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Abstract: The aim of this study is to verify the reciprocity law in the wastewater disinfection process
using UV light. The optical power UV-LEDs used were 1.6 mW and 50 mW, and the wavelengths were
265 nm and 275 nm. E. coli, Enterococcus faecalis, and Clostridium perfringens were the three microorgan-
isms analysed in the study. The results showed lower inactivation rates around 0.063–0.065 cm2/mJ
for 265 nm and 0.047–0.049 cm2/mJ for 275 nm for the Clostridium perfringens compared with the
other two bacteria. For E. coli and Enterococcus faecalis, the inactivation rate was almost identical; 0.28
and 0.21 cm2/mJ, respectively, using 265 nm wavelength. There was a slightly better inactivation
performance using the medium-power 275 nm UV-LEDs of 0.39 cm2/mJ and 0.29 cm2/mJ for E. coli
and Enterococcus faecalis, respectively, and 0.33 cm2/mJ and 0.26 cm2/mJ using the low-power 275 nm
UV-LEDs. The analysed data justify the reciprocity law for UV-LEDs disinfection using 265 nm and
275 nm UV-LEDs with two optical powers of 1.6 mW and 50 mW.

Keywords: Escherichia coli; Enterococcus faecalis; Clostridium perfringens; water treatment; disinfection;
high-power UV light; light emitting diodes (LED); reciprocity

1. Introduction

Water disinfection development is currently a demanding research topic, especially
in water drought-suffering countries. Therefore, new disinfection methods are conducted
in order to improve the disinfection process to reach higher disinfection rates and reduce
power consumption. Traditionally, the two main water disinfection mechanisms are chemi-
cal and ultraviolet light. Water disinfection using chemicals such as chlorine or ozone is
used because of its high efficacy and low cost. However, the formation of toxic byproducts
such as trihalomethanes or haloacetonitriles has harmful effects on humans [1]. There-
fore, advanced chemical disinfecting methods are also available, for instance, antibacterial
hydrogels (ABHs), which are designed to attack bacterial cells. They can also be used as
tablets to achieve >99.9% inactivation rates within 60 min without any harmful byproducts
during the disinfection process [1].

Meanwhile, ultraviolet light is used in wastewater treatment plants using the tra-
ditional ultraviolet mercury lamps; these have numerous drawbacks, including power
consumption, being available only in one wavelength, which makes it unsuitable for deac-
tivating various harmful microorganisms, and only working for a maximum of 10,000 h.
In addition, they contain harmful toxic substances such as mercury which require special
treatment to be removed from the water when the lamps stop functioning [2–8]. This is why
an alternative light source is required to replace ultraviolet mercury lamps. This alternative
can be light-emitting diodes (LEDs) since they have various advantages compared with
mercury UV lamps; for example, they are available in different wavelengths, require a
low-voltage electrical power to function, have a long life span, and finally, they do not
contain toxic substances.
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UV disinfection usually complies with the reciprocity law, which dictates that under
the same UV dose, different irradiance levels (light intensity) reach the same microbe
inactivation rates.

However, as UV-LEDs are new, some studies point out that the reciprocity law
might not always apply. For example, Dana et al. [9] conducted UV exposure experi-
ments using the UV-LED system (PearlBeam) from AquiSense technologies to estimate
the time–dose reciprocity effect of three different levels of irradiance at different UV-LED
wavelengths (265 nm, 275 nm, 285 nm, and 295 nm) on the lab-prepared E. coli. The
average power density of the LEDs was 0.11 ± 0.0033 mW/cm2, 0.40 ± 0.022 mW/cm2,
0.32 ± 0.0033 mW/cm2, and 0.55 ± 0.013 mW/cm2 for 265 nm, 275 nm, 285 nm, and
295 nm, respectively. As a result, the longer wavelengths (275 nm, 285 nm, and 295 nm)
did not follow the Bunsen–Roscoe reciprocity law, and E. coli inactivation depended on
irradiance and exposure time. Additionally, the indication of DNA damage of E. coli was
more significant with the shorter wavelengths.

Similarly, R. Sommer et al. [10] applied UV-light irradiation over various microor-
ganisms (three E. coli strains from sewage, MS2, φX174, B40-8, and Bacillus subtilis) using
253.7 nm wavelength LED with different UV dose rates (2, 0.2, and 0.02 W/m2) to verify
the reciprocity law. The analysis revealed that E. coli strains and φX174 were the most
susceptible to UV light, followed by B40-8, MS2, and Bacillus subtilis. However, a higher in-
activation rate was observed with high dose rates compared with low dose rates at the same
UV doses, whereas the other microorganisms did not deviate from time–dose reciprocity.

Two 43 W and 15 W LP lamps were used by Liz and Hadas [11] to apply the reciprocity
law over Aspergillus niger by exposing it to 100, 250, and 350 mJ/cm2 compared to 8.5 h of
sunlight exposure. The results illustrated that the UV response is intensity-dependent and
does not follow the Bunsen–Roscoe principle.

On the contrary, the reciprocity law was verified by R. Sommer et al. [12] when they
used 10 low-pressure mercury UV lamps over artificial E. coli using three different levels of
UV-dose: 0.02, 0.2, and 2 W/m2. The response demonstrated no differences in inactivation
rates by the selected doses; thus, the reciprocity principle is valid and cannot be rejected.

The objective of this study is to verify the reciprocity law for water disinfection using UV-
LEDs. Medium-power and low-power UV-LEDs will be used for treating wastewater with the
same UV dose. Microbiological content (E. coli, Enterococcus faecalis, and Clostridium perfringens)
will be analysed to observe if, under the same UV dose but different initial irradiance, the
bacteria inactivation is the same. UV-LEDs of 265 nm and 275 nm will be used.

2. Material and Methods
2.1. UV-LEDs Set-Up and Characteristics

Two different wavelengths of 265 nm and 275 nm were used with two different initial
power values that led to different irradiance values. Table 1 shows their main characteristics.
The forward voltages were between 6 V and 7 V for all LEDs; the current was around 20 mA
to 30 mA for the low-power UV-LEDs, and about 440–700 mA for the medium-power
UV-LEDs. Optical power for 275 nm was 1.6 mW and 50 mW, and 2.5 mW and 50 mW
for the 265 nm LEDs. Manufacturers include QT-Brightek, Stanley, and Seoul Viosys. The
spectra of each UV-LED were measured by a spectrophotometer from Ocean Insight (Maya
2000 Pro) to verify the wavelength given by the manufacturer.

2.1.1. UV-LEDs Electronic Board Design

Two types of printed circuit boards (PCBs) were designed and manufactured at the
University laboratories: low-power UV-LEDs boards containing 11 LEDs each in a circular
shape to match the Petri dish geometry and medium-power UV-LED boards with 4 LEDs
in a square-shape arrangement as shown in Figure 1. The first three boards were designed
using Orcad PCB designer software and manufactured by the chemical method. The last
board was designed using EasyEDA PCB designer and manufactured in a PCB factory in
China (JLCPCB). The LEDs were soldered to the boards using a reflow PCB oven from
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Hangzhou NeoDen Technology “NeoDen IN6”. Finally, each board was attached to a heat
sink with an active thermal dissipation via a fan, and thermal paste was used in the board
–heat sink interface.

Table 1. UV-LEDs characteristics from manufacturers datasheet.

Peak
Wavelength

Emission (nm)

Number of
LEDs in the

Board

Current
(mA)

Voltage
(V)

Optical Power
(mW)

Radiant Flux
(from Datasheet)

Operating
Temperature

(ºC)

Angle of
Emission (º)

Size
(mm × mm) Manufacturer

265 11 20–40 6.5 2.5 −10 to 50 120 3.5 × 3.5 QT-Brightek

265 4 440 6.9 50 −40 to 100 120 3.6 × 3.6 Stanley

275 11 20–30 6 1.6 −30 to 60 125 3 × 3 Seoul Viosys

275 4 700 7 50 −30 to 60 118 6.35 × 6.35 Seoul Viosys
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Figure 1. Example of PCB boards for the two powers used in the study: (a) low-power (1.6 mW) UV-
LEDs @ 275 nm, (b) medium-power (50 mW) UV-LEDs @275 nm, (c) low-power (1.6 mW) UV-LEDs
@ 265 nm, and (d) medium-power (50 mW) UV-LEDs @ 265 nm.
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2.1.2. Irradiance Measurement and UV Light Transmittance Losses in Water

Irradiance was measured with an ILT 2400 radiometer from International Light using
the ILT-SUD005-10/U SUD detector. For measuring the transmittance of the UV light
emitted from the LEDs through the water, the underwater version of the UV irradiance
detector was used (SED005/WBS320/WU). The detector was placed under water at various
depths to measure the loss of irradiance from 0 cm to 2 cm (Figure 2). Milli-Q water with
0 NTU was initially used, followed by the effluent of the wastewater plant, with some
degree of turbidity.
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ent depths.

2.2. Water Physicochemical and Microbiological Analysis

As for previous studies on water UV-LED disinfection, physicochemical and micro-
biological analyses were conducted to monitor the water quality before and after each
experiment. Physicochemical analyses included turbidity, pH, conductivity, biological
oxygen demand (BOD), chemical oxygen demand (COD), total nitrogen, nitrates (NO3−),
phosphates (PO4

3−), sulphates (SO4
2−), chromium (Cr6+), ammonium (NH4+), copper (Cu),

zinc (Zn), aluminium (Al), iron (Fe), nitrites (NO2−), total suspended solids (TSS), and
sedimentable solids (S. Sed.).

Microbiological analyses included three microorganisms: E. coli, Enterococcus faecalis,
and Clostridium perfringens. For all of them, the membrane filtration method was used,
followed by an incubation in the appropriate culture medium, as in previous studies, using
internationally approved standards [13].

2.3. Experimental Setup

For these experiments, the wastewater treatment plant in Linares was used as the
water source after the secondary treatment (Jaén, Spain), which means it is not lab-prepared
but natural water containing organic matter.

Figure 3 shows the experimental setup. The 55 mm diameter Petri dish with 15 mL
of wastewater was placed under the UV-LEDs board at a distance of 25 mm. A small
stirrer of 2.5 mm × 2.5 mm was used to ensure homogeneous illumination. The PCBs were
mounted on a stand using an aluminium bar to adjust their height over the water samples
and attached to a heat sink with a fan for heat dissipation.

The experiments were conducted using a raspberry-pi-3b development board to
control and save the experiment data, such as time of experiments, voltage, current, PCBs
temperature, and the output optical power density of the UV-LEDs in an excel file.

Each experiment consisted first of exposing the wastewater to the low-power UV-
LEDs, calculating the total UV dose, and acquiring a minimum of 5–6 intermediate points.
The second part of the experiment used the medium-power UV-LEDs board. In order to
expose the water sample to the same UV dose, the timing of exposure was varied and
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shortened accordingly by calculating it using the irradiance values and the UV dose of
low-power LEDs experiments.

Water 2023, 15,xFOR PEER REVIEW 5 of 15 
 

 

zinc (Zn), aluminium (Al), iron (Fe), nitrites (NO2-), total suspended solids (TSS), and sed-
imentable solids (S. Sed.). 

Microbiological analyses included three microorganisms: E. coli, Enterococcus faecalis, 
and Clostridium perfringens. For all of them, the membrane filtration method was used, 
followed by an incubation in the appropriate culture medium, as in previous studies, us-
ing internationally approved standards [13]. 

2.3. Experimental Setup 
For these experiments, the wastewater treatment plant in Linares was used as the 

water source after the secondary treatment (Jaén, Spain), which means it is not lab-pre-
pared but natural water containing organic matter. 

Figure 3 shows the experimental setup. The 55 mm diameter Petri dish with 15 mL 
of wastewater was placed under the UV-LEDs board at a distance of 25 mm. A small stir-
rer of 2.5 mm x 2.5 mm was used to ensure homogeneous illumination. The PCBs were 
mounted on a stand using an aluminium bar to adjust their height over the water samples 
and attached to a heat sink with a fan for heat dissipation. 

The experiments were conducted using a raspberry-pi-3b development board to con-
trol and save the experiment data, such as time of experiments, voltage, current, PCBs 
temperature, and the output optical power density of the UV-LEDs in an excel file. 

Each experiment consisted first of exposing the wastewater to the low-power UV-
LEDs, calculating the total UV dose, and acquiring a minimum of 5–6 intermediate points. 
The second part of the experiment used the medium-power UV-LEDs board. In order to 
expose the water sample to the same UV dose, the timing of exposure was varied and 
shortened accordingly by calculating it using the irradiance values and the UV dose of 
low-power LEDs experiments. 

The time intervals for the low-power UV-LED experiments varied from 10 s to 600 s, 
and for the medium-power UV-LEDs, from 4 s to 221 s. Additionally, several time inter-
vals were iterated up to four times. 

UV-LEDs board temperature was measured during the experiments, and water tem-
perature and irradiance were measured before and after all the experiments. 

 
(a) 

Water 2023, 15,xFOR PEER REVIEW 6 of 15 
 

 

 
(b) 

Figure 3. Experiment setup showing (a) the scheme for wastewater exposure to UV-LEDs, and (b) 
the photograph of actual experimentation. 

3. Results and Discussion 
Two wavelengths of 265 nm and 275 nm have been tested for two different irradiance 

levels (low and medium) but with the same final UV dose. 

3.1. Irradiance Measurement and UV Transmittance Losses 
The measured irradiance was 0.394 mW/cm2 and 0.432 mW/cm2 for the 265 nm and 

275 nm UV-LEDs of low power (2.5 mW and 1.6 mW); and 1.836 mW/cm2 and 0.691 
mW/cm2 for the 265 nm and 275 mn medium power UV-LEDs (50 mW). 

UV transmittance losses are shown in Table 2. They indicate how results are similar 
for low and medium optical power. Under water, with 0 NTU, the 265 nm—50 mW LED 
performed slightly better than its counterpart at 2.5 mW, with lower losses. For example, 
at 2 cm, the power losses for the low-power LED were 44.5 %, and for the medium-power 
LED, 41.9 %. For the 275 nm LEDs, under 0 NTU, losses were higher in the medium-power 
LED; for example, at 2 cm, the low-power LED presented losses of 40.2 % and the medium-
power one 45.6 %. This trend was also observed for both wavelengths under turbid water. 
In this case, using the effluent of the wastewater plant, with measured turbidity of 8 NTU, 
the transmittance losses were consistently higher for the 50 mW UV-LEDs (69.9 % at 2 cm 
vs. 73.3 % for the 265 nm and 68.5 % vs. 73.7 % for the 275 nm). More in-depth research 
should be conducted regarding UV transmittance losses of different UV-LEDs in raw wa-
ter. 

Table 2. 65. nm and 275 nm. 

  UV Irradiance Losses (%) with 0 NTU UV Irradiance Losses (%) with 8 NTU 
Water Depth 

(cm) 
265 nm  

(2.5 mW) 
265 nm 

(50 mW) 
275 nm 

(1.6 mW) 
275 nm 

(50 mW) 
265 nm  

(2.5 mW) 
265 nm 

(50 mW) 
275 nm 

(1.6 mW) 
275 nm 

(50 mW) 
0.3 11.6 9 8.7 8.7 10.5 16.6 16.8 20.5 
0.5 16 13.7 13.1 15.9 19.6 26.8 20 29.6 
1 26.4 24.9 23.6 27.9 41.4 45 41.3 49.9 

1.5 36.2 34.8 32.5 37.3 57.1 62.5 57.5 63.3 

Figure 3. Experiment setup showing (a) the scheme for wastewater exposure to UV-LEDs, and (b) the
photograph of actual experimentation.

The time intervals for the low-power UV-LED experiments varied from 10 s to 600 s,
and for the medium-power UV-LEDs, from 4 s to 221 s. Additionally, several time intervals
were iterated up to four times.

UV-LEDs board temperature was measured during the experiments, and water tem-
perature and irradiance were measured before and after all the experiments.

3. Results and Discussion

Two wavelengths of 265 nm and 275 nm have been tested for two different irradiance
levels (low and medium) but with the same final UV dose.
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3.1. Irradiance Measurement and UV Transmittance Losses

The measured irradiance was 0.394 mW/cm2 and 0.432 mW/cm2 for the 265 nm
and 275 nm UV-LEDs of low power (2.5 mW and 1.6 mW); and 1.836 mW/cm2 and
0.691 mW/cm2 for the 265 nm and 275 mn medium power UV-LEDs (50 mW).

UV transmittance losses are shown in Table 2. They indicate how results are similar
for low and medium optical power. Under water, with 0 NTU, the 265 nm—50 mW LED
performed slightly better than its counterpart at 2.5 mW, with lower losses. For example, at
2 cm, the power losses for the low-power LED were 44.5 %, and for the medium-power LED,
41.9 %. For the 275 nm LEDs, under 0 NTU, losses were higher in the medium-power LED;
for example, at 2 cm, the low-power LED presented losses of 40.2 % and the medium-power
one 45.6 %. This trend was also observed for both wavelengths under turbid water. In this
case, using the effluent of the wastewater plant, with measured turbidity of 8 NTU, the
transmittance losses were consistently higher for the 50 mW UV-LEDs (69.9 % at 2 cm vs.
73.3 % for the 265 nm and 68.5 % vs. 73.7 % for the 275 nm). More in-depth research should
be conducted regarding UV transmittance losses of different UV-LEDs in raw water.

Table 2. 65 nm and 275 nm.

UV Irradiance Losses (%) with 0 NTU UV Irradiance Losses (%) with 8 NTU
Water

Depth (cm)
265 nm

(2.5 mW)
265 nm

(50 mW)
275 nm

(1.6 mW)
275 nm

(50 mW)
265 nm

(2.5 mW)
265 nm

(50 mW)
275 nm

(1.6 mW)
275 nm

(50 mW)
0.3 11.6 9 8.7 8.7 10.5 16.6 16.8 20.5
0.5 16 13.7 13.1 15.9 19.6 26.8 20 29.6

1 26.4 24.9 23.6 27.9 41.4 45 41.3 49.9

1.5 36.2 34.8 32.5 37.3 57.1 62.5 57.5 63.3

2 44.5 41.9 40.2 45.6 69.9 73.3 68.5 73.7

3.2. Raw Water Quality

Details of the raw water physicochemical quality analyses can be found in Table 3.
The main results did not show significant changes in the raw water quality across the
different experiments.

Table 3. Raw water Physicochemical range results.

Parameter Minimum Maximum
pH 7.49 7.99

Conductivity (µS/cm) 522 964

Turbidity (NTU) 4.54 10.30

BDO (mg/L) – 2

COD (mg/L) 42 57

Total nitrogen (mg/L) 34 40

Nitrates (mg/L) <0.4 <0.4

Nitrites (mg/L) 0.054 0.154

Phosphates (mg/L) 3.45 6.78

Sulphates (mg/L) 72 84

Iron (mg/L) 0.11 0.18

Aluminum (mg/L) <0.1 <0.1

Copper (mg/L) <0.05 0.05

Amonium (mg/L) 36.8 48

Zinc (mg/L) <0.05 <0.05

Chromium (mg/L) <0.05 <0.05
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Regarding the initial microbiological water quality, E. coli ranged from 4.4 × 105 CFU/
100 mL to 4.6 × 105 CFU/100 mL, Enterococcus faecalis content varied from 5.7 × 104 CFU/
100 mL to 6.9 × 104 CFU/100 mL, and Clostridium perfringens ranged from 3.2 × 104 CFU/
100 mL to 4.9 × 104 CFU/100 mL (Table 4).

Table 4. The initial concentration of the bacteria in the water.

Initial CFU/100 mL Minimum Maximum
E. coli 4.4 × 105 4.6 × 105

Enterococcus faecalis 5.7 × 104 6.9 × 104

Clostridium perfringens 3.2 × 104 4.9 × 104

3.3. 265 nm

Figure 4 shows the inactivation of E. coli, E. faecalis, and C. perfringens under the same
UV dose for 1.6 mW and 50 mW—265 nm UV-LEDs. The turbidity level was 8 NTU for
the E. coli and E. faecalis experiments and 10.3 NTU for the C. perfringens experiment. By
simple observation of the graphs, it can be concluded that, in this case, the reciprocity law is
valid for the two optical power UV-LEDs and the three bacteria, as the kinetics inactivation
follows the same decay for both 1.6 mW and 50 mW optical power UV-LEDs.

For E. coli, the detection limit (DL: 1 CFU/ 5 mL or 20 CFU/100 mL) is reached between
39 mJ/cm2 and 58 mJ/cm2 for the two optical power LEDs, showing some tailing after as
fluctuation is produced by detection of about 0–1 colonies per plate. In terms of time, the
50 mW LED had to be used for 34 s to accumulate a UV dose of 58 mJ/cm2, whereas, for
the 2.5 mW LED, 150 s were required for the same UV dose. This means less usage of the
50 mW LED and, therefore, higher water disinfection and LED lifetime.

Water 2023, 15,xFOR PEER REVIEW 8 of 15 
 

 

Regarding E. faecalis, the behaviour is similar to E. coli. The detection limit is reached 
practically at the same UV dose—31 mJ/cm2 for the low-power LED and 34 mJ/cm2 for the 
medium-power LED. The equivalent times of exposure were 80 s and 21 s, respectively. 
Finally, C. perfringens, already known as more resistant than the two previous microor-
ganisms, reached inactivation at 100 mJ/cm2 (240 s) and 124 mJ/cm2 (70 s), with a turbidity 
level of 4.9 NTU. 

It can also be observed from the graphs that for the case of E. coli and E. faecalis, for 
the 265 nm UV-LED and low optical power (2.5 mW), tailing appears to be more important 
than for the 50 mW LEDs. This is an issue that should be subject to further research. 

 

0 20 40 60 80
100

101

102

103

104

105

106

C
F

U
/1

0
0 

m
l

DL

UV Dose (mW/cm2)

 265nm(1.6mW)
 265nm(50mW)

E. Coli

Figure 4. Cont.



Water 2023, 15, 352 8 of 14

Water 2023, 15,xFOR PEER REVIEW 9 of 15 
 

 

 

 

0 20 40 60 80 100
100

101

102

103

104

105

DL

E. faecalis

C
F

U
/1

00
 m

l

UV Dose (mW/cm2)

 265nm(1.6mW)
 265nm(50mW)

0 50 100 150 200 250
100

101

102

103

104

105

C
F

U
/1

00
 m

l

DL

C. perfringens

UV Dose (mW/cm2)

 265nm(1.6mW)
 265nm(50mW)

Figure 4. UV-LED disinfection results for E. coli, E. faecalis, and C. perfringens at 265 nm under two
different optical power UV-LEDs (2.5 mW and 50 mW) maintaining the same UV dose. The reciprocity
law is valid. DL—Detection limit.



Water 2023, 15, 352 9 of 14

Regarding E. faecalis, the behaviour is similar to E. coli. The detection limit is reached
practically at the same UV dose—31 mJ/cm2 for the low-power LED and 34 mJ/cm2 for
the medium-power LED. The equivalent times of exposure were 80 s and 21 s, respectively.
Finally, C. perfringens, already known as more resistant than the two previous microorgan-
isms, reached inactivation at 100 mJ/cm2 (240 s) and 124 mJ/cm2 (70 s), with a turbidity
level of 4.9 NTU.

It can also be observed from the graphs that for the case of E. coli and E. faecalis, for the
265 nm UV-LED and low optical power (2.5 mW), tailing appears to be more important
than for the 50 mW LEDs. This is an issue that should be subject to further research.

3.4. 275 nm

The reciprocity law was also studied for the 275 nm UV-LED. In this case, Figure 5
shows the inactivation levels vs. UV dose for E. coli, E. faecalis, and Clostridium perfringens.
E. coli reached DL after 17 mJ/cm2 of UV dose (40 s) for the low-intensity UV-LED (1.6 mW)
and after 13 mJ/cm2 (11 s) for the medium-power UV-LED (50 mW). So, the higher-
power UV-LED exhibited a slightly more rapid inactivation rate. E. faecalis showed similar
behaviour, although in this case, the low-power UV-LED (1.6 mW) showed some tailing
after 17 mJ/cm2 (40 s), where it was close to the DL. The 50 mW UV-LED exposure reached
total inactivation at a UV dose of 13 mJ/cm2 (11 s). For both experiments, the turbidity
level was 8 NTU.

Finally, Clostridium perfringens did not show any difference when using the low-power
or the medium-power UV-LEDs. DL was reached by the low-power UV-LED at a dose
of 159 mJ/cm2 (360 s), and at the same dose, the experiment under the 50 mW UV-LED
started to show some tailing (221 s). The turbidity value was 10 NTU.
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3.5. Inactivation Rates

Inactivation rates were calculated without considering the tailing phase, similar to
Nyangaresi et al., 2018 [3] following the equation Equation (1):

Log (N0/N) =−KUV· UV dose (1)

where N0 and N are the numbers of colonies (CFU/100 mL) before and after UV exposure,
KUV is the inactivation rate, and UV dose is the fluence (mJ/cm2).

Figure 6 shows the calculated inactivation rates for the three different bacteria and
the different wavelengths, followed by Table 5, which summarises the inactivation rate
values, the R2, and the turbidity value for each experiment. It can be observed that the
reciprocity law is valid for Clostridium perfringens at the two studied wavelengths of 265 nm
and 275 nm. As for low and medium optical power UV-LEDs, the inactivation rate is the
same: 0.063–0.065 cm2/mJ for 265 nm and 0.047–0.049 cm2/mJ for 275 nm. For E. coli and
E. faecalis, 265 nm exhibits identical performance, with inactivation rates of 0.28 cm2/mJ
and 0.21 cm2/mJ, respectively.
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Figure 6. Inactivation rate constant, K(cm2/mJ) vs. microorganisms and wavelengths.

Table 5. Inactivation rates for the different bacteria and wavelengths.

K265 nm—Low K265 nm—Medium K275 nm—Low K275 nm—MediumMicroorganism NTU
Power (2.5 mW)

R2
Power (50 mW)

R2 NTU
Power (1.6 mW)

R2
Power (50 mW)

R2

E. coli 10.3 0.289 0.950 0.282 0.927 8 0.337 0.997 0.392 0.978
E. faecalis 10.3 0.221 0.977 0.214 0.973 8 0.260 0.999 0.298 0.995

C. perfringens 4.9 0.065 0.998 0.063 0.998 10 0.049 0.999 0.047 0.999

Finally, 275 nm UV-LEDs show a slightly superior performance for the medium optical
power UV-LEDs, in comparison with the low-power ones for E. coli and E. faecalis. In this
case, inactivation rates are always higher, 0.39 cm2/mJ vs. 0.33 cm2/mJ for the 265 nm
wavelength and 0.298 cm2/mJ vs. 0.26 cm2/mJ for the 275 nm wavelength. This result
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should also be further investigated to confirm the trend—no full confirmation of the
reciprocity law—and the potential advantage of using medium-power UV-LEDs.

3.6. Energy Consumption

The energy consumption of the UV-LEDs was analysed during the experiments for the
same microorganism disinfection to compare the performance and potential electrical costs.
The analysis is presented in this section. The following equation (Equation (2)) was used:

E= I ∗ V ∗ t (2)

where E is the energy consumption (Wh), I is the electrical current (A), V is the voltage
drop (V), and t is the inactivation time in seconds.

Energy consumption can be observed in Table 6, where it is shown that, in all cases,
even though medium-power UV-LEDs required less time to inactivate the different microor-
ganisms, the low-power UV-LEDs consumed less electricity for the same UV inactivation.
This observation should be subjected to further research to confirm the initial results.

Table 6. Energy consumption for different bacteria using 265 nm and 275 nm wavelengths.

265 nm
Low Power Medium Power

Microorganism Current
(mA) Voltage (V) Time to

inactivate (s)

Energy
consumption

(Wh)

Current
(mA) Voltage (V) Time to

inactivate (s)

Energy con-
sumption

(Wh)
E. coli 332.4 6.73 150 336 443.1 25.68 34 387

E. faecalis 332.4 6.73 80 179 443.1 25.68 21 239

C. perfringens 331.5 6.53 240 520 441.7 25.55 70 790
275 nm

Low Power Medium Power

Microorganism Current
(mA) Voltage (V) Time to

inactivate (s)

Energy
consumption

(Wh)

Current
(mA) Voltage (V) Time to

inactivate (s)

Energy con-
sumption

(Wh)
E. coli 330 6.28 40 83 703.2 23.67 11 183

E. faecalis 330 6.28 40 83 703.2 23.67 11 183

C. perfringens 331.8 6.62 360 79 700.6 24.17 221 3742

3.7. Summary and Discussion

Lower inactivation rates belong to Clostridium perfringens, with values around
0.063–0.065 cm2/mJ for 265 nm and 0.047–0.049 cm2/mJ for 275 nm. The turbidity level
for the 275 nm experiments was higher, 10 NTU vs. 4.9 NTU for the 265 nm, so lower inac-
tivation rates for the 275 nm wavelength could be due to this fact as previous experiments
under similar turbidity values showed only slightly better performance of the 265 nm
UV wavelength.

Regarding E. coli and E. faecalis, 265 nm UV-LEDs had inactivation rates of 0.28 cm2/mJ
and 0.22 cm2/mJ, respectively, for a turbidity level of 10.3 NTU. For 275 nm UV-LEDs,
inactivation rates were higher, 0.337 cm2/mJ and 0.26 cm2/mJ for the low-power LED,
but the turbidity level was lower, 8 NTU. The main remark here is the potential higher
inactivation rate of the medium-power LEDs (50 mW), which could challenge the reciprocity
law and therefore suggest that higher-power optical LEDs would be more effective for
water disinfection.

Inactivation rate values are lower than those reported in the literature mainly because
of the higher values of turbidity levels. For example, the 265 m UV-LED presented an
inactivation rate of 0.28 cm2/mJ at 10.3 NTU for E. coli vs. the values in [2,3,14–17]
of 0.37 cm2/mJ, 0.80 ± 0.06 cm2/mJ, 0.583 cm2/mJ, 0.43 cm2/mJ, 0.420 cm2/mJ, and
0.41 cm2/mJ using lab cultured E. coli and ranged LEDs from 265 to 267 nm wavelengths.

For the 275 nm wavelength, the inactivation rate was 0.337 cm2/mJ at 8 NTU for E. coli,
in this case slightly superior or similar to the 0.29 cm2/mJ value reported by [16] using
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280 nm wavelength, 0.292 cm2/mJ reported by [8] using 275 nm, 0.30 cm2/mJ using 280 nm
reported by [17], and nearly lower to the 0.56 + 0.04 of 280 nm reported by [14].

Additionally, the inactivation rate was lower than in [18], which ranged from
2.50 ± 0.17 cm2/mJ to 2.63 ± 0.37 cm2/mJ because of the number of LEDs used (18
to 33 LEDs) in deactivating lab E. coli using 280 nm wavelength.

However, the inactivation rate was almost identical to that reported by [19], which
was 0.29 ± 0.0081 cm2/mJ using 39 W 260 nm LED and 0.31 ± 0.016 cm2/mJ using 280 nm
LED with a 31 W radiated over lab-prepared E. coli.

4. Conclusions

The reciprocity law is valid for UV-LEDs disinfection using 265 nm and 275 nm LEDs
with two different optical powers of 1.6–2.5 mW and 50 mW. This has been tested for three
different microorganisms in the effluent of the Linares wastewater plant, E. coli, E. faecalis,
and C. perfringens. Similar inactivation rates have been calculated for the two optical
powers, except for the 275 nm LEDs that showed slightly superior values for the 50 mW
LEDs in the case of E. coli and E. faecalis. This result should be further investigated to
confirm these initial results. Particular attention should be paid to the turbidity values of
the water and the transmittance of UV light in turbid waters, which can alter the results. In
our experiments, at 2 cm water depth, the UV transmittance fell practically to half or more
(40–60%) of the emitted optical power.

On the other hand, initial experiments showed that for the same UV inactivation,
medium-power UV-LEDs presented higher energy consumption than low-power UV-LEDs,
although the times for inactivation were significantly shorter. Further research should be
conducted on this issue.
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