied. The 

time course of the concentrations at the outlet of the photoreactor is shown in Figure 5.  

 

 

Whatever the feed concentration, the concentration curves decreased until it reached a 

threshold after about 3 h of treatment. We note that the equilibrium concentration decreased 

as the input concentration decreased. In agreement with the results obtained for other 

categories of substance,
[24, 32, 34]

 the photodegradation rate increased as the feed concentration 

increased.  

4.3 Flow rate effect 

Experimental data were acquired for three flow rates, 0.016, 0.08 and 0.16 (.10
-6

) m
3
.s

-1
, 

while the other conditions were kept constant: feed concentration 0.020 kg.m
-3

 and an applied 

flux density of 50 W.m
-2

. The successive experiments are depicted in Figure 6. Regarding the 

curves showing that the concentration at the output of the reactor decreased with the flow rate, 

we can confirm that the photodegradation rate was a function of the residence time ( T

v

V

m
 ). 



The average irradiation time ( r
irr

v

V

m
 ) was directly proportional to the residence time. Thus 

to control the pollution level at the outlet, we could act on the residence time.   

 

Regardless of the concentration levels at the output, the variables such as flux density, 

residence time and feed concentration made it possible to optimize the degradation rates. On 

the other hand, high concentration and/or flow rate applied to the system were unfavorable to 

obtaining low concentrations at the reactor outlet. Operating conditions could be modulated to 

obtain the best performance according to the intended application.  

 

5. MODELLING DEGRADADTION IN THE PHOTOREACTOR  

 

5.1. A model taking into account variable setpoints  

Our aim is to model the photodegradation rates according to operating conditions. This 

involves both writing the material balance on the photoreactor but above all defining a kinetic 

law representative of photodegradation processes taking place in the photoreactor. However, 

there is still no analytical law representative of the mechanisms occurring during 

heterogeneous photocatalysis. The generally empirical expressions are based on the double 

dependence of photodegradation rate on pollutant concentration and on radiation flux 

density
[5]

. They make it possible to describe situations with specific conditions such flow 

density or concentration ranges or restricted to the fields of application, or to a given chemical 



substance. For example, Emeline
[32]

 showed that a power law with a ratio of 1 to 20 over a 

range of flux densities and concentrations can be used to represent the variation in 

degradation rate of a given molecule. However, dedicated studies seem to show that the 

heterogeneous degradation photoprocess proceeds in two distinct stages, i.e. one step 

corresponding to the transfer of matter to the solid phase (the pollutant migrates from the 

solution to the catalyst) and a photochemical step corresponding to compound degradation by 

radical attacks 
[33]

. These two antagonistic mechanisms mean that pollutant concentration may 

be a limiting factor
[21, 34-35]

. It is possible to consider this limitation related to the transfer of 

compounds using Langmuir-Hinshelwood kinetics which account for effect of concentration 

on rate of degradation. In the literature,
[5, 24, 36-37] 

this formalism describing the effect of 

pollutant concentration has been successfully validated on a number of molecules, effluents 

and in-effluent active substances. Here we use the formalism described by Equation (5) 

expressing the dependency of degradation rate on flux density and concentration irrespective 

of the order of the reaction. 

 

o

o

( )( )
( , , )

1 ( ) 1 ( )

C tI t
r C I t

I t C t


 

  
   

  
              (5) 

where 


r  is the speed of the photoreaction (kg.m
-3

.s
-1

), Co is the concentration in the 

photoreactor (kg.m
-3

) – the outlet concentration if we consider a CSTR – I(t) is the light flux 

density at the surface of the photoreactor (W.m
-2

), α (m
2
/J) is the kinetic constant of the 

photoreaction, and β (m
3
.kg

-1
) and γ (m

2
.W

-1
) are adjusting numerical parameters. These two 

constants respectively represent a parameter modulating reaction rate with respect to 

concentration and a parameter modulating reaction rate with respect to irradiation
[20, 25, 38]

. In 

this expression, I(t), the irradiation at the surface of the reactor, was intentionally adopted as 

the reference. Working with the mean volumetric irradiation conditions is easy using the ratio 

of the reactor surface area to the reactor volume. In the perspective of defining the 

degradation rates, the resolution of the differential equation expresses the variation in the 

concentration at the outlet of the photoreactor taking into account the operating conditions 

(flow rate, inlet concentration, flux density) and the reactor characteristics (volume, irradiated 

surface area). Hereafter, this equation will be used, based on only three parameters to be 

determined: α, β, and γ: 

)(1

)(

)(1

)(
.))()((

1)(

tC

tC

tI

tI

V

V
tCtC

dt

tdC

o

o

T

r
io

o




 










          (6) 



Table 1 summarizes the various features of the processing loop, such as the total operating 

volume VT, the volume of the photo-reactor Vr, the ratio of the irradiated volume to the total 

volume 
  

  
, the range of available radiation flux densities I, the range of available flow rates 

vm , the corresponding residence time τ and the residence time in the irradiated cell τirr. 

 

 

5.2.Parameter determination  

One of the advantages of working in an open reactor and a steady state is having direct 

experimental access to degradation rates. These are calculated simply and accurately from 

Equation (4). These rates were set under different experimental conditions, ultimately 

resulting in terms for irradiation levels at the reactor surface and concentrations in the reactor.  

As previously for estimating residence time, the parameters in the kinetic law (Equation (5)) 

were found by criterion minimization. However, the process was carried out in two stages. A 

first step working on the tests carried out at variable concentrations, but at an identical 

irradiation of 50 W.m
-2

 (Figure 5) gave  (m3
.kg

-1
) and one value representative of 

the product of  and the term I/(1 + γIn a second step, the values of  

m

2
.J

-1
 

and γ = 1.91 10
-2

 (m
2
.W

-1
) were determined for the experiments carried out at different levels 

of irradiation (Figure 4), keeping the previously determined value of γ. 

In all cases, the selected kinetics associated with the values of the coefficients indicated above 

allowed an estimation in agreement with the experimental rates obtained for the various 

conditions of operation of the photoreactor. To validate the approach, the speed of 

degradation deduced from experimental data and Equation (5) are reported in Figure 7 as a 

function of the inlet concentration. In the range considered, the degradation rate increased 

significantly at low concentrations and tended to stabilize for larger values of feed 

concentrations.  



 

 

These results, consistent with the literature, show that the model described by Equation (5) is 

closely representative of the capabilities of the photoreactor to degrade MO. We note that the 

parameters had been set beforehand (Tab. 1). For each applied flux density, the 

photodegradation rate also deduced from experimental and calculated data are reported in 

Figure 8 as a function of the flux density. This result, well established in the literature, shows 

that the more intense the irradiation, the faster the photodegradation. Although as expected the 

rate of degradation was increased with irradiation, saturation of the catalyst was not reached 

in the range of UV power from 1 to 3 suns. It can be seen that the variation of the speed as a 

function of the flux density can also be described with Equation (5) with determined 

parameters (Tab. 1). 



 

 

6. SIMULATION OF A SOLAR EXPERIMENT 

Although there are already a wide range of research studies related to the photocatalytic 

degradation of pollutants using sunlight,
[22, 39-40]

 almost all are designed for degradation 

assessment in batch operations. The scant experimentation reported on the effect of 

illumination cycles was conducted on gas-phase photodegradation
[23]

. To open up the 

possibility of real applications in this field, we needed to simulate the capacity of a 

photoreactor to treat water in dynamic mode. A dynamic mode involves operating with an 

open reactor under variable setpoints. Knowing that solar irradiation is an intermittent 

resource that depends on the local irradiation of the daily and seasonal cycles,
[24, 41]

 the 

photoreactor was employed in experiments conducted under artificial illumination simulating 

daily variation of sunlight.   

Secondly, experiments conducted in a dynamic mode are essential for testing the 

robustness and reliability of the kinetic model. To this end, once steps of parameter 

identification and validation had been completed by means of the results obtained for different 

operating conditions, a simulated solar irradiation experiment was carried out. These 

experiments were conducted under irradiation conditions corresponding to typical days in 

February and July at Perpignan, generated using METEONORM software. To be consistent 

with the conditions of the experiments, the UV irradiation conditions were determined for a 

surface oriented north-south and tilted at 45°. The variation in the flux density during the day 



is reported in Figure 9 and 10. The experiment began early in the morning and ended late in 

the evening.  

 
 

The level of the outlet concentration of the photoreactor was observed between 6:30 

and 17:30 up to the level of the feeding concentration (Figure 9). As expected, the degradation 

of the pollutant increased as the solar irradiation increased during the morning from 0 to 27 

W.m
-2

. When the maximal conditions were reached in the middle of the day, the concentration 

in the reactor was 6.62 kg.m
-3

, which corresponds to a rate of degradation of 2.1 .10
-6

 

kg.m
-3

.s
-1

. During the second phase of the day, irradiations declined to zero flux density after 

10 h of experiment. Conversely, under low irradiation conditions, degradation was reduced. 

At the end of the day, the concentration tended towards the concentration of feed (C = 

0.0105 kg.m
-3

). The system perfectly mirrored, with opposite sign, the time course of the flux 

density. We clearly see the dependence of the speed of degradation on the level of the flux 

density, and the process was able to adapt to external conditions. In Figure 10, the second 

campaign conducted on a typical July day shows similar behaviour. 

 To simulate the variation of the pollutant concentration, Equation (6) was solved 

taking into account the inlet conditions applied to the system, but especially the irradiation 

conditions: the irradiation setpoint of a typical February day represented by the function I(t) is 

integrated in Equation (6). We emphasize that no supplementary adjustment of α, β and γ was 

done. Values previously determined for the three parameters involved in the kinetic law 

 

m

2
.J

-1
,   m3

.kg
-1

 and γ = 1.91 10
-2

 m
2
.W

-1
, were used directly in the 

simulation. Experimental and simulated data are reported in Figure 9 and 10. The fact that the 



concentration profiles from the experiments and the modelling coincided throughout the entire 

course of the reaction helps validate the model proposed for simulating the photoreactor. It is 

interesting to observe the changes in the simulated concentration with the level of irradiation. 

The two daily periods displayed a significant increase and decrease in the degradation kinetics 

corresponding to the variation in the daily irradiation. 

It is noteworthy that the model, whose parameters had been identified when the photoreactor 

operated in a steady state, perfectly described the situation of degradation during a sunny day. 

This involves dynamic operation due to both the continuous feed of pollutant at the reactor 

input and the irradiation conditions, so the flow density is variable over time. The 

formalization used with Equation (5) thus seems to accurately describe the time course of the 

photoreactor in both steady and transient states. 

 

CONCLUSION 

In this work, we developed a flat-plate open reactor irradiated with a LED panel to study 

photocatalytic MO degradation in a permanent working mode. The utility of this operating 

mode was that we could apply varied setpoints to assess the degradation capacity of the 

photoreactor under conditions close to those of a real processing system. The initial 

conditions applied mimicked sunny conditions (flux density corresponding to the range of 

solar irradiation) and the residence time that of biological treatment ponds. The photoreactor 

subjected to different feed conditions (flow rate and concentration) and irradiation (fixed or 

variable flow density) showed a strong dependence of the responses on the operating 

conditions. The numerous experimental results yielded a representative model of the different 

conditions tested. With three adjustment parameters ( 

m

2
.J

-1
,  

m
3
.kg

-1
 and γ = 1.91 10

-2
 m

2
.W

-1
) characteristic of concentration and irradiation dependences 

that were set (and not adjusted) for all the tests performed, this model was robust over 

conditions close to those envisaged for treatment applications: irradiation range 1–170 Wm
-2

, 

concentration range 0.001–0.002 kg.m
-3

 and flow rate range 0.016–0.16 (.10
-6

) m
3
.s

-1
 

(corresponding to residence times of 0.06–0.6 h). The experimental results obtained in 

permanent and transient conditions were accurately described by the proposed formalization.  

The purpose of this work was to acquire experimental data under simulated solar irradiation 

representative of typical days during the year (February and July were selected as an 

example). The model established under these dynamic conditions, with the objective of 

providing a dimensioning tool for the design and scale-up of solar reactors working in 



dynamic mode, was validated. In took good account of the influence of UV flux density, 

pollutant concentration, and the discontinuous nature of sunlight irradiation. 
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