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A B S T R A C T   

In this study, the degradation of diclofenac (DCF), a frequently detected non-steroidal pharmaceutical, was 
evaluated by using UV-B and UV-C (265, 285, and 310 nm) light-emitting diodes (LEDs) alone and in combi-
nation with hydrogen peroxide (UV/H2O2) and free chlorine (UV/FC). The degradation of DCF followed a pseudo 
first-order kinetic, and their trend reflected the pattern of the molar absorption coefficients of the DCF and the 
oxidants. A positive synergistic factor was found for the UV-LED driven advanced oxidation processes in almost 
all cases, but despite the higher degradation rates, the overall electricity demand is similar to UV alone due to the 
oxidants’ energy cost. The rigorous kinetic degradation mechanisms at different wavelengths were proposed for 
the two processes, UV/H2O2 and UV/FC, where the predicted values were respectively kHO = 9.12 ⋅ 109 M− 1 s− 1 

and kCl = 1.30 ⋅ 1010 M− 1 s− 1. No significant synergy (p > 0.05) was found for the dual-wavelength system (265 
+ 285 nm), and the time-based constants in all cases changed linearly with lamp intensity. Finally, dissolved 
organic carbon and phytotoxicity analysis revealed low mineralisation (around 20–30%) associated with the 
formation of stable dimers and a decrease in toxicity towards tomato and radish seeds. In the main, this work 
shows the great potential of implementing wavelength-specific LEDs in water treatments and effectively 
designing the reactor playing with adjustable intensities and kinetic degradation rates.   

1. Introduction 

Safe water is an essential resource for life, yet contaminants of 
emerging concern (CECs) are an increasing threat to global health and 
require immediate action. Among others, CECs include pharmaceuticals, 
personal care products, flame retardants, pesticides, and endocrine 
disruptors. Their presence in the environment is not necessarily new, but 

the worries about their possible consequences are due to their potential 
associated risks to ecosystems and human beings [1]. Conventional 
treatments and natural attenuation are not enough to remove these 
pollutants from waste, surface, and drinking water and therefore, they 
are destined to bioaccumulate in aquatic ecosystems and human bodies 
[2]. Furthermore, CECs are poorly documented and are not controlled 
by standardised legislation, thus, increasing their exposure risk [1]. 

Abbreviations: AOP, Advanced oxidation process; CEC, Contaminant of emerging concern; DCF, Diclofenac; DOC, Dissolved organic carbon; EEO, Electric energy 
per order; FC, Free chlorine; GI, Germination Index; HPLC, High-performance liquid chromatography; LED, Light-emitting diode; LOD, Limit of detection; LOQ, Limit 
of quantification; MSSA, Micro steady state approximation; NRMSE, Normal root mean squared error; PMS, Peroxymonosulfate; PS, Persulfate; SQP, Sequential 
quadratic programming; A, Absorbance value; VR, Active volume of the reactor; C, Concentration; LC, Control roots length; GC, Control seeds germination; Eq, 
Equivalent electric energy consumption; Gλ, Incident radiation; P, Lamp power input; ελ, Molar absorption coefficient; b, Path lengths; Φλ, Quantum yield; LS, Sample 
roots length; GS, Sample seeds germination; p, Significance level; FS, Synergy factor; t, Time; k, Time-based kinetic constant; VT, Total volume of the reactor; k’, UV 
fluence-based kinetic constant; VRPA, Volumetric rate of photon absorption. 

* Corresponding author. 
E-mail addresses: raffaella.pizzichetti@urjc.es, rpizzichetti@prophotonix.com (R. Pizzichetti), kreynolds@prophotonix.com (K. Reynolds), cristina.pablos@urjc.es 

(C. Pablos), cintia.casado@urjc.es (C. Casado), 121116712@umail.ucc.ie, e.moore@ucc.ie (E. Moore), sstanley@prophotonix.com (S. Stanley), javier.marugan@ 
urjc.es (J. Marugán).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2023.144520 
Received 31 March 2023; Received in revised form 14 June 2023; Accepted 29 June 2023   

mailto:raffaella.pizzichetti@urjc.es
mailto:rpizzichetti@prophotonix.com
mailto:kreynolds@prophotonix.com
mailto:cristina.pablos@urjc.es
mailto:cintia.casado@urjc.es
mailto:121116712@umail.ucc.ie
mailto:e.moore@ucc.ie
mailto:sstanley@prophotonix.com
mailto:javier.marugan@urjc.es
mailto:javier.marugan@urjc.es
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.144520
https://doi.org/10.1016/j.cej.2023.144520
https://doi.org/10.1016/j.cej.2023.144520
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.144520&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Chemical Engineering Journal 471 (2023) 144520

2

Also, considering the continuing increase in anthropogenic pollution, 
such as the intensification of pharmaceuticals or plastic additives usage, 
and the occurrence of natural disasters due to climate change, the 
available water quality is reducing, and therefore it is essential to 
develop strategies to increase our water resilience and prevent and 
reduce the CECs incidence. Among the technologies available to remove 
these micropollutants, UV radiation-driven advanced oxidation pro-
cesses (AOPs), which exploit the generation of highly reactive radicals 
using UV light, is considered one of the most effective emerging tech-
nologies for environmental remediation [3,4]. However, a significant 
drawback of this technology is the use of medium-pressure or low- 
pressure mercury lamps since they are fragile, oversized, and contain 
mercury, which is hazardous for the environment and human health and 
requires a proper disposal protocol [5]. Therefore, a major contribution 
to UV treatments can be made by the advances in light-emitting diodes 
(LEDs) in the UV-B and UV-C range. They provide a mercury-free solu-
tion other than high design flexibility, tuneable wavelength, and instant 
on–off. For the AOPs choice, a recent study conducted by Pesqueira et al. 
[6] assessed the life cycle impacts of UV-C combined with hydrogen 
peroxide (H2O2), peroxymonosulfate (PMS), and persulfate (PS), and it 
revealed that H2O2 was the best environmental choice. On the other 
hand, UV/free chlorine (FC) is an emerging AOP that has become 
increasingly popular thanks to its low cost and since chlorine is already 
used in water as a disinfection agent against re-contamination [7,8]. In 
addition to hydroxyl radicals (HO•), UV/FC process produces reactive 
chlorine species (RCS) active in the degradation of the pollutants [8,9]. 
The photolysis of the contaminants, hydrogen peroxide, and chlorine is 
wavelength dependent, and therefore a compromise between the most 
effective wavelength and the overall highest removal efficiency should 
be found [10]. For hydrogen peroxide, the shortest wavelength has the 
highest degradation efficiency and photon absorption. Whereas HOCl 
and OCl− have their peak absorption respectively at 235 and 292 nm 
[11,12]. 

Therefore, this study aims to evaluate the efficiency of UV alone, UV/ 
H2O2 and UV/FC treatment by means of UV-B and UV-C (265, 285 and 
310 nm) LEDs by tuning the working wavelength to optimise the 
contaminant and the oxidant absorption. Among the CECs, diclofenac 
(DCF), a non-steroidal anti-inflammatory drug, was selected for the 
study since it has been added to the first EU watch list under the Envi-
ronmental Quality Standards Directive, and it has been detected up to μg 
L− 1 in water bodies [13–15]. The experimental data were used to model 
the DCF kinetic degradation mechanisms based on the wavelength and 
the oxidation process. Furthermore, considering the unique character-
istics of the UV-LEDs, the two most efficient lamps were studied under 
different lamp intensities and combined to evaluate the effectiveness of 
dual-wavelength UV photolysis. Indeed, the latter has not been signifi-
cantly investigated for the degradation of the contaminants, but it is 
argued that it could lead to interesting outcomes [16]. The electrical 
energy consumption was evaluated in all cases to analyse the most 
efficient solution. Changes in dissolved organic carbon (DOC) as well as 
a phytotoxicity test of the diclofenac and the by-products after treat-
ment, were measured and evaluated. On the other hand, assessing the 
effects of varying initial diclofenac concentration, pH, presence of 
scavengers and other organic matter, or increase of the oxidant dosage 
was out of the scope of this work since already been covered in other 
studies [17–20]. 

2. Materials and methods 

2.1. Chemicals and materials 

Sodium diclofenac (>99%), acetonitrile (HPLC grade), sodium hy-
pochlorite solution (6–14% active chlorine), sodium thiosulfate reagent 
plus 99%, hydrogen peroxide solution 30% (w/w), titanyl sulfate solu-
tion, sodium sulfate, sulfuric acid 96%, sodium acetate, ferric sulfate 
pentahydrate, iron (II) sulfate heptahydrate, oxalic acid dihydrate, and 

1,10 phenanthroline were all purchased by Merck, Sigma Aldrich. 
Finally, a Milli-Q water system supplied distilled water and deionised 
water employed during the study. 

2.2. Photoreactor setup 

The experiments were performed in a recirculating photoreactor 
system, shown in Fig. 1. The reactor included a resistant plastic 
container of 4 L (Nalgene® round carboy with spigot, Merck), a pressure 
transmitter (DRTR-ED-20MA, Automation24), a flow rate sensor (YF- 
S201, Botnroll), and a centrifugal pump (NDP14/2, Xylem Flojet) to 
recirculate the content, connected to a variable-frequency drive (AC10, 
Parker) to regulate its power. The sensors were directly connected to an 
Arduino Mega 2560 board integrated with a keypad, an LCD monitor, 
and an SD memory card to read and save the data instantaneously. 
Finally, a PID controller was implemented in the Arduino code (freely 
available in the GitHub repository) to work at a constant flow rate of 1 L 
min− 1. The photoreactor consisted of a quartz tube of 20 mm in inner 
diameter and 270 mm in length, where the LED lamps (COBRA Clean 
FX1, ProPhotonix IRL) were positioned at around 2 mm from the outer 
diameter of the quartz tube. Three lamps were employed during the 
study emitting according to their data sheets at 265, 285 and 310 nm. 
They consisted of sixteen LEDs built into compact and fan-cooled devices 
that provide a stable light emission over time without significant 
changes in the temperature. 

Chemical ferrioxalate actinometry experiments were then carried 
out as described in the literature to calculate the total irradiation power 
of the lamps in the system when the water was recirculating [21]. Fer-
rioxalate actinometry was chosen over other experiments for its high 
reproducibility and the economic and environmental sustainability of 
the materials. The intensity and the spectra of the UV LED lamps were 
also measured by an ILT spectroradiometer (2003357U1, ILT), which 
proved to work well in the UV range considered [22]. It is worth 
mentioning that the area considered in the chemical actinometry cor-
responds to the part of the plane crossing the middle of the quartz tube 
irradiated from the lamps (108 mm ⋅ 20 mm). On the other hand, the 
radiometer was measured at 13.5 mm away, which was the distance 
from the mentioned plate to the light source; further details can be found 
in Appendix A and B of the Supplementary Information. Finally, the DCF 
solution was prepared directly in distilled water in order to avoid biases 
due to the presence of an organic solvent, which could be a competitor in 
the reactions with the radicals, influencing the final result [23]. 

2.3. Analytical methods 

The detection and quantification of sodium diclofenac were con-
ducted through high-performance liquid chromatography (HPLC) with a 
reverse C18 column and equipped with a diode detector (1200 Series, 
Agilent Technology). The optimised mobile phase was acetonitrile and 
25 mM phosphate acetate buffer (pH 3) in a ratio of 80:20 v/v. The flow 
was set to 1 mL min− 1 and the injection volume to 5 μL. Finally, the 
pressure was constant at 45 bar, the thermostat at 25 ◦C, and the 
detection wavelength was set at 210 nm. The samples for the calibration 
were prepared in half water and half mobile phase to best represent the 
sample from the experiments, which were diluted 1:1 with the mobile 
phase before quantification. DCF calibration is shown in Appendix C, 
and the method was validated in terms of specificity, linearity, precision, 
and accuracy. The limit of detection (LOD) and quantification (LOQ) 
were found to be 0.25 and 1 μg mL− 1, respectively. 

The concentrations of free chlorine in the sample treated with UV/FC 
were determined using the Hanna Instrument kit with the portable 
photometer (HI97734, Hanna Instrument) and the corresponding re-
agents (HI93734, Hanna Instrument). Because of the upper limit of 10 
mg L− 1, the sample was diluted before the measurement with deionised 
water when higher concentrations were expected. The method was more 
extensively reported in Appendix D of the Supplementary Information. 
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To evaluate the concentration of hydrogen peroxide in the UV/H2O2 
process, titanyl sulfate solution was employed to form yellow complexes 
detectable at 410 nm. The calibration line, together with the method 
details, are reported in Appendix E of the Supplementary Information. 

The absorptions of the solutions at different wavelengths were 
evaluated through a spectrophotometer working in the visible light, in 
the range 400–800 nm (V-3000PC, VWR), and with a UV–Vis spectro-
photometer (8453, Agilent) for evaluations at a shorter UV range, 
200–400 nm. 

Finally, DOC removal was measured after filtrating the sample so-
lution to separate any potential particulate organic carbon with a TOC- 
VCPH analyser (Shimadzu), where the method described in the TOC-V 
CPH/CPN Total Organic Carbon Analyser User’s Manual was followed. 

2.4. Phytotoxicity test 

As described in the work of Ghanbari et al. [24], the germination 
index (GI) was used to evaluate the phytotoxicity of the treated DCF 
samples. In our experiment, fifteen seeds of each plant, Raphanus sativus 
(radish) and Solanum Lycopersicum (tomato), were distributed homoge-
nously in the Petri dish containing one filter paper of 110 mm at the 
bottom and one filter paper of 70 mm on top of the wet seeds (Whatman, 
GE Healthcare Life Sciences). Distilled water was used for the control 
tests, and 10 mL of sample was used in each experiment. After incu-
bating for 72 h at 25 ◦C, the number of germinated seeds was measured 
(GS), as well as the length of the roots (LS), and then compared to the 
germinated seeds in the control condition (GC, and LC, respectively). 
Finally, the GI was calculated following Eq. (1). The results show the 
average and the deviation standard of three repetitions for each sample. 

GI(%) =
Gs⋅Ls

Gc⋅Lc
⋅100 (1)  

2.5. Kinetic model derivation 

The kinetic model was derived by resolving the mass balance of the 
different species and by applying the kinetic micro steady state 
approximation (MSSA) for the concentration of radicals. The kinetic 
parameters to estimate were calculated by minimising the normal root 
mean squared error (NRMSE) between the experimental and predicted 

concentration of DCF, H2O2, and FC. The sequential quadratic pro-
gramming (SQP) function was then implemented in GNU Octave to solve 
the nonlinear optimisation and minimise the objective error function, 
whereas the system of differential equations was solved using Euler 
explicit method. 

The rates of the elementary photoactivated reactions for H2O2, HOCl, 
and OCl− photolysis were simplistically expressed as the product of the 
quantum yield of the reaction (Φλ, dimensionless but can be expressed in 
mol Einstein− 1 considering that one Einstein is equal to one mol of 
photons) and the volumetric rate of photon absorption, VRPA (ea, 
expressed in Einstein L− 1 s− 1). Where the latter can also be written as the 
molar absorption coefficient of the reactant (ελ, M− 1 cm− 1) multiplied by 
the concentration of the reactant and the irradiance (Gλ, W m− 2), Eq (2) 
[25]. Each value is wavelength dependent and therefore evaluated for 
each lamp. 

A ̅→
hν B rA,λ = ΦA,λ⋅ea

A,λ = ΦA,λ⋅εA,λ⋅[A]⋅Gλ = kA,λ⋅[A]⋅Gλ (2)  

where kλ is the kinetic constant (mJ− 1 cm2) at the specific wavelength 
with respect to the concentration of the reactant and the irradiance. On 
the other hand, the kinetic constants for the DCF photolysis at different 
wavelengths and the dark reactions were obtained from this work’s 
experimental data. 

3. Results and discussion 

3.1. Lamps characterisation 

The irradiance values of the lamps evaluated through chemical 

Fig. 1. UV-B and UV-C LED photoreactor working in recirculation to evaluate DCF degradation through LED-driven AOPs.  

Table 1 
Lamps’ characterisation through the chemical actinometry and the ILT 
radiometer.  

Lamp 
wavelength  
(nm) 

Irradiance from 
actinometry  
(mW cm− 2) 

Max. Irradiance 
from ILT  
(mW cm− 2) 

Current 
(A) 

Total 
Electric 
Power  
(W) 

265 21.98 ± 0.43  26.07  0.75  36.14 
285 31.18 ± 0.06  39.44  0.97  46.56 
310 27.62 ± 0.61  29.59  0.64  30.72  
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actinometry and the ILT radiometer are shown in Table 1. 
The values from chemical actinometry were considered for the rest of 

the study. Indeed, actinometry took into consideration the refractions 
occurring in water and the loss due to the quartz tube, while the radi-
ometer measured the value in the air. Each lamp was also characterised 
at different intensities by regulating the voltage through a power supply. 
A linear relationship was confirmed with the current and the irradiation 
versus lamp intensity (Appendix A). 

3.2. Diclofenac degradation 

3.2.1. Molar absorption coefficient of the diclofenac and the oxidants 
The molar absorption coefficient was measured using the gradient 

concentration methods and the Lamber-Beer law, Eq. (3). 

A = ελ b C (3)  

where A is the absorbance measured through the spectrophotometer, C 
is the molar concentration (M), and b is the path lengths of the quartz 
cuvette (1 cm). The pH conditions were measured for the solutions with 
20 mg L− 1 of DCF, 20 mg L− 1 of H2O2, and 20 mg L− 1 of FC. They were 
respectively 7.2, 6.5, and 8.5, and no further adjustment was made. The 
absorption spectra of the compound and the oxidants compared to the 
lamp’s emission spectra are shown in Fig. 2. 

Finally, the values at the specific wavelengths of interest are reported 
in Table 2. 

3.2.2. Degradation at different wavelengths 
DCF degradation followed in all cases a pseudo-first-order kinetic, 

which can be described as a function of time, Eq. (4), or UV fluence, Eq. 
(5), where the mass balance was considered to adjust the kinetics based 
on the active volume of the reactor over the total volume, to account for 
the actual photoreactor contact time and have system-independent re-
sults comparable with other studies. 

ln
(

C
C0

)

= − k⋅t⋅
VR

VT
(4)  

ln
(

C
C0

)

= − k’⋅UVfluence (5)  

where C0 is the initial concentration of diclofenac in the system, C is the 
concentration at a specific time t (min) inside the reactor, k is the time- 
based kinetic constant (min− 1), k’ is the UV fluence-based kinetic con-
stant (mJ− 1 cm2), VR is the active volume of the reactor (L), and VT is the 
total volume (L). To note that the irradiance of the three lamps is 
different, as detailed in Table 1, and therefore the interest in both values 
for discussion. 

Fig. 3 illustrates the degradation of DCF via direct photolysis, dark 

oxidation, UV/FC and UV/H2O2 with respect to the operation time and 
to the UV fluence in the active reactor. The experiments were performed 
in triplicate, where the average values are reported, and the error bars 
represent the standard deviation error among the repetitions. 

A removal dependency on the wavelength was found in agreement 
with the absorption coefficient of the diclofenac and the oxidant 
employed, which are shown in Table 2. We can observe that the UV 
fluence-based constants for 265 and 285 nm have similar values during 
UV photolysis, but it is lower for 310 nm. On the other hand, a higher k’ 
value can be observed for 285 nm/FC, while 265 nm had the highest k’ 
value in combination with H2O2. This follows the wavelength de-
pendency of the oxidant’s activation; hypochlorite ion has a higher 
absorbance value and molar absorption coefficient at 285 nm, while 
H2O2 has a higher absorption at lower wavelengths. In all cases, the 
lamp at 310 nm had the lowest degradation impact in agreement with 
the diclofenac absorption at 310 nm, which was the smallest. However, 
the best result with the latter was achieved with FC since a good acti-
vation of the oxidant was possible. 

In order to quantify the synergistic effect by coupling the oxidation 
process with the photolysis, the synergy factor was measured in each 
case, as shown in Eq. (6) and represented in Fig. 4, where the error was 
measured through the propagation of uncertainty among the experi-
mental measurements. 

FS =
kUV/oxidant

kUV + koxidant
(6) 

The dashed line corresponds to the line of “no-synergy”, where the 
final k is equal to the sum of each single treatment. By adding chlorine, 
the highest synergy was reached by the 285 and 310 nm lamp, while 
with hydrogen peroxide, 265 followed by 285 nm were the wavelengths 
with the highest synergistic factor, in agreement with the wavelength 
dependency of the contaminant and the oxidant’s activation. In all cases, 
a synergistic effect was reached when coupling the UV treatment with 
the oxidants, except for the 310 nm/H2O2. In the latter, the synergy was 
not obtained since the absorption of H2O2 at 310 nm is nearly null, and 
therefore the 310/H2O2 combination essentially worked like the 310 nm 
treatment. 

Fig. 2. The absorbance of DCF (pH 7.2) (a), HOCl/OCl− (pH 8.5), and H2O2 (pH 6.5) (b).  

Table 2 
The molar absorption coefficient for DCF (pH 7.2), HOCl/OCl− (pH 8.5), and 
H2O2 (pH 6.5) measured in this study at the wavelength of interest.  

Compound/Oxidant ε, M− 1 cm− 1 

254 nm 265 nm 285 nm 310 nm 

Diclofenac  4740.14  7126.11  7157.93  1113.46 
Hypochlorous acid and 

hypochlorite ion  
71.49  173.86  388.75  300.52 

Hydrogen peroxide  20.76  8.58  4.24  0.62  
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3.2.3. Rigorous kinetic model 
To describe the DCF degradation by UV irradiation-driven AOPs as a 

function of wavelength, a rigorous kinetic model is proposed for UV/ 
H2O2 (Table 3) and UV/FC (Table 4), where the mechanisms suggested 
were the best compromise between the number of reactions and the 
robustness of the result. 

Through the resolution of the mass balances of the different species, 
assuming the MSSA of the hydroxyl and chlorine radicals, and mini-
mising the NRMSE between the experimental and predicted data, the 
kinetic constants to estimate kHO and kCl, corresponding to reactions R4a 
and to R7b, were evaluated. Details of the derivation of the model and 
the calculation of the constants can be found in Appendix H and Ap-
pendix I of the Supplementary Information for the UV/H2O2 and UV/FC 
treatment, respectively. 

The value obtained for the second-order rate constant for HO• with 
DCF, kHO, was 9.12 ⋅ 109 M− 1 s− 1, which is in agreement with the values 
reported in the literature, 7.6–9.1⋅ 109 [20], 9.29 ⋅ 109 [29], and 1.36 ⋅ 
1010 [30] M− 1 s− 1. On the other hand, during the UV/FC process, among 

k
k
k
k

k
k
k
k

k'
k'
k'

k'
k'
k'

k'
k'
k'

k
k
k
k

Fig. 3. The degradation of DCF (20 mg L− 1) versus time and UV fluence by photolysis alone (a, d), UV/FC oxidation with 20 mg L− 1 of FC (b, e), and UV/H2O2 
oxidation with 20 mg L− 1 of H2O2 (c, f), where k is the time-based kinetic constant (expressed in min− 1) and k’ is the UV fluence-based kinetic constant (expressed in 
mJ− 1 cm2). 

Fig. 4. The extent of synergy in the UV-LED/FC and UV-LED/H2O2 treatment.  

Table 3 
Proposed mechanism for the UV/H2O2 treatment.  

# Reaction Rate Kinetic constant Unit Ref 

(R1a) DCF + hν→products kfotolisis,λ[DCF]Gλ kF,265 = 1.73⋅10− 3 mJ− 1cm2 This work 
kF,285 = 1.64⋅10− 3 

kF,310 = 9.40⋅10− 4 

(R2a) DCF + H2O2→products kperox[DCF][H2O2] kperox = 0.061 M− 1s− 1 This work 
(R3a) H2O2 + hν→2HO• kf,H2O2 [H2O2]Gλ kfH2O2,265 = 9.52 ⋅10− 6 mJ− 1cm2 Φλ, from [26] 

ελ, from this work kfH2O2,285 = 5.06 ⋅10− 6 

kfH2O2,31O = 8.08⋅10− 7 

(R4a) DCF + HO • →products kHO[DCF][HO • ] To estimate M− 1s− 1 Determined in this work 
(R5a) 2HO • →H2O2 kRecomb[HO • ]

2 kRecomb = 5.5⋅109 M− 1s− 1 
[26] 

(R6a) H2O2 + HO • →HO2• + H2O k1[H2O2][HO • ] k1 = 2.7⋅107 M− 1s− 1 
[27] 

(R7a) H2O2 + HO2 • →HO• + H2O + O2 k2[H2O2][HO2•] k2 = 3.7 M− 1s− 1 
[27]  
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the reactive chlorine species, Cl•, Cl2− • and ClO•, Cl• can be considered the 
most reactive for the diclofenac degradation [31]. The second-order rate 
constant for Cl• with DCF was estimated to be 1.30 ⋅ 1010 M− 1 s− 1, which 
is also in agreement with the value in literature of 3.77 ⋅ 1010 M− 1 s− 1 

[32] and in the range of other similar contaminants such as carbamaz-
epine 5.6 ⋅ 1010 M− 1 s− 1 [33] and N,N-diethyl-m-toluamide (DEET), 6.4 ⋅ 
109 M− 1 s− 1 [34]. The model predictions based on kHO = 9.12 ⋅ 109 M− 1 

s− 1 and kCl = 1.30 ⋅ 1010 M− 1 s− 1 are shown in Fig. 5, wherein the x-axis 
represents the photoreactor contact time, which is the operation time 

corrected with the active volume. 
The model adequately fits the experimental data of the DCF degra-

dation and the consumption of the reagents. Therefore, it can be 
considered that the degradation mechanisms are satisfactorily described 
by the reactions in Table 3 and Table 4, which can be used to extrapolate 
data at other conditions and different wavelengths. 

3.2.4. Degradation at different intensities 
A unique characteristic of the LEDs is the possibility of regulating 

Table 4 
Proposed mechanism for the UV/FC treatment.  

# Reaction Rate Kinetic constant Unit Ref 

(R1b) HOCl⇄OCl− + H+ pKa* = 7.5  [28] 
(R2b) HOCl+ hν →HO • + Cl• kHOCl,λ[HOCl]Gλ kHOCl,268 = 7.60⋅10− 5 mJ− 1cm2 

[26] 
kHOCl,282 = 6.25⋅10− 5 

kHOCl,301 = 6.29⋅10− 5. 
(R3b) OCl− + hν →O− • + Cl• kOCl− ,λ[OCl− ]Gλ kOCl− ,265 = 3.75 ⋅10− 4 mJ− 1cm2 Φλ, from [26] 

ελ, from this work kOCl− ,285 = 7.61⋅10− 4 

kOCl− ,31O = 6.01 ⋅10− 4 

(R4b) DCF+ HO • →products kHO[DCF][HO • ] kHO calculated from UV/H2O2 kinetic M− 1s− 1 This work 
(R5b) HO • + HOCl→ClO • + H2O kHO,A[HO • ][HOCl] kHO,A = 2.0⋅109 M− 1s− 1 

[17] 
(R6b) HO • + OCl− →ClO • + OH− kHO,B[HO • ][OCl− ] kHO,B = 8.8⋅109 M− 1s− 1 

[17] 
(R7b) DCF+ Cl • →products kCl[DCF][Cl • ] To estimate M− 1s− 1 Determined in this work 
(R8b) DCF + HOCl→products kd,HOCl[DCF][HOCl] kd,HOCl = 0.0077 M− 1s− 1 This work 
(R9b) Cl • + HOCl →Cl− + ClO • + H+. kExcess, A[Cl • ][HOCl] kExcess, A = 3.0⋅109 M− 1s− 1 

[17] 
(R10b) Cl • + OCl− →Cl− + ClO• kExcess, B[Cl • ][OCl− ] kExcess, B = 8.2⋅109 M− 1s− 1 

[17] 
(R11b) DCF + OCl− →products kd,OCl− [DCF][OCl− ] kd,OCl− = 0.0772 M− 1s− 1 This work 
(R12b) DCF + hν→products kfotolisis,λ[DCF]Gλ kF,265 = 1.73⋅10− 3 mJ− 1cm2 This work 

kF,285 = 1.64⋅10− 3 

kF,310 = 9.40⋅10− 4  

Fig. 5. Correlation between experimental data for diclofenac, hydrogen peroxide, and free chlorine (red triangles, black squares, and green dots for 265, 285 and 
310 nm, respectively) and model predictions (red dashed-dotted, black solid, and green dotted lines for 265, 285 and 310 nm, respectively) during UV/H2O2 (a and b) 
and UV/FC (c and d) treatment. 
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their intensities. Through a digital input in Volts (0–10 V), it was 
possible to work at different irradiation levels and evaluate the impact 
on the oxidants’ activation other than the direct photolysis degradation 
of the compound. The experiments were carried out at 25%, 50% and 
75% of the total intensity of the 265 and 285 nm lamps since they 
exhibited the best results for DCF degradation. 

Fig. 6 shows the time-based constants for the two lamps as a function 
of the lamp intensity. A linear correlation passing through the origin was 
found in all cases with a high correlation coefficient R2. 

Therefore, according to the second law of photochemistry [35], at a 
given wavelength, the rate of a photochemical reaction is proportional 
to the absorbed photon flux. 

3.2.5. Dual-wavelength UV-LEDs 
The effect of dual-wavelength UV photolysis on the decomposition of 

the contaminant and the oxidant was investigated for the 265 nm and 
285 nm wavelengths. In Fig. 1, lamp 2 was added to the setup employed 
to investigate the potential dual-wavelength synergy. The irradiance of 
the two lamps irradiating in parallel was measured through chemical 
actinometry and compared to the sum of the irradiance of each lamp 
measured singularly. The two values were very close, respectively, 
55.42 ± 1.60 mW cm− 2 and 53.16 ± 0.43 mW cm− 2, showing that the 
lamps at those positions did not generate extra refractions due to the 
opposite lamp reflectors. 

Fig. 7a shows the comparison among the “simulated” time-based 
constants, measured as the sum of the k evaluated for each lamp, and 
the “observed” (experimental) value where both wavelengths were 
irradiated at the same time. The experiments were also carried out for 
UV/FC and UV/H2O2 processes. The “simulated” and “observed” UV 
fluence-based constants, k’, were not reported since they showed similar 
results. 

In the case of photolysis alone, the observed value was slightly 
greater than the simulated one, while an opposite result was noticed 
during UV/FC and UV/H2O2 treatment. However, in all cases, the dif-
ference was very small considering the experimental error, which 
resulted from the repetitions of two sets of experiments in the case of the 
“observed” values, and calculated through the uncertainty propagation 
for the simulated ones. In Fig. 7b, the synergy factors for the three cases 
were also reported. Finally, a one-way ANOVA analysis was performed 
to evaluate the significance level (p) of the null hypothesis “all means are 
equal”. The p-values were measured through the Minitab Software and 
were all above 0.05: 0.054, 0.061, and 0.068, respectively, for UV alone, 
UV/FC and UV/H2O2. Therefore, the differences between the values are 
not statistically significant since there is not enough evidence to reject 
the null hypothesis. In conclusion, this study has shown that the dual- 
wavelength system did not exhibit any remarkable synergy for the 
DCF degradation, and the observed removal can be attributed to the 

cumulative effect of the photons generated by both lamps. In agreement 
with the second law of photochemistry, as long as the wavelength is such 
that the photon energy is above the threshold for excitation, the 
photochemical rate is proportional to the absorbed photon flux [35]. 
This finding is consistent with Popova et al. [36] work, which investi-
gated bisphenol A degradation using various wavelength combinations 
(222 + 282, 222 + 365, and 282 + 365 nm) and oxidants (potassium 
persulfate and hydrogen peroxide), and no synergy was observed. In 
contrast, Gao et al. [16] reported a statistically significant synergistic 
effect (p < 0.05) in the degradation of iopamidol using a dual- 
wavelength system (265 nm + 280 nm, each lamp at 50% intensity) 
through direct photolysis and UV/chlorine oxidation. Therefore, it is 
important to note that different micropollutants could lead to different 
results as they will exhibit different molar absorption coefficients. The 
synergy in the direct photolysis of iopamidol was explained as an 
enhancement of the number of photons between 265 and 280 nm, which 
potentially induced an increase in the rate to reach the excited state. At 
the same time, the synergy in UV/FC was also supported by the pro-
motion of the photolysis of chlorine and the enhancement in reactive 
radicals’ production. While synergy gained interest for disinfection 
purposes [37–39], to the best of the authors’ knowledge, no other 
studies evaluated the extent of synergy in removing chemical com-
pounds. Consequently, more studies are needed to clarify whether syn-
ergy might be significant during chemical degradation, the dependency 
on the micropollutant, and the mechanisms involved. 

3.2.6. Energy consumption 
The electrical energy per order (EEO) was evaluated for all the UV- 

LED processes to identify the overall energy consumption. EEO is 
defined as the electric energy in kWh required to reduce the concen-
tration of a contaminant by one order of magnitude (90% removal) in 1 
m3 of water, and it is measured in batch operations according to Eq. (7) 
[40]. 

EEOUV =
P⋅t

V⋅log
( C0

C

) (7)  

where P is the rated power or energy input (kW) of the lamp system, V 
(m3) is the volume of water treated in the photoreactor contact time t 
(h). By converting the time in minutes and the volume in litres and 
considering a pseudo first-order kinetic where log(C0/C) can be re- 
written as a function of the time-based kinetic constant, then Eq. (7) 
can be re-formulated in Eq. (8). 

EEOUV =
1000⋅P(kW)⋅t(min)

V(L)⋅0.4343⋅k
(
min− 1)⋅t(min)⋅60

=
38.38⋅P

V⋅k
(8) 

During the UV/FC and UV/H2O2 treatment, the equivalent electrical 
energy of the oxidant was also considered, accordingly to Eq. (9) and Eq. 

Fig. 6. Linear correlation between the time-based constants and the lamp intensity for the lamps at 265 nm (a) and 285 nm (b) for UV alone (brown squares), UV/FC 
(green triangles), and UV/H2O2 (blue dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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(10). 

EEOoxidant = Eqoxidant⋅
[oxidant]0

log
( C0

C

) (9)  

EEOtotal = EEOUV +EEOoxidant (10)  

where Eqoxidant is the equivalent electric energy consumption to produce 
a milligram of oxidant, which is 1.16⋅10− 5 and 1.08⋅10− 5 kWh mg− 1 for 
chlorine and hydrogen peroxide, respectively [33,41], and [oxidant]0 is 
the initial concentration of oxidant added in mg m− 3. In this case, log 
(C0/C) can be directly considered as one which corresponds to the 
reduction of one order of magnitude of the contaminant. 

Table 5 reports the electrical energy consumption at different 
wavelengths in the case of direct photolysis, UV/FC and UV/H2O2. The 
electrical energy consumption at different intensities was not reported 
as similar values of their corresponding 100% intensity were obtained. 

Despite the higher degradation rate during the UV-driven AOPs, the 
electricity demand of the overall process is similar to photolysis alone 
due to the oxidant demand. Regardless of the lower total electric power 
and the lower current of the 310 nm lamp, the total EEO resulted higher 
than the other cases and, therefore, the least performing. The other two 
lamps gave comparable results during photolysis, but combined with 
chlorine, 285 nm performed the best, while with H2O2, 265 nm followed 
by 285 nm outstood. 

3.2.7. Mineralisation of DCF and phytotoxicity 
The mineralisation and phytotoxicity tests were performed after the 

different treatments and are shown in Table 6. 
While after each treatment, DCF was almost completely removed, 

DOC decreased only partially by 20–30%, regardless of the degradation 
process used. Something similar was observed by Peng et al. [42], who 
explored the DCF degradation by UV-activated peroxymonosulfate after 
2 h and by Fischer et al. [43] after 18 h of UV-A irradiation. Also, Leydy 
Katherine Ardila et al. [44] reported insignificant mineralisation after 
30 min of direct photolysis or TiO2-induced hydroxylation. Even if there 
are other studies that reached a high degree of mineralisation when 
longer irradiation periods and a higher amount of oxidants were 
employed [44], it can be concluded that the degradation of DCF by- 
products is more recalcitrant than DCF itself, and it needs longer expo-
sure time to completely remove them if complete removal is possible 
through photolysis and oxidation. 

Regardless of the treatment, a visible yellowish colour appeared in 
all cases during the degradation of diclofenac. According to Keen et al. 
[45] and Iovino et al. [46], the colour could be addressed to the for-
mation of dimers, which are stable forms to UV irradiation. Therefore, in 
agreement with the DOC analysis, only a small part of the parent com-
pound degrades to eventually form H2O, HCl and CO2, and the rest go 
through condensation and form these stable dimers, preventing further 
pollutant degradation. Nevertheless, the use of AOPs might help further 
the degradation of the by-products. However, even if Li et al. [17] 
highlighted slightly different by-products after UV/FC, dimerisation still 
occurs. On the other hand, Lekkerkerker-Teunissen et al. [18] suggested 
that the influence of hydrogen peroxide in the degradation by-product 
path may be minimal and follow the same pattern as the UV direct 
photolysis. 

Regarding the phytotoxicity tests, a sample with a germination index 

Fig. 7. Time-based constants “observed” and “simulated” (a) and the extent of synergy (b) during the dual-wavelength irradiation.  

Table 5 
The electrical energy consumption of DCF degradation during different 
photolysis processes.   

Oxidant dosage EEOoxidant EEOUV 

@ 100% 
EEOtotal 

@ 100%  

(mg L− 1) (kWh m− 3 order− 1) 
UV   
265 nm – 0.00 0.61 ± 0.05 0.61 ± 0.05 
285 nm – 0.00 0.58 ± 0.06 0.58 ± 0.06 
310 nm – 0.00 0.85 ± 0.05 0.85 ± 0.05 
265 + 285 nm – 0.00 0.52 ± 0.03 0.52 ± 0.03 
UV/FC     
265 nm 20 0.23 0.41 ± 0.02 0.64 ± 0.02 
285 nm 20 0.23 0.33 ± 0.01 0.56 ± 0.01 
310 nm 20 0.23 0.51 ± 0.00 0.74 ± 0.00 
265 + 285 nm 20 0.23 0.38 ± 0.01 0.61 ± 0.01 
UV/H2O2     

265 nm 20 0.22 0.40 ± 0.01 0.61 ± 0.01 
285 nm 20 0.22 0.43 ± 0.02 0.65 ± 0.02 
310 nm 20 0.22 0.89 ± 0.05 1.11 ± 0.05 
265 + 285 nm 20 0.22 0.44 ± 0.02 0.66 ± 0.02  

Table 6 
DOC removal and germination index (GI) after treatment.  

Treatment DOC  
(mg L− 1) 

DOC 
removal (%) 

GI (%) for 
radish 

GI (%) for 
tomato 

DCF in water, 20 mg 
L− 1 

10.95 ±
0.11 

– 39.15 ±
5.53 

23.42 ±
5.16 

265 nm, operation 
time: 60 min 

8.84 ±
0.25 

19.26 ±
2.24 

57.56 ±
4.16 

36.05 ±
4.20 

285 nm, operation 
time: 60 min 

7.40 ±
0.35 

22.39 ±
3.18 

60.82 ±
7.07 

39.56 ±
7.75 

265 nm/H2O2, 
operation time: 60 
min 

8.29 ±
0.20 

24.29 ±
1.87 

71.60 ±
9.11 

49.46 ±
9.98 

285 nm/FC, operation 
time: 60 min 

8.70 ±
0.09 

30.56 ±
0.78 

58.65 ±
3.22 

47.72 ±
2.26  
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below 70% is considered phytotoxic, while above 70% could be regar-
ded as safe to release into the environment [24]. A sample of 20 mg L− 1 

of diclofenac alone in distilled water gave a GI value below 70% in both 
radish and tomato seeds, where the tomato seeds were the most affected 
by the presence of the pollutant in agreement with Ghanbari et al. [24], 
who found tomato to have a greater sensitivity to toxic effluents. After 
treatment, the GI values increased by around 20–30 percentage points in 
radish germination and 15–20 points in tomato plants. As expected, the 
treatments by UV direct photolysis alone, 265 nm or 285 nm, gave 
similar values, while among the oxidation processes, the H2O2 seems to 
lead to higher detoxification compared to FC, in particular for the radish 
seeds; however, the difference is almost nil if considering the experi-
mental error. 

In this investigation, the change in phytotoxicity was selected since 
there are scarce studies on it [47]. Majewska et al. [47] evaluated the 
impact of untreated diclofenac (32.7 mg L− 1) on the green alga Chla-
mydomonas reinharditii, and it was found that DCF was causing oxidative 
stress and photosynthesis inhibition. Another study was performed on 
Chichorium intybus seedlings irrigated with DCF solution (1 mg L− 1), 
showing a decrease in root biomass and an effect on chlorophyll 
biosynthesis but an increase in root length [48]. The phytotoxicity on 
Lactuca sativa was also investigated, but neither the initial DCF solution 
nor the treated solution was toxic [44]. Finally, the closest study was 
conducted by Naddeo et al. [49]. They evaluated the GI for Lepidium 
sativum (garden cress) but for a mixture of pharmaceuticals (DCF, 
amoxicillin, and carbamazepine with a DCF concentration of 2.5 mg L− 1 

in the mix) treated under ultrasonic irradiation. Surprisingly, the spiked 
WWTP effluent, compared to the non-spiked effluent, stimulated higher 
seed growth, explained by the added nutrient elements given by the low 
drug concentration; however, not all the experimental conditions led to 
a decrease in toxicity after the treatment. To note that the concentration 
of the other pharmaceuticals was higher than the one of DCF, which 
might have been less influential in the mixture. Moreover, Naddeo et al. 
[49] highlighted in the same study that the pharmaceutical mixture was 
severely toxic for the microalga Pseudokirchneriella subcapitata. 

In this study, UV-based treatments were effective in decreasing 
phytotoxicity, although it is important to acknowledge that in numerous 
cases, including the present study, the toxicity of DCF was not reduced 
below the safe limit. Nevertheless, we should bear in mind that the 
actual concentrations of diclofenac in natural water systems are 
considerably lower than those examined in many experimental 
conditions. 

Other investigations focused on the toxicity of diclofenac by- 
products towards Vibrio fischeri, Vibrio quighaiensis, Photobacterium 
leiognathid, Daphnia similis, and Mus musculus mice kidneys and livers. 
The toxicity towards bacteria generally shows increased toxicity due to 
unstable by-products followed by a toxicity decrease with further 
treatment [43,50]. Finally, untreated DCF was found to cause tumours 
in mice livers, while no adverse effect was found after DCF was treated 
by simulated solar-UV-A/ZnO/PPS [51]. Also, in another study [44], a 
solution of 20 mg L− 1 of DCF resulted to likely cause the mortality of all 
Daphnia similis organisms, while direct photolysis and TiO2-assisted 
photodegradation were capable of strongly reducing the toxicity. 

During the treatment, a second peak in the HPLC spectra appeared 
during the photolysis reaction at a shorter retention time. This peak, also 
reported in other studies [45], is associated with a potentially toxic and 
unstable by-product, which explains the up-and-down toxicity behav-
iour towards the bacteria. It rapidly increased during the treatment, but 
after reaching a maximum, it decreased much more slowly than the 
increase (Appendix G in Supplementary Information). Therefore, for 
UV-based treatments to be effective, the treatment time has to be care-
fully selected to avoid the presence of more toxic and unstable by- 
products. 

While it is not the focus of this work, in this regard, several studies 
have carefully identified the DCF degradation by-products using liquid 
chromatography-mass spectroscopy (LC-MS) often associated with the 

ecological structure activity relationship (ECOSAR) simulation, where 
the latter allows the estimation to aquatic organisms by using the 
structure activity relationships of the by-product. The research available 
extensively covers the by-products formed during UV [18,30,44], UV/ 
H2O2 [18,30], UV/FC [17], and water chlorination [52]. In general, it 
can be concluded that predicted chronic ecotoxicity towards fish, 
daphnids and algae is reduced [44]; however, some intermediates 
possess higher toxicity than DCF itself [17]. The degradation paths in the 
three UV processes are similar; DCF first loses its first chlorine, followed 
by the second chlorine (being one of the two structures, the potential 
toxic by-product), and finally, in all cases, it forms dimers. 

4. Conclusions 

This work explored the application of 265, 285, and 310 nm LED 
emitters to remove diclofenac via photolysis alone (pH 7.2) and in 
combination with hydrogen peroxide (pH 6.5) or free chlorine (pH 8.5). 
The pseudo-first-order model described well the degradation of DCF, 
and a removal dependency on the wavelength was found in conformity 
with the absorption coefficient of the diclofenac and the oxidants. The 
highest DCF degradation constants were achieved for the lamps at 265 
and 285 nm. A synergistic effect was reached when coupling the UV 
treatment with the oxidants; in particular, the highest synergistic factors 
were achieved for 285 and 310 nm with FC, and 265 followed by 285 nm 
with H2O2, following the absorption trend of the oxidants. Finally, no 
synergy was obtained with 310 nm/H2O2 since the absorption of the 
latter at that wavelength is nearly null. Despite the higher degradation 
by UV-LED driven AOPs than photolysis alone, the overall treatments 
have similar energy costs due to the energy consumed to produce the 
oxidants. The reaction mechanisms for UV/H2O2 and UV/FC were pro-
posed, and a good fit between the experimental and simulated data was 
obtained with the estimated second-order kinetic constants kHO = 9.12 ⋅ 
109 M− 1 s− 1 for HO• with DCF, and kCl = 1.30 ⋅ 1010 M− 1 s− 1 for Cl• with 
DCF. Studies at different intensities, performed at 265 and 285 nm, 
highlighted a linear correlation with the time-based degradation con-
stants, which is important, given a desired removal, for selecting the 
residence time or the irradiation intensity inside the reactor. Further-
more, in this study, a dual-wavelength system (265 + 285 nm) alone and 
in combination with the oxidants was investigated, but no significant 
synergy (p > 0.05) was found. Regardless of the treatment, while the 
diclofenac was completely removed, the dissolved organic carbon 
decreased only partially by 20–30%. The formation of stable dimers 
explains the limited DOC removal, which is confirmed by the yellowish 
colour formed after each photolysis process and deserves additional 
attention as further treatment might need to be implemented to remove 
them. On the other hand, the phytotoxicity test revealed that the treated 
DCF solution was less toxic for radish and tomato seeds than untreated 
DCF. Whilst the germination index has remained below the safe 
phytotoxicity limit of 70%, UV-based treatments are generally effective 
in reducing toxicity. Nonetheless, careful selection of both time and 
irradiation intensity is necessary to prevent the presence of more toxic 
and unstable by-products. Overall, the results provide valuable evidence 
for the application of UV-B and UV-C LED emitters in water treatment 
plants, where factors like tuneable wavelength, instant on–off, and 
adjustable intensity can be positively exploited. 

Further work related to these results should focus on real wastewater 
scenarios to judge the practical applicability of the UV LED lamps and 
explore the potential environmental impacts of the three processes 
through LCA analysis to evaluate the technology hotspots and areas of 
improvement. 
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