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Abstract 
The impact of light modulation on the decolorization of Acid Orange 7 (AO7) in aqueous solution was examined in this 
paper. A fixed bed batch photocatalytic reactor with a flat plate geometry, irradiated by 240 white-light LEDs, was used. 
A successful transfer of visible active photocatalyst (N-TiO2) in powder form on a polystyrene (PS) transparent plate was 
realized. The structured photocatalyst was characterized through SEM–EDX, Raman and UV-DRS analyses, evidencing the 
formation of a coating of N-TiO2 in the anatase phase, with a band-gap energy of 2.5 eV, and almost uniform distribution on 
the PS surface. Different LED dimming techniques, with fixed and variable duty-cycle values, were tested, and four types of 
light modulation were compared: fixed duty cycle (constant irradiation), sinusoidal variable duty cycle (sinusoidal variable 
irradiation), triangular variable duty cycle (triangular variable irradiation), and square wave variable duty cycle (square 
wave variable irradiation). The resulting responsiveness/efficiency of the LED versus the current intensity was evaluated, 
and the stability of the photocatalyst activity and the influence of optimized irradiation waveforms were examined in the 
decolorization of 400 mL of 10 ppm AO7 solution. The sinusoidal modulation, with current between 50 and 100 mA and 10 s 
as the period, shows the highest value of the apparent pseudo-first-order kinetic constant, resulting equal to 0.0044  min−1, 
at parity of total transmitted photons. An energy saving with the application of sinusoidal irradiation is highlighted with 
respect to the literature.
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1 Introduction

The growth of pollution and the decrease of fresh water 
have raised the standards of the discharge of wastewater, 
so the individuation of technologies that allow the com-
plete purification of hazardous wastewater has vital impor-
tance [1, 2]. Among the different pollutants, the azo dyes, 
due to their recalcitrant and inhibitory nature, cannot nor-
mally be degraded by conventional biological wastewater 
treatments [3].

Different types of organic dyes from the textile, paper 
and leather industries are discharged in liquid streams. 
One of the new and cost-effective methods for the removal 
of these contaminants from wastewater is Advanced Oxi-
dation Processes (AOPs), quite effective for industrial 
and toxic wastewater treatments. Among the available 
AOPs, heterogeneous photocatalysis has proved to be a 
promising method for water purification [4, 5]. Indeed, 

the photocatalytic process, using a structured photocata-
lyst, is a sustainable purification method that respects the 
twelve principles of Green Chemistry proposed by Warner 
and Anastas [6]. Photocatalysis can be conducted under 
ambient conditions using titanium dioxide (TiO2) semi-
conductor as photocatalyst with sunlight and atmospheric 
oxygen [7]. TiO2 is non-toxic, highly active, cheap, sus-
tainable and stable under a wide range of chemical con-
ditions but it is limited by its wide band-gap (~ 3.2 eV), 
which requires ultraviolet light irradiation for activation 
[8]. Hence, it is necessary to extend the photo-response of 
TiO2 to the visible spectrum through modification of its 
structure, being one method of the doping of TiO2 lattice 
with non-metallic elements [9, 10].

The semiconductor nanopowders are usually used in 
slurry reactors with several disadvantages: the recirculation 
pumps have a limited utilization time due to corrosion and 
the final separation of photocatalyst from treated water is 
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achieved with high energy demand [11]. So, fixed bed pho-
toreactors with structured photocatalysts are more favora-
ble. The irradiation mode of the photocatalysts play also a 
significant role in the conversion rate of pollutants. Indeed, 
alternating light and dark periods give rise to improved 
photonic efficiency, reducing the recombination rate of the 
photogenerated pairs [12]. Therefore, the controlled periodic 
illumination represents an interesting approach to increase 
the photonic efficiency in photocatalytic processes and real-
izing the intensification of the process [13]. Light Emitting 
Diodes (LEDs) are the best sources to be modulated [14], 
and they can be electronically tuned by using LED dimming 
techniques, permitting light switch-on and switch-off on a 
microsecond time-scale.

In our previous works [15–18], it was observed that 
visible irradiation with the modulation of visible LEDs 
dimming duty cycle remarkably enhanced the photocata-
lytic performances towards methylene blue, urea and tere-
phthalic acid degradation. To our best knowledge, the use 
of LED dimming duty-cycle modulation techniques in a 
photocatalytic system to photodegrade the azo dye Acid 
Orange 7 (AO7), using a visible light active structured 
photocatalysts in a flat plate photoreactor, has never been 
reported. For this reason, the aim of this work is to inves-
tigate the influence of controlled modulation of LED light 
dimming on the performances of a photocatalytic reac-
tor for AO7 treatment using visible active photocatalyst 
(N-doped TiO2) immobilized on a polystyrene plate and 
to test the stability of photocatalyst.

2  Materials and methods

2.1  Preparation of the Structured Photocatalyst 
(N‑TiO2/PS)

The powder of N-doped  TiO2 (N-TiO2) was prepared by 
direct hydrolysis of titanium tetraisopropoxide with ammo-
nia aqueous solutions followed by calcination in air at 
450 °C for 25 min [19]. In the preparation of the photocata-
lyst, the N/Ti molar ratio equal to 12 was used. The physi-
cal and optical characterization of N-TiO2 in powder form 
showed that the main crystalline form was anatase, and the 
band-gap energy was equal to 2.5 eV [20].

The support used for the dispersion of the photocatalytic 
powder was a polystyrene plate (31 × 11x0.2 cm in size). The 
structured photocatalyst, named N-TiO2/PS, was prepared 
by a solvent-assisted procedure according to the methods 
reported in our previous work [21, 22]. Initially, 1.7 g of 
N-TiO2 photocatalyst was dispersed in 40 mL of acetone and 
sonicated. Subsequently, the suspension was spread onto the 
surface of the support using a Gilson micropipette at room 
temperature. Thanks to  action induced by acetone which act 

as a solvent for the polystyrene, N-TiO2 particles adhered to 
the external surface of PS plate. Finally, N-TiO2/PS plate 
was dried at room temperature for 24 h. The amount of pho-
tocatalyst coated on PS pellets was measured by an analyti-
cal balance (Ohaus Mettler Toledo, 0.1 mg resolution), and 
the final loading of N-TiO2 was found to be about 3 wt%.

2.2  Experimental set‑up for photocatalytic tests

To evaluate the influence of light modulation on the effi-
ciency of the water treatment process, a batch system 
composed of a recirculating photocatalytic reactor (RPR) 
(30 × 20x5 cm) irradiated by a matrix of 240 white-light 
LEDs was used. The flat geometry of the photoreactor guar-
antees the efficient excitation of structured photocatalyst by 
minimizing the photons loss inside the core of the reactor 
and, therefore, optimizing the photonic flow inside the pho-
tocatalytic bed [15].

A matrix of white-light LEDs, fixed on the photoreac-
tor pyrex window, allows the irradiation of the structured 
photocatalyst without the dispersion of light around. The 
24 strings of 10 LEDs in series are fixed on a heatsink and 
connected to a digitally controlled LED driver. Every string 
of LEDs is powered independently, and the light modulation 
is implemented by the LED driver. The white LEDs used are 
CREE MLCAWT-H1-0000-000XE1. They irradiate a typi-
cal nominal luminous flux  55.2 lm with a typical forward 
voltage drop  3.5 V at 200 mA DC current and luminous 
irradiation peak spectral emission at 445 nm wavelength. A 
simplified scheme of the experimental apparatus is shown 
in Fig. 1.

400 mL of aqueous solution with an initial AO7 concen-
tration of 10 ppm has been introduced in a stirred tank. A 
recirculation liquid flow rate of 28 mL min−1 has been real-
ized by the peristaltic pump. The liquid stream flows over 
the surface of the structured photocatalyst and emerged from 
the top of the reactor, going then into the tank, equipped 
with a magnetic stirrer. The initial interval of dark condition 
(dark phase) lasted the first 60 min, during which the adsorp-
tion–desorption equilibrium of the azo dye on the photocata-
lyst surface was achieved. Then, the LEDs were turned on 
(light phase) and, in the following 180 min, aqueous samples 
were periodically withdrawn. The AO7 concentration was 
measured by means of a PerkinElmer UV–vis spectropho-
tometer at a wavelength of 485 nm. Furthermore, the degree 
of mineralization was determined by measuring the total 
organic carbon (TOC) content of treated solutions samples 
at different times evaluating the total  CO2 evolved at high 
temperature (680 °C) through catalytic combustion on Pt/
Al2O3 catalyst [23]. A radiometer (StellarNet) was used to 
measure the incident light intensity (W  m−2) emitted by the 
LED matrix as the average current of the individual strings 
of LEDs changes. In Fig. 2a saturation effects have been 
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observed due to the decrease in the responsiveness/efficiency 
of the LED as the current intensity increases [24]. This high-
lights that it is not advantageous to supply the light source 
with a current greater than 100 mA.

2.3  Dimming techniques for light modulation

Light modulation is implemented by varying the duty cycle 
of the square wave dimmed the current intensity of the LED 
strings, by means of a dedicated LED driver module. This 
consists of a power unit, providing a regulated voltage Vout, 
and a dimming stage, which periodically turns on and off 
the current of each LED string with a dimming frequency 
fdim = 20 kHz. This results in an average current regulation 
following the time variation of the duty cycle ddim, defined 
as the ratio between the LED conduction time (tON) and the 
total duration of the dimming period (Tdim) [15]:

When LEDs are turned on, the peak current value of LED 
strings If at the value 200 mA. Therefore, the average current 
flowing (Iavg) in each single LED string is equal to:

where If is the on-state LED current and ddim is the dimming 
duty cycle, as shown in Fig. 2 b.

Then, the light intensity was modulated over time by var-
ying the value of ddim at a fixed on-state LED current If. Spe-
cifically, four types of light modulation were used: fixed duty 
cycle (FD) (constant irradiation), sinusoidal variable duty 
cycle (S-VD) (sinusoidal variable irradiation), triangular 
variable duty cycle (T-VD) (triangular variable irradiation), 

(1)ddim =
tON

Tdim
.

(2)Iavg = ddimIf ,

Fig. 1  a Experimental set-up scheme; b Picture of the photoreactor

Fig. 2  a Incident light intensity 
as a function of the average sup-
ply current of the LED strings. 
b Scheme of dimming stage and 
LEDs strings
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and square wave variable duty cycle (SW-VD) (square wave 
variable irradiation).

The following expressions describe the time dependence 
of the duty cycle for the various modulations tested:

where Dmin and Dmax are minimum and maximum values for 
the dimming duty cycle, respectively. Since If is fixed, the 
average LED current, Iavg, and the incident light intensity, Φ, 
show the same law as the dimming duty cycle.

3  Results and discussion

3.1  Structured photocatalyst characterization

Figure 3 collects the morphological, optical and physi-
cal–chemical characterization of pristine polystyrene 
plate (PS TQ) and of structured photocatalyst N-TiO2/PS. 
SEM image of PS plate is reported in Fig. 3a, showing a 
very smooth surface, free of any roughness. The surface 
of N-TiO2/PS (Fig. 3b) is full of nanoparticle aggregates, 
demonstrating the anchoring of photocatalyst. The examined 
area of N-TiO2/PS sample by EDX analysis is reported in 
Fig. 3c while the sum spectrum in Fig. 3d, where is possible 
to observe, apart from the signal of metal used for metalliza-
tion (Cr and V), the presence essentially of Ti and O. They 
result well distributed on the surface as found in Fig. 3e 
and f, respectively. Raman spectra of pristine PS plate and 
N-TiO2/PS structured photocatalyst are reported in Fig. 3g, 
where the main Raman bands of  TiO2 in anatase phase are 
evinced, superimposed to the bands of polystyrene. Only a 
residual weak band at around 1000  cm−1 is observable on 
the composite sample. Kubelka Munk spectra of pristine PS 
plate and N-TiO2/PS photocatalyst reveal that composition 
of absorptions among the polystyrene, at around 280 nm, 
and the N-TiO2 at 430 and 360 nm, is obtained. These results 

(3)ddim, S−VD(t) = DDC + DAC

(

sin

(

2π

Tdim

t

))

,

(4)
ddim, T−VD(t) = DDC + DAC

⋅ abs

[((

t −
Tdim

4

)

mod
(

Tdim

)

)

−
Tdim

2

]

(5)ddim, SW−VD(t) = DDC + DAC ⋅ sgn

(

sin

(

2π

Tdim

)

t

)

,

(6)DDC = (Dmax + Dmin)∕2,

(7)DAC = (Dmax − Dmin)∕2,

confirm the successful coating of PS surface with a N-TiO2 
nanoparticles film, whose characteristics were in agreement 
with those found in previous work [19, 25].

3.2  Preliminary analysis: stability

Initially, the performance of RPR for AO7 solution discolor-
ation and the stability of N-TiO2/PS were investigated using 
visible light irradiation at fixed duty (FD) LED dimming, 
where the fixed on-state LED current and the dimming duty 
cycle was fixed at 200 mA and 0.5, respectively, to get the 
values of incident light intensity equal to 200 ± 5 W  m−2.

Figure 4a underlines the stability of the photocatalyst. 
In fact, after 3 h of irradiation, the AO7 discoloration effi-
ciency was unchanged with a value of about 55%, in the 
various cycles of activity tests. The level of mineralization 
during the stability tests is expressed in terms of TOC 
removal and is compared to the color removal in Fig. 4c. It 
is possible to observe that the final values of TOC removal 
efficiency resemble those of the color removal showing lit-
tle differences. So total conversion to  CO2 and water is for 
the most obtained, with a little presence of intermediates.

3.3  Influence of the incident light intensity

Subsequently, the photodegradation of azo dye was ana-
lyzed using visible light irradiation at fixed duty LED dim-
ming (FD). The average current flowing in each individ-
ual LED string (IAVG) was fixed in the range 25–150 mA 
to obtain different values of incident light intensity 
(45 ± 5–199 ± 5 W  m−2) (Fig. 2a). The experimental data 
follow pseudo-first-order kinetics, as also confirmed by the 
literature about AO7 degradation [26].

Through a mass balance on the batch reaction system 
and integration, it was evaluated the apparent decoloriza-
tion kinetic constant (kdec) by the slope of the straight line 
obtained from plotting F(t) vs time t (Eq. 8).:

where kdec is the apparent decolorization kinetic constant 
 (min−1) and c(t) is the concentration of AO7 at any given 
time (ppm),  t0 is the initial irradiation time.

The value of the apparent kinetic constant is fixed at 
a constant temperature but depends on the intensity of 
irradiation (Φ), so it is expected to vary. The kdec values 
(Fig. 4b) highlighted that with the increase of IAVG from 
25 to 100 mA, the apparent decolorization kinetic con-
stant gradually increases until reaching a maximum value 
(kdec = 0.0046   min−1), while the further increase of IAVG 
(100–150  mA) does not promote the kinetics [24], as 

(8)
kdec(Φ) = −

ln
(

c(t)

c(t0)

)

t
=

F(t)

t
,
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expected due to the saturation effects caused by the decrease 
in the responsiveness/efficiency of the LEDs, as the current 
intensity increases further. For this reason, the tests of pho-
tocatalytic activity with the different dimming modulations 
were conducted with the maximum average current flowing 
in each LED string equal to 100 mA.

3.4  Influence of the period (Τ) on sinusoidal 
irradiation

The period of light modulations (T) is defined as equal to 
the time interval between two maximum peaks of the aver-
age current fed to the light source and, therefore, of the 
incident light intensity. The influence of the period of the 
modulated light, which varied in a sinusoidal way in the 
range of 50–100 mA. was examined, and the values of the 

Fig. 3  a SEM image of PS 
plate. b and c SEM images of 
N-TiO2/PS at different magni-
fication. d EDX analysis at c 
magnification. e Ti mapping by 
EDX.f) O mapping by EDX. 
g Raman spectra of pristine 
PS plate (PS TQ) and N-TiO2/
PS structured photocatalyst. h 
Kubelka–Munk of pristine PS 
plate (PS TQ) and N-TiO2/PS 
structured photocatalyst
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apparent kinetic constant were, respectively 0.0041, 0.0042, 
and 0.0044  min−1 for T equal 0.25, 5, and 10 s.

3.5  Influence of the different light modulations

Subsequent tests were conducted to evaluate the influence of 
the different light modulations on the photocatalytic activ-
ity. The modulations examined were triangular variable duty 
cycle (T-VD), and square wave variable duty cycle (SW-
VD) both with an average current between 50 and 100 mA 
and a period of light modulation equal to 10 s (See Fig.S1 
in Supplementary Material). The corresponding kdec values 
were 0.0035–0.0036  min−1, lower than that obtained with 
the optimized sinusoidal modulation (0.0044  min−1), high-
lighting that the best activity is achieved using sinusoidal 
modulation.

3.6  Electric energy consumption evaluation

Finally, the electric energy consumption related to the pho-
todegradation of 90% of AO7 in 1  m3 of contaminated water 
was evaluated for the tests conducted by feeding an average 
current of 75 mA to each LEDs string. This analysis was 
performed using the correlation of Bolton et al. [27]:

where P is the nominal power of the light source (kW), t is 
the irradiation time to obtain a 90% removal of AO7 (min), 
V is the solution volume treated (L), c(t0) is the AO7 con-
centration at the initial irradiation time (ppm) and c(t) is the 
AO7 concentration at the irradiation time t (ppm).

The calculated values of electric energy consumption 
for the different light modulations are shown in Table 1, 
compared at the fixed global amount of photons sent on the 
photocatalyst during the different tests. From this analysis, 

(9)
EE∕O =

P t 1000

V 60 ln
(

c(t0)
c(t)

)
,

Fig. 4  a Stability of structured 
photocatalyst in the decoloriza-
tion of AO7 under FD LED 
dimming. b Trend of the appar-
ent kinetic constant as a func-
tion of the average current fed 
to each LEDs string. c Compari-
son of TOC and color removal 
efficiency at 180 min across the 
different stability tests
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it emerges that sinusoidal modulation is the most efficient in 
energy saving. The reason for this behavior could be related 
to the kinetics of the elementary steps of photodegrada-
tion of AO7, since a similar result has been ascribed to the 
limitation of the recombination of the photoexcited charge 
carriers, as evinced by mathematical modeling of the pho-
toreaction [18]. It is worthwhile to note that the different 
light modulations permit similar TOC removal percentages 
after 180 min of irradiation (Table 1), except for the square 
wave modulation that presents a lower mineralization value.

In the literature, different works have been identified that 
use photocatalysis for the degradation of AO7 in aqueous 
solutions.

From Eq. 9, the EE/O value for the four systems was deter-
mined and compared in the case of optimal modulation of 
the light (sinusoidal modulation). The results are reported 
in Table 2.

Our photocatalytic system presents the greatest energetic 
efficiency. Indeed, it shows the greatest energy efficiency 
in the AO7 removal, using a fixed bed reactor and a visible 
light source, permitting a consistent energy saving.

4  Conclusions

A structured visible active photocatalyst was obtained on 
PS plate and implemented in a RPR specifically designed 
photoreactor. The characterization showed the presence of 
a coating on PS plate of a visible active photocatalyst which 
retains the characteristics of the powder. The stability of 
the photocatalyst was assessed after various cycles of tests 
under fixed irradiation where the photocatalytic activity has 

not been altered, showing the AO7 discoloration efficiency 
of about 57% after 3 h of fixed irradiation.

The obtained AO7 photodegradation results confirm that 
photocatalysis with modulated visible light is an extremely 
sustainable purification process with high efficiency in the 
photodegradation of pollutants. Light modulations of four 
types, fixed, triangular wave, square wave, and sinusoidal 
wave, were optimized and compared, the latter the most effi-
cient in the photocatalytic decolorization of AO7.

The best modulation had a period of 10 s and average 
current intensity between 50 and 100 mA, showing an appar-
ent kinetic constant of 0.0044  min−1. Furthermore, photo-
catalytic tests demonstrated the improvement of the process 
energy efficiency using the optimized sinusoidal modulation 
of visible LED light sources, leading to a favorable energy 
cost per  m3 required for the abatement of 90% of the AO7. 
The evaluation of the energy costs of the depollution in 
comparison with the literature showed that the optimized 
irradiation permits a relevant saving due to better utiliza-
tion of transmitted photons for the AO7 oxidation reaction, 
so limiting the charge carriers recombination phenomena.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43630- 022- 00309-w.
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Table 1  Electric energy 
consumption for the reduction 
of 90% of the AO7 in  1m3 of 
solution for the different light 
modulations by powering the 
LEDs strings with an average 
current of 75 mA

Light modulation Iavg, min [mA] Iavg, max [mA] T [s] TOC  removal180 min 
[%]

EE/O 
[kWh 
 m−3]

Fixed 75 75 - 43 625
Sinusoidal 50 100 10 44 568
Triangular 50 100 10 44 694
Square Wave 50 100 10 35 714

Table 2  Comparison of the 
energy cost for the reduction 
of 90% of the AO7 in 1  m3 of 
solution for RPR illuminated 
with sinusoidal light modulation 
and other works

Photocatalytic system Photo
catalyst

P
[kW]

kdec
[min−1]

C0
[ppm]

V
[L]

EE/O
[kWh  m−3]

Our system with sinusoi-
dal light modulation

N-TiO2 0.06 0.0044 10 0.4 568

[28] P25 0.4 0.0006 100 0.07 158,203
[29] P25 0.175 0.0086 40 0.45 758
[30] P25 1 0.0050 35 0.2 16,667
[31] Bi12TiO20 1 0.0059 20 0.08 35,311
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