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A B S T R A C T   

Bacteria inactivation (Escherichia coli (E. coli), total coliforms, Clostridium perfringens (C. perfringens)) and 
simultaneous removal of ubiquitous microcontaminants in actual municipal wastewater treatment plant sec-
ondary effluents was investigated at neutral pH using the UVC-LED assisted photo-Fenton reaction system 
operated in continuous flow. E. coli concentration ≤ 10 CFU/100 mL and 38 % microcontaminant removal was 
achieved in the reaction system at a hydraulic residence time of 30 min. UVC light alone and UVC light combined 
with an oxidant source (hydrogen peroxide, H2O2, or peroxydisulfate, S2O8

2− ) were found to have a predominant 
effect on disinfection, meeting the EU 2020/741 validation (≥5 log10 reduction) and monitoring (≤10 CFU/100 
mL) targets for both E. coli and C. perfringens after 30 min of treatment in batch mode. However, in the presence 
of either 0.05 or 0.1 mM of ferric nitrilotriacetate (Fe3+-NTA) the bacteria inactivation kinetics decreased due to 
reduced UVC light penetration along the water depth. In contrast, microcontaminant removal was accelerated 
using 0.05 or 0.1 mM of Fe3+-NTA and 1.47 mM H2O2. Overall, the results revealed that the treatment conditions 
favouring microcontaminant removal hindered disinfection and vice versa, and that the disinfection levels of 
C. perfringens (≤102 CFU/100 mL) reached in the batch mode experiments could not be attained under the 
continuous flow regime. This points out the need of performing disinfection experiments under continuous flow 
operation, as shown in the present study to determine the disinfection performance of UVC-LED assisted photo- 
Fenton reaction systems.   

1. Introduction 

Under the effects of climate change, wastewater reclamation and 
reuse has become essential for the management of traditional water 
sources tackling water scarcity and security. Since June 2023, the Eu-
ropean Union regulation 2020/741 regarding the minimum re-
quirements for the reuse of water [1] has been in force. This regulation 
sets the quality of reclaimed water, in terms of disinfection limits, as a 
function of its intended use and irrigation method. It also includes a 
water reuse risk management plan to promote the identification and 
assessment of potentially dangerous agents, such as contaminants of 

emerging concern (CECs), which have yet to be regulated in the Euro-
pean Union. 

Within this context, some of the challenges posed by current legis-
lation include new plant upgrades to most municipal wastewater treat-
ment plants (MWTPs) comprising the efficient management of tertiary 
treatments processes to guarantee compliance with the increasingly 
restrictive regulation for water reuse. This involves avoiding the for-
mation of hazardous subproducts and removing microcontaminants, 
which is not possible with conventional chlorination treatment. Among 
different tertiary treatment options, advanced oxidation processes 
(AOPs) have long been studied and proposed as highly effective methods 
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to inactivate resilient microorganisms and degrade CECs [2–5]. 
One of the most common AOPs for wastewater treatment is the 

photo-Fenton process, which generates hydroxyl radicals (HO•) with 
high oxidative potential by homogeneous and heterogeneous photo-
catalysis using iron (Fe2+/Fe3+), UV − vis light, and hydrogen peroxide 
(H2O2). The photo-Fenton process can be operated at neutral pH by 
using iron chelating complexes [6–8], such as nitrilotriacetic acid (NTA) 
which has proved to be a cost-effective chelating agent over the alter-
natives (ethylenediaminetetraacetic acid (EDTA), ethylenediamine-N, 
N′-disuccinic acid (EDDS), citric acid, among others). Previous works 
point out the high biodegradability of this compound and its lower 
toxicity risk for aquatic organisms in comparison with other chelating 
agents such as EDDS [9,10]. However, in-depth research on the toxicity 
of residual Fe3+-NTA along with the degradation by-products of NTA 
after its use in the photo-Fenton process is required to evaluate the 
suitability of this compound for large-scale application. 

Alternative sulfate-radical-based advanced oxidation processes (SR- 
AOPs) utilizing peroxymonosulfate (PMS) or peroxydisulfate (PDS) 
instead of H2O2 have also been proposed as effective processes for 
treating the degradation of refractory pollutants and disinfection of 
resistant microorganisms [11–13]. Among these SR-AOPs, the use of 
PDS has been widely studied due to the relatively long lifetime of the 
sulfate radicals (SO4

•− ) generated [14], and operation under neutral pH 
[15]. 

Both photo-Fenton and SR-AOPs are also photo-controlled processes 
activated by UV and natural light, which can be replaced by the low- 
energy artificial light of LEDs [16,17]. Despite UVC-LEDs have been 
applied for drinking water disinfection [18–20], several studies have 
demonstrated the effectiveness of LEDs and AOPs for microcontaminant 
removal [21–23]. In this regard, it is worth mentioning that photo- 
Fenton and SR-AOPs could be competitive with ozone-based AOPs, 
since these processes involves lower operating costs related to equip-
ment investment and energy consumption. 

However, few studies have focused on simultaneous water decon-
tamination and disinfection by UVC-LED driven systems for water 
reclamation applications, and those addressing it [23,24] have not taken 
into consideration UVC-resistant microorganisms included in the new 
European regulation for water reuse. A previous author’s work 
addressed the comparison of UVC-LED/H2O2 and UVC-LED/S2O8

2−

processes (278 nm, 2 W/m2 UVC irradiance) in a synthetic MWTP sec-
ondary effluent using a reference strain and a model microcontaminant 
[24]. However, as far as the authors know, there are no studies dealing 
with the use of this technology for the degradation of CECs contained in 
actual MWTP secondary effluents. In addition, there are no studies on 
simultaneous wastewater disinfection and microcontaminant degrada-
tion by UVC-LED processes in continuous flow. 

Under a more realistic scenario, the main objective of this study was 
to evaluate the performance of a UVC-LED assisted photo-Fenton system 
operated in continuous flow mode, for simultaneous bacteria inactiva-
tion and microcontaminant removal, in MWTP secondary effluents. The 
effect of two oxidant sources (hydrogen peroxide, H2O2, and perox-
ydisulfate, S2O8

2− ) combined with ferric nitrilotriacetate (Fe3+-NTA) on 
acetamiprid (ACTM), E. coli, total coliforms (TC) and C. perfringens 
removal was initially studied in batch mode operation to determine the 
most effective treatment method. In addition, the feasibility of the UVC- 
LED assisted photo-Fenton system was studied in continuous flow mode 
operation, to demonstrate its applicability as a tertiary treatment pro-
cess for the removal of CECs and the simultaneous inactivation of the 
new microbiological indicators set by the European regulation for the 
safe reuse of reclaimed water [1]. Thus, this work represents a promising 
and cutting-edge technological solution in the field of wastewater 
treatment. 

2. Materials and methods 

Information related to chemical reagents and analytical 

determinations is displayed as Supplementary Material (Appendix A1). 

2.1. Water matrix characterization 

The experiments were carried out with actual secondary effluents 
collected from the municipal wastewater treatment plant (MWTP) “El 
Toyo”, located in the municipality of Almeria (Andalusia, Spain). The 
effluents were stored in a fridge (4 ◦C) and used for experimentation 
within the following two days. The experiments in batch mode were 
carried out using the effluents spiked with 50 μg/L of ACTM, as a model 
microcontaminant representing the total concentration of micro-
contaminants typically detected in secondary effluents. This is a recal-
citrant pesticide included in the Watch List of Substances for European 
Union-wide monitoring reported in Decision 2018/840/EU [25]. 
Conversely, in the continuous flow experiments, the actual ubiquitous 
concentration of CECs present in the MWTP effluent was monitored 
without spiking of further microcontaminants. 

Table 1 shows the average composition values of MWTP secondary 
effluents used during the experimentation. In previous investigations 
[7,8], the secondary effluents were pre-treated with sulfuric acid to 
reduce the concentration of inorganic carbon (IC) to a value close to 15 
mg/L, as HCO3

− /CO3
2− ions act as scavengers of hydroxyl radicals [26]. 

Note that, in this work, experiments were carried out without any pre- 
treatment. 

2.2. UVC-LED system experiments 

Experiments were performed in a laboratory-scale UVC-LED photo-
reactor consisting of a UVC-LED system and a cylindrical polyvinyl 
chloride (PVC) reactor (Fig. 1). The UVC-LED system (Robotecno S.L, 
Spain), with an emission peak at 276 nm (range 260–320 nm) and 
maximum irradiance of 8.8 W/m2 (Avantes AvaSpec-ULS2048–2), 
included a total of 25 diodes (5 lines connected in parallel, each one 
containing 5 diodes connected in series). The PVC reactor, with 1 L- 
capacity and 5-cm water depth, was placed horizontally beneath the 
UCV-LED system on a magnetic stirrer. Radiation distribution on the 
liquid surface was measured to check that the entire surface was irra-
diated (Supplementary Material, A2). Moreover, by actinometric mea-
surements [27] (Supplementary Material, A3), the net radiative flux 
(qw) (all diodes lit) on the reactor surface (177 cm2) was determined to 
be 1.77 × 10− 9 (± 5.84 × 10− 11) E/cm2s. 

The first step involved a set of experiments performed in batch mode 
to determine the most effective operating conditions in continuous flow 
mode by varying: oxidant source (H2O2/S2O8

2− ), reagent concentrations 
(oxidant source and Fe3+-NTA) and hydraulic residence time (HRT). 
Accordingly, the effect of the combination of H2O2 or S2O8

2− at an initial 
concentration of 1.47 mM, with three different initial concentrations of 
Fe3+-NTA (0, 0.05 and 0.1 mM, Fe3+:NTA molar ratio of 1:1) on bacteria 
and microcontaminants removal, was studied for 60 min. These reagent 
concentrations were selected based on a previous work conducted under 

Table 1 
Characterization of MWTP secondary effluent (El Toyo, Almeria, Spain).  

Parameter Unit MWTP effluent 

DOC mg/L  7.03 (± 0.87) 
IC mg/L  55.2 (± 1.94) 
Cl− mg/L  629 (± 77) 
NO2

− mg/L  0.800 (± 0.040) 
Br− mg/L  3.51 (± 0.17) 
NO3

− mg/L  12.6 (± 1.5) 
PO4

3− mg/L  9.11 (± 2.4) 
SO4

2− mg/L  337 (± 28) 
pH   7.51(± 0.10) 
Conductivity mS/cm  2.72 (± 0.12) 
Turbidity NTU  9.18 (± 4.21) 

DOC: Dissolved Organic Carbon. IC Inorganic Carbon. 
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UVC-LED radiation [24]. Each experimental run began when the reactor 
was loaded with 1 L of MWTP secondary effluent (spiked with ACTM, 50 
μg/L (2.24 × 10− 4 mM)) and the reactor surface was shielded with a 
shutter located between the UVC-LED diodes and the liquid surface, to 
avoid radiation from entering. After that, the oxidant source (H2O2 or 
S2O8

2− ) and Fe3+-NTA were added and the reactor was immediately 
uncovered to start the photo-Fenton experiments (reaction time equal to 
zero). 

Once the optimal operating conditions had been determined, the 
reactor was operated in continuous flow mode. Tests initially started in 
batch mode for 30 min, following the procedure described in a previous 
study [7] to ensure that the water contained in the reactor was not 
contaminated before starting the continuous flow operation. The 
wastewater and reactant supply pumps were subsequently turned on to 
initiate the continuous flow operation (one pass through the reactor). 
The treated water left the reactor through an overflow and was collected 
in a container. The hydraulic residence time (HRT) and reagent con-
centrations were set based on the results obtained in the batch opera-
tion. The measured pH and temperature of the effluent were around 7.2 
± 0.3 and 21 ± 1 ◦C, respectively, and experimentally verified to have 
remained almost constant throughout the runs performed. A sample 
from the RPR effluent was kept at room temperature for 24 h to assess 
regrowth of all indicators: E. coli, total coliforms and C. perfringens. 

2.3. Bacteria enumeration 

Naturally occurring Escherichia coli, total coliform and Clostridium 
perfringens were used as microbial indicators according to the EU 2020/ 
741 regulation on minimum requirements for water reuse [1]. The 
membrane filtration technique was employed for the detection and 
enumeration of bacteria concentration with a detection limit (DL) of 1 
CFU/100 mL. Samples were filtered through cellulose nitrate filters and 
then transferred to petri dishes with the suitable growth medium. 
Chromocult Coliform Agar (Merk) was used for E. coli and total coliforms 
determination. Petri dishes were incubated at 36 ± 2 ◦C for 21 ± 3 h. 
Dark blue to violet colonies were enumerated as E. coli, while salmon- 
pink to red colonies were enumerated as other coliforms [28]. The 
sum of both E. coli and other coliforms colonies corresponded to total 
coliforms. m-CP Agar Base (Scharlau) with m-CP Selective Supplement 
(Scharlau) was used for C. perfringens. Petri dishes were incubated 
anaerobically at 44 ± 1 ◦C for 21 ± 3 h. Colonies changing from yellow 
to pink colour when exposed to ammonium vapours were enumerated as 
C. perfringens [29]. 

The disinfection efficiency of the target microorganisms was calcu-
lated as follow (Eq. (1)): 

LRV = log10N0 − log10Nt = log10

(

N0/Nt

)

(1)  

where LRV represents the log10 reduction value obtained after a specific 
treatment time, N0 is the microorganism concentration (CFU/100 mL) at 
the initial time, and Nt stands for the microorganism concentration 
(CFU/100 mL) at time t. In addition, inactivation kinetic data were 
described by the Chick-Watson linear model [30]. The inactivation ki-
netic was assessed by observing microorganism inactivation at different 
experimental conditions as a function of the elapsed time of treatment 
(Eq. (2)): 

log10

(

Nt/N0

)

= − kt (2)  

where N0 is the initial microorganism concentration, Nt the concentra-
tion of microorganisms (CFU/mL) at the treatment time t (min) and k the 
inactivation rate (1/min). 

2.4. Determination of the UVC dose 

The UVC-LED system irradiance was corrected to calculate the 
average irradiance in the water sample for each experimental condition 
as described by Bolton and Linden [31] (Eqs. (3)–(6)): 

Ic = E0 ×FR ×FP × FW × FD (3)  

FP =

∑n

i=1
Em,i

/
Em,C

n
(4)  

FW =
1–10–al

a • l • ln(10)
(5)  

FD =
L

(L + l)
(6)  

where Ic is the corrected irradiance (mW/cm2), E0 the irradiance reading 
of the spectroradiometer at the centre point of the reactor surface (mW/ 
cm2), FR the reflection factor that takes into account the reflection at the 
water/air interface (0.975), FP the petri factor that takes into account for 
the horizontal divergence (0.734), Em,C (mJ/cm2⋅s) the incident irradi-
ance at the centre of the sample surface, Em,i (mJ/cm2⋅s) the incident 
irradiance at the sample surface at point i (measured every 5 mm), FW 
(− ) the water factor, a (1/cm) the absorption coefficient, 1 (cm) the 
vertical path length of the sample, FD (− ) the divergence factor, and L 
(cm) the distance between the surface of the sample and the UVC system. 
The IC was calculated for each experimental condition and used to 
calculate the effective applied UVC276 dose. 

2.5. Energy and reagent cost 

A cost analysis (at laboratory scale), focusing on the energy con-
sumption of the UVC-LED system, pumps and reagents, was carried out 
to estimate the cost of treated water in Euro (€) per m3. A digital mul-
timeter (PeakTech 3445) was used to determine the power of the UVC- 
LED panel. The amperage of each line made of 5 diodes connected in 
series was about 100 mA, with a total of 500 mA for the 5 lines con-
nected in parallel and a voltage of 40 V. The power of the 20-W UVC-LED 
direct current (DC) panel was calculated by multiplying the measured 
voltage and associated current. The electrical energy consumption and 
associated cost was calculated multiplying the power of the LED panel 
by the required water treatment time. Additional energy cost includes 
that from a 1-W pump for the effluent pumping plus two 5 W pumps for 
reagent dosing. An electricity price of 0.131 €/kWh (business rate, June 
2022, Spain) (Global Petrol Prices) was considered. Reagent costs for 
industrial-grade prices were: 0.71 €/kg Fe2(SO4)3⋅H2O (75 %, w/w), 
0.95 €/kg NTA (99 % w/w), 0.1 €/L H2SO4 (98 % w/w), and 0.45 €/L 
H2O2 (33 % w/v) [32]. 

Fig. 1. Schematic representation of the experimental set-up in batch mode 
showing the UVC-LED system, water reactor, and magnetic stirrer layout; and 
MWTP secondary effluent and reagent inlets and treated water outlet connec-
tions when operating in continuous flow mode. 
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3. Results 

3.1. Batch mode operation 

E. coli, total coliforms and C. perfringens were detected in the MWTP 
effluent with initial concentrations of 103–104, 104–106 and 102–103 

CFU/100 mL, respectively. Inactivation kinetics at different tested 
experimental conditions (Table 2) are shown in Fig. 2 (vs. UV dose) and 
in Fig. A4 of Supplementary Material (vs. exposure time). The rela-
tionship between E. coli LRVs and treatment time followed a linear trend 
as described by the Chick-Watson inactivation model, showing neither 
shouldering nor tailing effect. E. coli reached the DL after a maximum of 
4 min of treatment (with UVC276 doses ranging from 20 mJ/cm2 to 88 
mJ/cm2), regardless of the experimental conditions, achieving a 
reduction of 4 (± 0.56) log-units within the tertiary treatment process. 
However, it was observed that the oxidant source (H2O2 and S2O8

2− ) and 
the concentration of Fe3+-NTA used affected the inactivation rate con-
stant to a different extent. Higher inactivation rates were found in those 
experiments combining UVC light and one oxidant (H2O2 or S2O8

2− ) or 
when the system was operated by only UVC light (Table 2). In terms of 
oxidants, S2O8

2− showed a higher disinfection activity than H2O2, both in 
the absence and in combination with Fe3+-NTA (Table 2). In the pres-
ence of Fe3+-NTA, the bacteria inactivation kinetics decreased as the 
concentration of Fe3+-NTA was increased up to 0.1 mM, indicating that 
Fe3+-NTA shielded UVC light and its propagation through the reactor 
depth. Note that the estimated optical thickness, τ (Supplementary 
Material, Eq. A5.1), increased from 3.1 to 6.2 when doubling Fe3+-NTA 
concentration. 

Inactivation of total coliforms is better represented by a biphasic 
inactivation curve with a fast inactivation rate fitting a first order decay 
model at low doses (10–35 mJ/cm2), followed by a slower inactivation 
rate at higher doses (35–1350 mJ/cm2), which consisted of a shoulder 

and then a tail (Fig. 2b). The value of k was obtained from the slope in 
the linear portion of the curve. TC inactivation was faster in the presence 
of UVC light and one oxidant source, or only in the presence of UVC light 
(Fig. 2b, Table 2). In the presence of H2O2, the addition of iron slowed 
down the disinfection process by 7 % at 0.05 mM Fe3+-NTA increasing to 
a 29 % at 0.01 mM at Fe3+-NTA. When using S2O8

2− as the oxidant 
source, the inactivation rate decreased 11 % and 44 %, respectively 
(Table 2). In addition, it was observed that the combination of UVC 
light/H2O2/Fe3+-NTA showed better results than UVC light/S2O8

2− / 
Fe3+-NTA (Table 2). At low initial concentrations (104 CFU/100 mL), 
total coliforms reached the DL in all tested conditions after 60 min of 
treatment, except for the combination of UVC light/S2O8

2− /0.1 mM 
Fe3+-NTA, with an average LRV of 4.7 (± 0.37). 

Concerning the simultaneous removal of the spiked ACTM micro-
contaminant (Fig. 3), in all cases, a pseudo-first order trend was adopted 
to represent ACTM decay. The rate constants, calculated from the slope 
in the linear part of the curve (corresponding to the first 15 min of the 
reaction), are shown in Table 2. As can be seen, UVC alone was not 
effective in the degradation of ACTM, reaching only a removal of 17 % 
after 60 min. Using S2O8

2− as an alternative oxidant for the photo-Fenton 
reaction, a low removal rate was found in experiments combining UVC 

Table 2 
Inactivation rate constant k for E. coli, total coliforms and C. perfringens and 
removal rate constant k of ACTM, and R2-coefficient for the experimental con-
ditions tested in the UCV-LED assisted photo-Fenton system.  

E. coli k ± SD 1/min R2 

UVC light  3.804 ± 0.105  0.999 
UVC light + H2O2  3.040 ± 0.438  0.998 
UVC light + S2O8

2− 6.278 ± 2.676  0.973 
UVC light +0.05 mM Fe3+-NTA + H2O2  1.456 ± 0.467  0.984 
UVC light +0.1 mM Fe3+-NTA + H2O2  0.888 ± 0.213  0.980 
UVC light +0.05 mM Fe3+-NTA + S2O8

2− 1.591 ± 0.332  0.985 
UVC light +0.1 mM Fe3+-NTA + S2O8

2− 1.304 ± 0.437  0.955  

Total coliforms 
UVC light  1.653 ± 0.052  0.968 
UVC light + H2O2  1.796 ± 0.392  0.969 
UVC light + S2O8

2− 1.890 ± 0.294  0.909 
UVC light +0.05 mM Fe3+-NTA + H2O2  1.541 ± 0.068  0.964 
UVC light +0.1 mM Fe3+-NTA + H2O2  1.177 ± 0.040  0.992 
UVC light +0.05 mM Fe3+-NTA + S2O8

2− 1.473 ± 0.022  0.992 
UVC light +0.1 mM Fe3+-NTA + S2O8

2− 0.934 ± 0.163  0.992  

C. perfringens 
UVC light +0.05 mM Fe3+-NTA + H2O2  0.090 ± 0.014  0.983 
UVC light +0.1 mM Fe3+-NTA + H2O2  0.038 ± 0.012  0.970  

ACTM 
UVC light  0.0068 ± 0.0001  0.918 
UVC light + H2O2  0.0104 ± 0.0023  0.998 
UVC light +0.05 mM Fe3+-NTA + H2O2  0.0129 ± 0.0033  0.994 
UVC light +0.1 mM Fe3+-NTA + H2O2  0.0370 ± 0.0010  0.995 
UVC light + S2O8

2− 0.0051 ± 0.0001  0.945 
UVC light +0.05 mM Fe3+-NTA + S2O8

2− 0.0064 ± 0.0006  0.985 
UVC light +0.1 mM Fe3+-NTA + S2O8

2− 0.0066 ± 0.0014  0.962 

SD: standard deviation. 

Fig. 2. E. coli, total coliforms and C. perfringens inactivation kinetics (dots) 
determined in the UVC-LED assisted photo-Fenton reactor combining UVC 
light, Fe3+-NTA (0.05 and 0.1 mM) and H2O2 or S2O8

2− (1.47 mM); and Chick- 
Watson linear model fitting (lines). 
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light and S2O8
2− , not being able to remove >27 % of ACTM after 60 min 

of treatment and not showing improvement even in the presence of an 
iron source (Table 2). In contrast, with the traditional oxidant of the 
photo-Fenton reaction (H2O2), higher degradation efficiencies were 
obtained. The presence of this oxidant in the reaction bulk (UVC light +
H2O2) enhanced the rate of ACTM removal by 1.5 times (Table 2). 
However, only a 31 % elimination was achieved after 1 h of reaction. 
The addition of 0.05 mM and 0.1 mM of Fe3+-NTA (UVC light + Fe3+- 
NTA + H2O2) accelerated microcontaminant degradation by 1.2 and 3.6 
times, respectively, giving rise to 40 % and 68 % ACTM removal after 60 
min of the reaction. Considering these removal percentages, Fe3+-NTA 
efficiencies, estimated as the number of moles of microcontaminant 
removed per number of moles of Fe3+-NTA and unit of time [33], were 
0.0018 and 0.0015, with 0.05 and 0.1 mM of Fe3+-NTA, respectively. 
These efficiencies are characteristic of microcontaminant removal 
because the iron concentration is typically 3–4 orders of magnitude 
higher than microcontaminant concentration. In addition, it is impor-
tant to mention that after Fe3+-NTA photo-decomposition iron pre-
cipitates, leading to the formation of iron hydroxide. 

As for the reagents, only 10 % of the initial H2O2 concentration was 
consumed after 60 min under UVC irradiation, whereas the presence of 
iron significantly accelerated the oxidant conversion. Pseudo-first order 
constants increased from 0.007 (± 0.0016) 1/min (r2 = 0.977) to 0.0175 
(± 0.0001) 1/min (r2 = 0.937), when doubling the Fe3+-NTA concen-
tration from 0.05 mM to 0.1 mM, respectively, leading to 19.43 % and 
44.54 % of H2O2 consumption. The consumption of S2O8

2− , for all the 
conditions tested, was insignificant over the experimental time and it 
could not be quantified by the analytical method. Concerning the total 
dissolved iron profiles, in all cases the complex totally decomposed after 
60 min of the reaction. With 0.1 mM Fe3+-NTA, the loss of iron in so-
lution was faster in the presence of H2O2 than with S2O8

2− . In general, the 
loss of iron in solution, and therefore, of photodecomposition of the 
complex, was greater in the tests with H2O2 than with S2O8

2− , in accor-
dance with the higher rate of oxidant consumption and micro-
contaminant degradation. 

Due to the poor ACTM removal results obtained with S2O8
2− as an 

oxidant source, its use was excluded. As such, inactivation of 
C. perfringens (well known for its resilience to UVC radiation) was 
evaluated with H2O2 (1.47 mM) at 0.05 and 0.1 mM Fe3+-NTA (Fig. 2c). 
With a delivered UVC276 dose of 660 mJ/cm2, the DL was reached after 
30 min of treatment when working at 0.05 mM Fe3+-NTA (3 ± 0.42 
LRV). However, using a higher Fe3+-NTA concentration (0.1 mM), an 
average of 80 CFU/100 mL remained after 60 min, not reaching the DL 
(UVC276 dose 1322 mJ/cm2) (2.3 ± 0.32 LRV). Once again, higher Fe3+- 
NTA concentrations translated into lower inactivation rates (Fig. 2c, 
Table 2), with 60 % inactivation reduction at 0.1 mM Fe3+-NTA vs 0.05 
mM Fe3+-NTA. 

The results of this comparative study under batch operation, sug-
gested a compromise in the operating conditions to achieve effective 
simultaneous disinfection and decontamination of the MWTP effluent. 
Thus, the UVC-LED assisted photo-Fenton reactor in continuous flow 
mode was operated using the following conditions: UVC light/0.735 mM 
H2O2/0.05 mM Fe3+-NTA, UVC light/1.47 mM H2O2/0.1 mM Fe3+- 
NTA, and only UVC light as control, working at 30 min HRT. 

3.2. Continuous flow operation 

The reactor was initially operated in batch mode for 30 min, and then 
in continuous flow mode for 180 min. The hydrogen peroxide, and total 
dissolved iron profiles, are shown in Fig. 4. During the batch stage, an 
expected drop in reactant concentrations was observed. Once the feed 
pumps for reagents and wastewater were switched on there was a 
transitional time until a steady state was reached. The steady-state 
concentrations were 0.018 (±0.002) mM and 0.0394 (±0.009) mM of 
total dissolved iron for the UVC-LED/0.735 mM H2O2/0.05 mM Fe3+- 
NTA and UVC-LED/1.47 mM H2O2/0.1 mM Fe3+-NTA processes, 
respectively, at the HRT tested. Similar results in terms of H2O2 con-
sumption were obtained with both processes, reaching a steady-state 
concentration of 0.58 (±0.017) mM and 1.05 (±0.092) mM, for UVC- 
LED/0.05 mM Fe3+-NTA/0.735 mM H2O2 and UVC-LED/0.1 mM Fe3+- 
NTA/1.47 mM H2O2 processes, respectively. As shown in Fig. 4, 
dimensionless profiles of H2O2 and dissolved iron overlapped when 
doubling both concentrations simultaneously. This is in line with first 
order kinetics (Eq. (7)), where k is constant and the dimensionless 
concentration profile does not change. 

ln
(

Ct/C0

)

= − kt (7) 

The bacteria inactivation and the sum of CECs degradation profiles, 
for continuous flow operation are shown in Fig. 5. Initial bacteria con-
centrations in the secondary effluent were 103 CFU/100 mL for E. coli, 
104 CFU/100 mL for TC and 102–103 CFU/100 mL for C. perfringens. 
Bacteria concentration reached steady state in <30 min. In batch 
operation, E. coli always reached the DL during the 30 min treatment 
time, regardless of the experimental conditions (Fig. 5a). The DL for 
total coliforms, as well as for C. perfringens, was not attained under the 
experimental conditions UVC light/1.47 mM H2O2/0.1 mM Fe3+-NTA, 
with an average final concentration of 10 CFU/100 mL for both in-
dicators (Fig. 5b-c). During the continuous flow operation, E. coli, TC 
and C. perfringens concentration in the photoreactor declined as the iron 
concentration increased (Table 3), only attaining the highest level of 
inactivation when the reactor was run under UVC-LED light. E. coli load 
in the photoreactor effluent was ≤10 CFU/100 mL, except for the UVC 
light/1.47 mM H2O2/0.1 mM Fe3+-NTA condition, which returned an 
average concentration of 30 (±5) CFU/100 mL. None of the indicator 
microorganisms reached the DL in continuous flow operation. 

The number of CEC compounds detected at steady state in the reactor 
effluent varied according to the treatment methods and experimental 
conditions and ranged from 51 to 71. These compounds (Table 4) were 
mainly pharmaceuticals (such as anti-inflammatories, analgesics, anti-
biotics, cardiovascular and psychiatric drugs) and pesticides (such as 
acetamiprid and imidacloprid). 

At the end of the batch stage, the CEC concentration had decreased in 
all cases, the CEC removal rate being double in the experiment carried 
out with UVC-LED/1.47 mM H2O2/0.1mMFe3+-NTA (Fig. 5d), with 
respect to the other two conditions (UVC light alone and UVC-LED/0.05 
mM Fe3+-NTA/0.735 mM H2O2). With UVC-LED/0.735 mM H2O2/0.05 
mM Fe3+-NTA, 42 % of the contaminants were degraded; and with UVC- 
LED/0.1 mM Fe3+-NTA/1.47 mM H2O2 a removal percentage of 76 % 
was attained. For continuous flow operation, the CEC removal, reached 
steady stay in about 30 min and the steady state percentages were 24 %, 
38 % and 63 %, for UVC-LED, UVC-LED/0.735 mM H2O2/0.05 mM 

Fig. 3. ACTM removal profiles in the UVC-LED assisted photo-Fenton reactor 
combining UVC light, H2O2 or S2O8

2− (1.47 mM) and Fe3+-NTA (0.05 and 
0.1 mM). 
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Fe3+-NTA and UVC-LED/1.47 mM H2O2/ 0.1 mM Fe3+-NTA processes, 
respectively. 

The degradation profiles of all compounds over time and the removal 
percentages of each effluent for each condition are shown in Supple-
mentary Material, A6. The CECs were found in concentrations of the 
same order of magnitude in all the secondary effluents and some me-
tabolites of dipyrone such as 4-aminoantipyrine (4-AA) and 4-formyla-
minoantipyrine (4-FAA), Lamotrigine, Oxypurinole, Sulpiride, 
Tramadol and O-desmethyltramadol were found with the highest initial 
concentrations. 

Table 4 shows the initial loads and the percentage removal, after the 
period in batch mode and continuous mode, respectively, of the 10 
pollutants with the highest load in the experiment with UVC/0.1 mM 
Fe3+-NTA/1.47 mM H2O2. 

The sum of the load of these most abundant compounds represented 
72 % of the total load of CECs. As can be seen during the batch period, 
most of these pollutants exceeded 90 % removal in only 30 min. 
Moreover, during continuous mode, most of them reach degradations 
above 70 %. The oxypurinole compound showed the greatest load and 
resistance to degradation, reaching only 23 % degradation during the 
batch period and 14.1 % during the continuous period. In continuous 
operation, the presence of the highest concentration of iron increased 
the removal of CECs 2.6 times more than the condition with half the 
concentration of reagents, and 1.6 times compared to the absence of 
these reactants. 

4. Discussion 

This comparison study showed that the treatment conditions 
favouring disinfection hindered microcontaminant removal and vice 
versa. UVC light was found to be the predominant factor on disinfection. 

In this regard, average UVC276 absorbance in the testing samples 
increased from 0.182 (±0.007) in the absence of an iron source, to 0.451 
(±0.04) at 0.05 mM of Fe3+-NTA and to 0.600 (±0.02) at 0.1 mM Fe3+- 
NTA. Thus, Fe3+-NTA concentration which directly contributes to ul-
traviolet transmittance (UVT) at the UVC-LED emission peak (276 nm), 
greatly affects the inactivation rate constant. Radiation absorption by 
Fe3+-NTA negatively influences the disinfection process by increasing 
light radiation absorbance at the emission peak of the UVC-LED system. 
Thus, the addition of Fe3+-NTA hindered bacteria inactivation by 
reducing the UVC light delivered to the microorganisms. Indeed, the 
optimum optical thickness reported for photocatalytic systems, τ = 3 
[34], was obtained with 0.05 mM of Fe3+-NTA, meaning that 95.8 % of 
the radiation in the reactor was absorbed by iron. This value was 
doubled with 0.1 mM of Fe3+-NTA, pointing out that 99.8 % of the ra-
diation was absorbed and hence there were no photons available for 
disinfection. In addition, it is worth mentioning that 79 % and 95 % of 
the incident UVC radiation was absorbed at a liquid depth of 2.5 cm with 
0.05 mM and 0.1 mM of Fe3+-NTA, respectively, as shown in Fig. A7 
(Supplementary Material). These results agree with previous works, 
which indicated a 40–50 % reduction in bacteria and coliphages inac-
tivation due to radiation absorption in the testing sample, negatively 
influencing the disinfection efficiency of advanced oxidation processes 
such as UV/H2O2, photo-Fenton and photocatalysis [35,36]. In actual 
MWTP secondary effluents, the hydroxyl radical-scavenger effect of 
reactive species such as ions and organic matter must also be considered. 
It negatively affects the inactivation process by inhibiting the oxidative 
attack, due to generated radicals lacking inherent selectivity towards 
pathogens. In addition, reactive species affect H2O2 consumption, which 
has been shown to reduce photo-Fenton degradation activity by half 
[37,38]. 

Results are also in accordance with those obtained by Miralles- 

Fig. 4. a) H2O2 consumption and b) Dissolved iron by UVC-LED assisted photo-Fenton process operated in continuous flow.  
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Cuevas et al. [24] who investigated the UVC278-LED assisted photo- 
Fenton process for simultaneous bacteria and microcontaminant 
removal and concluded that longer irradiation times are required to 
reach the DL (100 CFU/100 mL) when adding Fe3+-NTA to the testing 
sample. However, unlike the results displayed here, UVC radiation was 

not found to have the predominant germicidal effect, getting faster 
inactivation rates when operating the system in combination with the 
photo-Fenton reaction (30 min) as opposed to only using UVC278 light 
(not reaching the DL after 60 min). This could be attributed to the matrix 
effect since synthetic water was used instead of real MWTP secondary 

Fig. 5. a) E. coli inactivation, b) total coliforms inactivation, c) C. perfringens inactivation and d) CEC degradation; by UVC-LED assisted photo-Fenton process 
operated in continuous flow with the secondary effluent from ‘El Toyo’ WWTP (Almería, Spain). 
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effluent. This could benefit the photo-Fenton reaction as it favours a 
higher HO• concentration and consequently a higher inactivation rate. It 
is important to remark that a cultured strain (E. coli K12), more sensitive 
than a wild strain, was used as a microbial indicator by Miralles-Cuevas 
et al. [24]. In López-Vinent et al. [39], longer treatment times (120 min) 
were necessary to achieve 4 LRV of naturally occurring E. coli and TC in 
a UVA-LED assisted photo-Fenton system, which could reassert the 
predominant role of UVC light over the photo-Fenton process on bac-
teria inactivation in real MWTP effluents. In contrast, despite the UVC- 
dose response for a wide range of microorganism using LEDs at different 
wavelengths being reported [18], there is lack of information about 
C. perfringens. Only Kamel et al. [40] studied inactivation of this path-
ogenic microorganism for MWTP secondary effluent reclamation using 
UVC-LED279. This work showed shorter times (7 vs. 30 min) and lower 
doses (196 vs. 660 mJ/cm2) to achieve the same log-reduction. This 
difference in results reasserts the negative effect of the iron source on 
disinfection, which could be also attributed to different experimental 
configurations, the liquid depth (0.7 vs. 5 cm) being more relevant. 
Clearly optimisation of the treatment system will be achieved by opti-
mising reactant concentration and liquid depth to achieve optical 
thicknesses of about τ = 3 [34]. At much higher values of optical 
thickness light distribution across the reactor is hindered and therefore 
bacteria disinfection is inhibited, while at much lower optical thick-
nesses bacteria disinfection is favoured and CEC removal is hindered. 

Microcontaminant removal was favoured by the presence of Fe3+- 
NTA and H2O2 in the system. Under UV radiation, this iron complex 
photoactivates giving rise to Fe2+ (R.1). This photodegradation involve 
a HO• generation, and possibly the appearance of other less reactive 
radicals (R.2). When H2O2 is added, on the one hand the generated Fe2+

is oxidized giving rise to Fe3+ (Fenton reaction) and a stoichiometric 
amount of HO•; and on the other hand, the iron complex can react to 
generate additional Fe2+, NTA free radical, hydroperoxide radical and 
hydroxyl radicals as well as hydroxyl anions (R.3) – (R.5), according to 
the following reaction mechanism [32]: 

Fe3+ − NTA+ hv→Fe2+ +NTA• (R.1)  

NTA• +O2→NTAOX +O•−
2 (R.2)  

Fe2+ +H2O2→Fe3+ +HO• +HO− (R.3)  

Fe3+ − NTA+H2O2→Fe2+ − NTA+HO.
2 +H+ (R.4)  

Fe2+ − NTA+H2O2→Fe3+ − NTA+HO⋅ +HO− (R.5) 

Increasing the concentration of the complex (limiting reagent) sub-
stantially accelerated the reaction rate, which indicates that the radia-
tion absorption by Fe3+-NTA positively influences the process. These 
findings agree with previous works indicating that the HO• radical 
generation was enhanced by increasing the dosages of reagents, and 
with other studies which point out the importance of iron complexation 
for the production of reactive radicals in the Fenton reaction at neutral 
pH [38,41,42]. In addition, it is important to remark that, the molar 
absorptivity of Fe3+-NTA complex at different wavelengths has also 
been reported by other authors [6,24,32], who all indicate that it in-
creases at low wavelengths, and consequently the Fe3+–NTA photode-
composition under UVC is higher than that obtained with other UV 
sources. Although there are many reactions and processes which work 
simultaneously during UVC photo-Fenton treatment at neutral pH, the 
main mechanisms involved in microcontaminant removal are stated to 
be those related to the generation of hydroxyl radicals which attack the 
recalcitrant molecules [43]. Comparing the results obtained in this study 
with those reported in a previous study conducted under solar radiation 
[44], disinfection times were significantly shortened (<5 min vs 120 
min) due to the stronger bactericidal effect UVC-LED. However, similar 
microcontaminant degradation was attained after 30 min of the reaction 
(70 % - 80 %) due to it mainly depends on oxidation with the hydroxyl 
radicals. Consequently, the hydraulic residence time selected for the 
continuous flow operation of the UVC-LED system, based on the 
experimental obtained results from the batch mode operation in the first 
stage of this study, agrees with the value reported in a previous work on 
solar photo-Fenton with Fe3+-NTA for microcontaminant removal [38]. 

UVC light or the combination of UVC light with S2O8
2− or H2O2 were 

not efficient in the degradation of CECs, which suggests that the MWTP 
secondary effluents used are photolytically stable under UVC radiation 
(276 nm) and the oxidizing potentials of S2O8

2− or H2O2 are not sufficient 
to degrade recalcitrant microcontaminants. The results point out that 
although persulfate radicals react selectively with organic compounds 
against hydroxyl radicals, which are non-selective [45], a higher con-
centration of oxidant and longer reaction time than in the photo-Fenton 
process are needed to remove the microcontaminants. 

Concerning the system’s applicability as a tertiary treatment ac-
cording to EU 2020/741 [1], validation of tertiary treatment plants 
producing water with the highest quality requirements (Class A) must be 
performed considering the bacteria concentration in the raw water 
entering the MWTP [1]. Disinfection objectives are ≥5 log-units for 
E. coli and spore-forming sulfate-reducing bacteria, or disinfection 
below the DL when they do not have sufficient quantity to reach the 
required log10 reduction. In addition, E. coli concentration must be 
monitored frequently in reclaimed water intended for agricultural irri-
gation to ensure the water quality at the catchment point. Its concen-
tration must be ≤10 CFU/100 mL for water quality class A, ≤102 CFU/ 
100 mL for class B, ≤103 CFU/100 mL for class C and ≤104 CFU/100 mL 
for class D. E. coli, TC and C. perfringens were detected in the ‘El Toyo’ 
MWTP inlet with initial loads of 106, 107 and 105 CFU/100 mL, 
respectively. In batch mode, the disinfection levels obtained for the 
whole treatment process were ≥5 log-units for E. coli and C. perfringens, 
with an E. coli concentration ≤10 CFU/100 mL, meeting the EU 2020/ 
741 disinfection targets, although C. perfringens did not attain ≥5 LRV 
when operating at 0.1 mM Fe3+-NTA. In continuous flow operation, 
both disinfection targets were met for E. coli when working only with 

Table 3 
E. coli, total coliforms and C. perfringens inactivation (showed as LRV) attained in 
continuous flow operation at the different testing conditions: UVC-LED light, 
UVC-LED/0.735 mM H2O2/0.05 mM Fe3+-NTA and UVC-LED/1.47 mM H2O2/ 
0.1 mM Fe3+-NTA.   

E. coli Total 
coliforms 

C. perfringens 

UVC-LED  2.5 (±0.102)  2.8 (±0.113)  2.8 (±0.095) 
UVC-LED/0.735 mM H2O2/0.05 

mM Fe3+-NTA  
2.7 (±0.085)  2.3 (±0.053)  1.2 (±0.149) 

UVC-LED/1.47 mM H2O2/0.1 
mM Fe3+-NTA  

2.3 (±0.096)  1.2 (±0.053)  0.8 (±0.221)  

Table 4 
Initial concentrations (ng/L) of the most relevant CECs detected in the MWTP 
effluent used.  

Contaminant Initial load %Removal 

ng/L Batch Continuous 

4-AA  2414.2  98.7  95.4 
4-AAA  1105.8  94.8  74.3 
4-FAA  7800.0  100.0  97.6 
Irbesartan  1374.7  98.9  78.7 
Lamotrigine  1106.1  79.3  49.5 
O-Desmethyltramadol  1667.9  94.6  70.6 
O-Desmethylvenlafaxine  1555.5  96.7  69.3 
Oxypurinole  10,073.6  23.2  15.9 
Sulpiride  1141.0  82.7  54.1 
Tramadol  1470.0  100.0  64.3 
Other CECsa  11,442.1  88.7  70.3 
Total load of CECs  41,150.8  76.4  62.8  

a Sum of the concentrations of the rest of detected CECs. 

T.B. Benzaquén et al.                                                                                                                                                                                                                          



Journal of Water Process Engineering 63 (2024) 105518

9

UVC light and in the UVC light/0.735 mM H2O2/0.05 mM Fe3+-NTA 
combination. E. coli concentration in the effluent photoreactor was >10 
CFU/100 mL when working at UVC light/1.47 mM H2O2/0.1 mM Fe3+- 
NTA. However, the validation target of ≥5 log-reduction was not 
attained for C. perfringens regardless of the experimental conditions 
when operating in continuous flow mode. It reached an average of 3.7 
(±0.095) LRV when operating the system with only UVC light, 
decreasing to 3.5 (±0.146) LRV at UVC light/0.735 mM H2O2/0.05 mM 
Fe3+-NTA and to 3.5 (±0.221) LRV at UVC light/1.47 mM H2O2/0.1 mM 
Fe3+-NTA. In addition, no regrowth of any of the indicators was 
observed 24 h after treatment. In this regard, it is worth mentioning that 
the residual H2O2 concentration (in the range of 0.6–1.0 mM) would not 
pose any risk for water reuse in agricultural irrigation [46,47]. 

Finally, from a cost-effectiveness point of view, it is critical to 
perform a thorough study of all the interrelations between the afore-
mentioned factors as part of the objectives, in order to achieve the op-
timum operating conditions. The energy cost of reclaimed water was 
estimated based on data obtained at laboratory-scale, although larger- 
scale data are required to produce more accurate results. Electric 
power consumption and cost calculations are shown in Supplementary 
Material, A8. To this end, the treatment time required to achieve both 
bacteria (according to EU 2020/741 regulation) and CEC removal tar-
gets, along with the electricity and reagent cost (€) per m3, were 
considered. The energy cost of reclaimed water associated with the UVC- 
LED panel consumption was estimated at 1.31 €/m3 (1.41 USD/m3), the 
total operation cost (UVC-LEDs, pumps, and reagents) for both reagent 
concentration (0.735 mM H2O2/0.05 mM Fe3+-NTA, 1.47 mM H2O2/ 
0.1 mM Fe3+-NTA) being 1.32 €/m3 (1.43 USD/m3). Thus, the electricity 
cost of the UVC-LED panel accounts for 99 % of the total costs. However, 
if compared with low-pressure (LP) mercury lamps (UVC254), widely 
used as a UVC light source for disinfection, higher electricity con-
sumption is required to reach the same disinfection levels. For com-
parison purposes, E. coli was used as the indicator bacterium, since being 
one of the most studied microorganisms in the literature, all the data 
needed to perform the calculations was available, which was not the 
case with C. perfringens. One study [48], using a 12 W LP mercury lamp, 
reported 4 LRV of E. coli after 2.8 min in 100 mL sample, which equates 
to 0.73 €/m3 vs. the 0.17 €/m3 required to achieve the same E. coli 
inactivation level with UVC276-LED light (20 W UVC276-LEDs, 4 min, 4 
LRV and 1 L sample). As such, the use of LEDs led to a 4-fold reduction of 
electricity-induced costs. Furthermore, in addition to competitive en-
ergy costs, LEDs possess other benefits such as non-toxicity, instanta-
neous switching on and off, significantly longer lifetime, flexibility in 
the design of the reactor architecture and use of continuous current that 
allows direct connection with photovoltaic systems, [40,49,50], which 
together make them one of the most promising technologies for light 
assisted water disinfection processes. 

5. Conclusions 

This study has demonstrated the feasibility of using the UVC-LED 
assisted photo-Fenton process to achieve simultaneous water disinfec-
tion (including microorganisms resilient to UVC radiation) and CEC 
removal, meeting the EU 2020/741 standard for water reuse. 

This comparison study showed that the treatment conditions which 
benefited disinfection hindered decontamination and vice versa. UVC 
light penetration in the reactor was found to have a predominant impact 
on disinfection and thus, the addition of Fe3+-NTA hindered bacteria 
inactivation by reducing the UVC light delivered to the microorganisms. 
Conversely, decontamination was favoured by higher Fe3+-NTA con-
centrations in the system, since it is the limiting reagent that governs 
kinetics of HO• generation through the photo-Fenton reaction. As a 
result of this compromise between both disinfection and decontamina-
tion, the oxidant H2O2 (1.47 mM) and Fe3+-NTA (0.05 mM) at 30 min 
HRT allowed optimal conditions under continuous flow operation of the 
reactor, complying with the EU 2020/74 monitoring requirements, 

along with the simultaneous removal of microcontaminants. However, 
extended treatment times would be required to reach the EU 2020/741 
validation target of ≥5 log-reduction for C. perfringens. 

In summary, the results reported in this study have shed new light on 
the future implementation of the photo-Fenton process at neutral pH 
with low-energy artificial light which could also be powered by direct 
solar energy conversion in photovoltaics, for simultaneous wastewater 
disinfection and decontamination in batch and continuous flow reactors. 
However, further studies are still needed in terms of technology cost, 
efficiency, power output and process upscaling by coupling the kinetics 
with the radiation field inside reactor. 
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