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Abstract

This thesis presents an investigation into an alternative method for disinfecting
microorganisms in wastewater treatment plants. The current methods of disinfection,
such as the use of chemicals like chlorine, are dangerous and require large quantities for
the disinfection process. Another method, using Ultraviolet lamps, is also used but has
numerous drawbacks such as short lifetime, toxic substance like mercury, high voltage
setup, long startup time, fragile, and available in only one wavelength, which makes it
unsuitable to disinfect all types of microorganisms. Additionally, when the lamps break,
the mercury can mix with the water, and special treatment is needed to remove it.
Therefore, this thesis proposes the use of ultraviolet Light Emitting Diodes (LEDs) as an
alternative method to replace traditional ultraviolet lamps. Ultraviolet LEDs have several
advantages over traditional lamps, such as availability in multiple wavelengths, no toxic
substances, no need for high voltage, and no startup time. This research aims to
investigate the potential of ultraviolet LEDs as a safer and more efficient method of
disinfection in wastewater treatment plants. The disinfection experiments were
conducted using real wastewater from a wastewater treatment plant in Linares-Spain
and three different microorganisms were chosen for the experiments.

The work presented in this thesis includes the selection and characterization of various
ultraviolet light-emitting diodes (UV-LEDs) with different wavelengths and optical
powers. Printed circuit boards (PCBs) were designed for each type of UV-LED, taking into
account the specific dimensions and footprints of the LEDs. The UV-LEDs were then
placed and soldered onto the PCBs in a way that ensured optimal irradiation of a
wastewater sample container (Petri dish). A reactor was constructed for disinfection
experiments, and a monitoring system was developed to control and record parameters
such as voltage, current, temperature, and output optical power during the
experiments. Additionally, the experiments' data were saved for analysis.

The results of the initial study indicate that the utilization of ultraviolet LEDs with low
irradiance at various wavelengths effectively activates the inactivation of three strains
of bacteria (Escherichia coli, Enterococcus faecalis, Clostridium perfringens) present in
wastewater effluent. The data suggests that the wavelength of 268 nm was the most
efficient and rapid in terms of bacterial inactivation, followed by 279 nm. However, the
inactivation rate was significantly diminished when utilizing the 310 nm wavelength,
making it less viable for disinfecting wastewater through the use of ultraviolet LEDs due
to the high energy consumption in comparison to the other two wavelengths.

The second study revealed the validity of the reciprocity law in ultraviolet disinfection
utilizing two wavelengths of ultraviolet LEDs with varying optical powers. The study
employed the same microorganisms as the initial study. The results indicate that the
inactivation rates were comparable for both optical powers. However, additional
research is required to confirm these findings and account should be taken of the impact



of turbidity and UV transmittance on the results as a 2 cm water depth resulted in a
significant decrease.
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Chapter 1:Introduction

Chapter 1: Introduction

Wastewater plant’s main function is the removal of harmful substances from
wastewater before discharging into the environment. From larger objects such as stones
or sticks (and other similar objects) to the final microorganisms as bacteria, which are
reduced or completely eliminated from the water. One important issue in wastewater
plants operation is the large electrical consumption, and more importantly, the fact that
around 30 % to 50 % of the total consumption belongs to the operation and
maintenance process, which are permanent processes.

B ® /cDAR Linares

P |

Figure 1 - Wastewater plant in Linares

Generally, a wastewater treatment facility consists of various stages. The first stage is
called “Pretreatment” and it is where large-size components that can cause operating
and maintenance problems are removed, such as stones, branches, plastics, rags, etc.
Sand and fat removal processes are done afterwards. Secondly, the “Primary treatment”
comes next, with the objective of eliminating 50 % of suspended solids and 20 % of
biochemical oxygen demand (BODs). It uses Sedimentation and a Physical-chemical
treatment (Coagulation + Flocculation). Sedimentation is conducted in a cylindrical tank
separated into three zones: first is the influent zone where water enters the
sedimentation tank from the center, second comes the settling zone where the solid
sludge settles down in the bottom of the tank and then it is collected by the sludge
collector, and lastly is the effluent zone that allows the treated water reaches the next
treatment stage (Figure (2)).
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Figure 2 - Sedimentation blue print [32]

After sedimentation, a physical-chemical treatment follows, which consists of a
coagulation/flocculation process. This process main objective is to reduce the turbidity
in the water as lower turbidity allows higher rates of disinfection. By including Coagulant
chemical to water, small particles and impurities group in to form larger particles that
can settle down in the tank due to gravity as shown in figure (3).

Coagulant
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Figure 3 - Coagulation/Flocculation process explanation

Then, the “Secondly treatment” discards 90 % of suspended solids, 70 % - 90 % of DOBs
(25 mg/l) and COD must reach a limit of 125 mg/I [33]. Ultimately, the “Tertiary
treatment” which consists of a filtering and disinfection stage using Ultra violet light (UV)
or chlorination. Figure (4) illustrates all the treatment stages.
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Wastewater treatment plant stages
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Figure 4 - Wastewater treatment stages

As a result of the overall high-power consumption, the “Tertiary treatment”, which is
responsible of improving the water quality and making it useable again is not always
implemented due to the cost of investment, operation and maintenance (mainly
electricity). In Spain it is only mandatory in the so-called “sensitive areas” according to
the Spanish law [34]. But the European directive (EU directives 2000/60/EC and
91/271/EEC) [35-36] requires the best possible treatment of water until “zero”
discharge. The fact that the water is not properly purified produces a high environmental
impact of discharge on surfaces, as well as a loss of the opportunity of reusing water
which is a scarce source.

There are two main or common methods currently used in the “Tertiary treatment”, the
first one is “chlorination”, which is widely used due to its effectiveness. It consists of a
chlorine concentration mixed with the treated water in a chamber where it has to go
through a long path. The water gets disinfected during that time and after this process
is ready to get cleanly discharged to the stream. However, it is required a continuous
chemical supply and this process can also produce a significant number of toxic gases if
not properly handed. The alternative method is to use conventional artificial ultraviolet
lamps, which despite being very effective and fast, they have several drawbacks: high
energy consumption, a spectral peak response centered in 255nm wavelength only,
require high voltage to be functional, and they have a relatively slow starting time which
makes it unsuitable to run discontinuously. The other main problem is the need of
replacement every 6 or 12 months, which increase the cost of operation. They also
contain mercury, which is toxic and needs to follow a special recycling process in order
to extract the mercury and do not discharge it into the environment
[2,3,4,7,9,11,12,13,14,19,22,23,24,29,30]. Hence, a new effective solution for this water
disinfection stage that has low energy consumption and low environmental impact is
required. Figure (5) indicates the main disadvantages of UV lamps.

3



Chapter 1:Introduction

Need enormous amount
of equipment

High Voltage to
functional-slowstarting

time

Only 255nm

Cannotrun
discontinuously

Fragile

Toxicand harmful

Figure 5 - Some of the disadvantages of UV Lamps

On the contrary, UV LEDs have many different small sizes which makes it suitable for
designing any type of reactor as showed in figure (6), besides other interesting benefits
they provide such as the low operating temperature, lower voltage needed compared
to the traditional UV lamps or the instantaneous switching that leads to a new different
technique of operation to reduce the power consumed during the operation (pulse
illumination). Furthermore, they are produced in different wavelengths which make
them the most optimal solution to disinfect a various type of bacteria since every single
bacterium is sensitive to a particular wavelength in contrast with UV lamp which is only
centered at 255nm wavelength. Lastly and most important, they are environmentally
friendly as they do not contain mercury or any type of toxic chemicals as UV lamps
[2,3,4,7,9,11,12,13,14,19,22,23,24,29,30].

A few components

needed

Low Voltage

Availablein many
wavelengths

Can run discontinuously

Figure 6 - Advantages of UV LEDs

In the next sections UV-LEDs and their use in water disinfection treatment will be
described in detail.
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1.1 LEDs structure and operation

LED stands for Light Emitting Diode, and as the name indicates it is based on a diode.
Normally diodes consist of P-N junction and they have two certain operation modes.
First one is the “forward bias” when the positive terminal of the diode is connected to
the positive of the power supply and similarly the negative terminals of the diode and
the supply power are connected, this mode narrows the depletion region between the
P-N junction and allows free electrons to cross the junction and recombined with the
free holes. This movement of electrons releases energy in terms of heat, but in the case
of LEDs the energy releases as light. The other mode is the “reverse bias” where the
supply terminals of the diode are connected the opposite way compared with supply
power terminals, and simply in this case the diode or the LEDs are unfunctional and
acting as open circuit.

In figure (7) a graphical illustration for the LED structure from the outer layout to the P-
N junction is shown.

/ \ Positive terminal
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Wide bond — : l
cavit
Leadframe__ﬁ Y \a )
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N-region
| |

Anode | [ Cathode ‘ [
+

- o<Photon

Active region

PN junction

Negative terminal

Figure 7 - LED structure

1.2 UV light properties

The Ultraviolet light can be found in the light spectrum as shown figure (8) in the range
of 200 nm to 400 nm, and it is then divided into three sub-subsection called UV-A, UV-B
and UV-C [16]. This light is usually invisible to the human eyes and some of its
wavelengths are harmful to human skin and eyes [17]. The sun is the largest source of
that UV light, however most of it is being blocked by the ozone layer in the atmosphere.
UV-A is not being absorbed or filtered through the atmosphere as neither the UV-B is,
but the UV-C which is playing an important role in the disinfection process does not
make it through the atmosphere.
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ULTRAVIOLET LIGHT
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Figure 8 - Light spectrum

The UV-A ranges from 315 nm to 400 nm in the wavelength spectrum, next is the UV-B
from 280 nm to 315 nm, and finally the UV-C from 200 nm to 280 nm. Conventionally
the optimum peak for killing bacteria and viruses is 254 nm (peak of mercury-based
lamps). And as mentioned previously, none of the UV-C light passes through the
atmosphere, that is why it is being artificially produced for various applications including
water disinfection. According to numerous studies, the UV-C is the ideal range for killing
viruses, bacteria, mold spores and other contamination [8,10,19,21,23,27,28,30].

This type of UV-C can be emitted using mercury-based UV lamps that can be found in
the water disinfection systems. But due to its drawbacks (high operating voltage, fragile,
warm up time, cannot be operated in pulsed mode operation, contain toxic substance
such as mercury), scientific research is trying to find a solution to replace the UV lamps
by other cleaner technologies such as UV LEDs.

1.3 DNA and deactivation

DNA stands for “Deoxy riboNucleic Acid” which is a molecular substance carrying the
genetic information for functioning and reproducing in any organism. It consists of
subunits called nucleotides, each subunit composed of three different parts:
deoxyribose, phosphate and one of four nitrogenous bases which are thymine(T),
adenine (A), cytosine(C) and guanine(G). These four bases form pairs of either thymine
bonded to adenine or cytosine bonded to guanine. UV wavelengths found to have a
strong effect in stopping the effect of microorganism such as bacteria by breaking the
bonds and deactivating them and preventing them from being produced [31].



Chapter 1:Introduction

Before

Figure 9 - DNA deactivation using UV light [18]

1.4 Previous work on water treatment using UV LEDs

Scientists have centered their attention in the last ten years on different ways of
deactivating some certain microorganism in wastewater in order to make it usable using
UV LEDs. Most experimental set-ups consist of a PCB board containing the UV-LEDs
attached to a cooling system that illuminate a petri dish which contains the water to be
treated.

Im'

] |eordaminated waner

=3

LJ

Figure 10 - Experimental setup [25]

1.4.1 Standard (continuous) illumination — Effect of different wavelengths

A group of researchers from the University of Tokyo led by K. Oguma in 2018 working
on disinfecting Escherichia coli, Bacillus subtilis spores and bacteriophage using both the
conventional mercury-based low-pressure UV and; 265 nm, 280 nm and 300 nm UV
LEDs. Results showed that 265 nm was the most effective wavelength in reducing the
effect of most of the bacteria, but also the 280 nm LED presented the lower energy
consumption compared by the rest light sources [1]. Another article by Matsumoto,
Tatsuno and Hasegawa in 2019 shows that the 265 nm wavelength LED could disinfect
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many types of bacteria that had been artificially prepared in the laboratory such as E.
coli, V. cholerae and C. parvum [2].

Sari, Heikki and Mike also mentioned a unique setup followed in their experiments in
2009, they created two reactors with a 120° viewing angle, one for 269 nm and the other
was 276 nm, ten LEDs in each reactor, they were attached to a black plastic tube with 7
cm diameter and 20 cm height above the 25 ml sample water in the Petri dish, also a
magnetic stirrer provided proper mixing. Furthermore, different type of water like
Ultrapure water, nutrient water and nutrient water with humic acids were tested beside
the artificial E. coli. The experiment concluded that the lower wavelength was more
effective, although the slight difference in the results, even though the one emitting
higher wavelength had doubled optical power compared to the other [7].

Wairtele et al. from Berlin institute of technology were working on disinfecting
laboratory cultured Bacillus subtilies spores using 269 nm and 282 nm LEDs in 2010. Two
modules had been made, the first which is a static one consists of 269 nm 33 LEDs with
0.33 mW emission power at 20 mA per LED and was arranged in a grid of 1 LED/cm?. The
second module was an aluminum milled flow-through with 6 mm wide 5 mm depth
channel covered by a 2 mm thick Suprasil® window which allows 90 % of the UV light to
pass through, it is created using 282 nm 33 LEDs and 12 ml/min flow rate and were
placed in three concentric circles with diameters of 1.5 cm, 3.5 cm and 5.2 cm, with the
same current of 20 mA, the output optical power of the 282 nm LEDs was almost the
double compared to the 269 nm module. The first model experiment setup was a little
bit different since they placed the modules under the 6 cm diameter Petri dishes, and
they put over the modules a 2 mm thick Suprasil® base which reduced the UV light by
10 %. All the LEDs in this article were almost similar in the current- voltage
characteristics, at 20 mA the 269 nm LEDs took 5.8 voltage drop and the 6.3 volts for the
282nm LEDs. During the experiments samples of 1.5 ml were taken after 372, 248, 155,
62 and 0 seconds for the 269 nm LEDs, and 255, 170, 106, 43 and 0 seconds for the 282
nm LEDs. The 269 nm LEDs reached a higher level of inactivation than the 282 nm LEDs
for the same applied fluence, and lower inactivation achieved by the 282nm LEDs was
compensated by their higher photon flux. The team also observed a reduction by 40 %
in the emitted optical power of the 269 nm LED after 100 hours of emission but with no
change in the wavelength [8].

1.4.2 Pulsed vs. Continuous illumination

Also, Song, Taghipoir and Mohseni in 2018 used a different mode of operation with the
UV-LEDs, using pulsed and continuous illumination to deactivate lab-cultured E. coli and
coliphage MS2 under 265 nm wavelength. A high output 265 nm LED was attached to a
heatsink with a fan for heat dissipation and was connected to a thermocouple for
temperature monitoring, the UV-LED was located above a 9 cm diameter glass Petri dish
with 50 mL water sample and the distance between the UV LED and the water surface

8
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was 2 cm. Their analysis indicates that the pulsed irradiation at 90 % and 75 % duty cycle
produced slightly lower inactivation compared to the continuous mode [3].
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Similar to the previous technique, pulsed and continuous operation modes were used
for E. coli and MS-2 using a 15-watt low pressure mercury-arc lamps with 253 nm and
various UV LEDs with different wavelengths (255 nm, 265 nm and 285 nm) by Sholter
and Linden in 2019. Five duty cycles (10, 25, 50, 75 and 90 %) and three frequencies (1,
10 and 100 Hz) were examined. Results showed that there was no difference found
between the E. coli inactivation at all frequencies for comparable duty rates and
wavelengths. Besides, pulsed technique did not provide a significant benefit over
continuous mode [5].

P.O. Nyangaresi, Yi and Goulong in 2019 did the same comparison between pulsed and
continuous irradiation over artificial E. coli, and studied the effect of driving the LEDs
with different currents and monitored temperature of the LED by measuring the solder
temperature of the cathode terminal of the LED during the experiments. Nine UV LEDs
with 265 nm and 280 nm with 0.88, 1.01 mW respectively were used in this experiment,
with a voltage drop around 5.7 and 5.4 v with 20 mA for each LED. All nine UV LEDs were
mounted on an aluminum PCB in order to boost the heat dissipation. The PCBs reactor
was above a 60 mm diameter dish by 30 mm. 1 kHz, 5 kHz and 10 kHz pulse frequency
were applied with 10 %, 25 %, 50 %, 75 % and 90 % duty cycles. As expected, the pulse
radiation kept the LEDs temperature lower compared by the continuous radiation, while
continuous irradiation caused the LEDs to increase and by rising up the driving current
and a negative impact on wavelength and optical power was observed. And regarding
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to the E. coli inactivation, the observed difference in the log inactivation of E. coli was
only in the wavelength not the technique used, which the 265 nm UV LED had a 4.4 log
inactivation which was slightly higher than 4.0 for the 275 nm, and there was no
difference between pulsed mode and continuous mode [19].

Using the same previous wavelengths, 265 nm and 280 nm, Zou et al. at the University
of Nanjing in 2019 applied the irradiation of low-power 1 mW 265 nm and 280 nm LEDs,
as well as a high-power 30 mW 285 nm LED on lab-cultured E. coli. Three modules were
created, the first for the only high-power LED, and the second and third modules have 9
LEDs each for the 265 nm and 280 nm wavelength. The modules were placed over an
8.6 cm diameter Petri dish, and the current was 20 mA for 265 nm and 280 nm for each
LED, and 350 mA for the high-power 285 nm LED. Five different duty cycles were tested
in this study including 5 %, 10 %, 20 %, 50 % and 100 % at 1 Hz, 10 Hz, 100 Hz and 1000
Hz. Surprisingly, the inactivation efficiency increased substantially as the duty cycle
decreased from 100 % to 5 % within the same UV dose. The log inactivation enhanced
using the pulsed 265 nm and 280 nm LEDs, and remarkably increased using the high-
power 280 nm LEDs [21].

Another illumination technique used is combining more than ultraviolet wavelength
(UV-C, UV-B and UV-A) to purify water. Song, Taghipour and Mohseni in 2018 used
laboratory prepared E. coli and Coliphage MS2 [4] and exposed to UV-LED irradiance
using the two different operation mode: simultaneous and sequential modes. In the
simultaneous mode, two UV LEDs with different wavelengths were turned on at the
same time to expose their light over the water sample, while the sequential irradiation
is functioning by turning on one UV LED for a period, and then turned off while other
UV-LED with a different wavelength was turned on for another period of time. Three
UV-LED chips with 265 nm, 285 nm and 365 nm wavelengths were used in this study
over a 9 cm diameter Petri dish by 2 cm distance from the module. Moreover, a black
box was covering the reactor during the experiment to prevent any potential
photoreactivation by ambient light. Conclusions demonstrate that combining UV-C and
UV-B always achieved additive effect on microorganism inactivation, nonetheless
combining UV-A with UV-C/UV-B simultaneously or applying UV-A after UV-C/UV-B
reduced the inactivation rate of E. coli due to the DNA repair effect of UV-A.

Regarding combination of wavelengths, Li et al. from Tsinghua University in 2017

examined the effect of the combination of 265 nm LEDs using lab culture E. coli UV LEDs

were compared to a mercury-based low pressure. Four LED units were used: 265 nm,

280 nm, the combination of 265 nm (50 %) + 280 nm (50 %), and 265 nm (25 %) + 280

nm (75 %). For the combination of 265 nm, two LED PCBs were connected in parallel.

The PCBs where over a 2.6 cm diameter petri dish, while the low-pressure lamp was set
10
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by 40 cm over an 8.6 cm Petri dish. It had been observed that the 265 nm LEDs were
more effective than 280 nm LEDs and the low-pressure lamp in inactivation, and no
significant effect was observed using the combination of 265 nm and 280 nm. Also, there
was no reactivation performance seen after using 265 nm LEDs and low-pressure lamp,
while the photoreactivation and dark repair appeared after using the 280 nm LEDs at
low irradiation intensity [20].

By real wastewater, Chevremont et al. in 2012 studied the effect of single and coupled
UV-A and UV-C LEDs. Four different wavelengths UV-LEDs were tested, 254 nm, 280 nm,
365 nm and 405 nm and combinations of 254/365 nm, 254/405 nm, 280/405 nm. The
current was varying between the different LEDs from 46 mA up to 115 mA, and the
optical power was 0.29, 0.55, 1.69 and 10.23 mW for the LEDs 254 nm, 280 nm 365 nm
and 405 nm respectively. The 55 mm diameter Petri dish was placed 1 cm below the
LEDs and filled by 10 mL of water and the exposure started from stayed for 60 seconds.
Mesophilic bacteria, Fecal streptococci, total coliforms and Fecal coliforms had been
selected to be disinfected. The results showed that combining 280/365 nm or 280/405
nm can achieve a remarkable reduction in Mesophilic bacteria, and they were more
effective than the single irradiation for fecal streptococci, total coliforms and fecal
coliforms [12].

Wan et al. in 2019 discussed the effect of the traditional mercury-based lamp versus the
280 nm and 265 nm LEDs and their combination. Laboratory cultured Aspergillus niger,
Penicilium polonicum and Trichoderma harzianum which are three water-borne fungal
species were tested in this study. 2 cm was the distance between the UV LEDs modules
and the surface of the water inside the 4 cm diameter petri dish. For the LP UV lamp, 50
cm was the distance over Petri dish with a 12 cm diameter. The irradiance was 0.215
mW/cm? for the 265 nm LEDs, 0.214 mW/cm? for the 280 nm LEDs, 0.185 mW/cm? for
the 265/280 nm combination UV-LEDs and 0.120 mW/cm? for the 254 nm for the lamp.
Before the experiments, the UV LEDs modules were conducted to warm-up and reach a
stable emission phase for 5 min and the 254 nm lamp went through the same process
for 30 min. The results indicated that the inactivation performance of UV LEDs and their
combination were more effective for fungal spores compared with the 254 nm LP UV
lamp, while there were no significant differences observed among UV-LEDs, specially
280 nm and 265/280 nm which caused more damage for the fungal spores more than
the LP lamp. However, the electrical energy consumption of UV LEDs was higher than
that of the LP lamp [24].

In 2011, Chevremont, Farnet and Sergent concluded experiments in order to study the
effect of the UV-A and UV-C over artificial E. coli and Enterococcus faecalis in
wastewater. Four LEDs emitting 255 nm, 280 nm, 365 nm and 405 nm with 115 mA ,77
mA, 22 mA and 46 mA forward current respectively. Four parameters had taken place
in their experiments: pH, bacterial density, exposure time and wavelength. Many
different combinations were tried, but combining 280 nm and 365 nm or 280 nm and
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405 nm effect over the bacteria were remarkable significant than using 365 nm alone,
and after 60 seconds the absence of the bacteria was observed, the experiment design
was almost identical to the researchers, setting the LEDs over the 55 mm diameter Petri
dishes by a 1 cm distance [9].

The same way Kumiko et al. in 2013 performed many tests with single and various
combinations of UV-LEDs using 265 nm, 280 nm and 310 nm wavelengths in 2013. The
voltage drops for the UV-LEDs were 9.5, 8 and 6.1 v and the optical power was 0.7 mW,
1.3 mW and 1.1 mW for the 265 nm, 280 nm and 310 nm respectively at 20 mA. The
experiments were done to deactivate lab culture E. coli microorganism using two
different reactors, batch reactor and flow-through reactor. In the batch reactor, which
contained an array for nine LEDs, all nine LEDs emitted a single wavelength, either 265
nm, 280 nm or 310 nm. The batch reactor was above a 34.5 mm diameter Petri dish by
17 mm. While the flow-through contains of three arrays and every single array had 10
similar LEDs. The three arrays were bounded together in a triangular shape and placed
inside a 16 mm diameter cylinder. The emission of 265 nm achieved over 6 log
deactivation rates with 10 mJ/cm? dose in the batch reactor, and 16.4 mJ/cm? in the
flow-through. Similarly, the 280 nm achieved almost 4 log deactivation rates at 13.8 and
25.5 mJ/cm? in the batch reactor and the flow-through reactor respectively. The 310 nm
required 56.9 mJ/cm? for 0.6 log inactivation in the batch reactor which was less
effective than the emission of 268 nm and 280 nm. And finally, the combined emissions
were less efficient compared by the single emission [10].

Following Nyangaresi et al. in 2018 with the same approach of comparing single and
combined irradiation of UV-LEDs, the group from the Xiamen university in China picked
the 267 nm, 275 nm and 310 nm UV peak emission and combined 267 nm/275 nm, 267
nm/310 nm and 275 nm/310 nm to applied their emission on a batch water disinfection
system and evaluate the process by using lab culture E. coli as a bacterium model. The
output optical power for the LEDs was 1.8 mW, 1.6 mW and 1.3 mW for 265 nm, 275
nm and 310 nm respectively, and the voltage drop was between 3.9 vand 6 v at 20 mA.
16 mL was placed in a 60 mm diameter petri dish and over it by 2.2 cm was the UV-LEDs.
The 267 nm had the highest inactivation efficiency than other UV-LEDs and 310 nm was
the least, nevertheless reactivation observed after 267, 275, 267/275 and 275/310 nm
irradiations [11].

Sara et al. from Colorado university performed an experiment using a commercial
reactor from AquiSense Technologies system to compare the irradiation effect of 260
nm, 280 nm LEDs and the combination of them against a medium-pressure and low-
pressure UV mercury lamp. Four lab culture microorganisms were tested: E. coli, MS2
coliphage, human adenovirus type 2 and Bacillus pumilus spores. A 3.5 cm diameter Petri
dish filled with 5 mL sample was placed by 4 cm distance from the UV source which had
a varied irradiance from 0.19 mW/cm? to 0.55 mW/cm? for the UV LEDs, and from 0.35
mW/cm? to 1.17 mW/cm? for the MP UV lamp and 0.3 to 0.75 mW/cm? for the LP UV.
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The data proved that the five UV sources inactivation rate of E. coli was high, but the
260 nm wavelength was the most effective. For HAdV2 and B. pumilus, the MP UV lamps
was the most powerful. Regarding to the electrical efficiency, the LP UV lamp was the
most efficient for inactivating E. coli and MS2, the LP and MP UV mercury lamps were
equally efficient for HAdV2 and B. pumilas spores [23].
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Figure 12 - AquiSense Technologies system [6]

1.4.5 Turbidity

Kristina, Dena and Christopher in 2013 is fully justifying the effect of the turbidity of
water during the UV disinfection process. They observed that the more contaminated in
water, the more UV light power needed for the disinfection process. Two water samples
types were used in the experiment, the first was real wastewater and the second was
prepared water contained a pure culture of E. coli. Seven 260 nm flat lens LEDs were
used for the research, they have 6.5 voltage drop and 20 mA per LED connected in series
to a current-limiting resistor ranged from 100 Q to 380 Q, and 9 v alkaline battery. The
optical power ranged from 45 mW to 182 mW and the average was 130 mW, this
fluctuation corresponding to the battery age. Each LED was connected to an
independent battery. The same common technique was used except that they did not
set any distance between the LEDs surface and the water sample, in other words they
lowered the LEDs until the optical lens made contact with the water sample surface. The
leads of the LEDs were protected by extending these an extra 100 cm using 0.25 mm 30
AWG blue wrapping wire, the insulation of the wrapping wire was stripped by about 3
cm to cover the slot producing a proper fit. Also, a plastic o-ring was placed around the
lip of each UV LED to complete the water-tight seal. The samples volume ranged from
13
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10 ml to 100 ml and the time period of the experiments was between 20 min and 50
min. The analysis illustrated that water quality has a significant impact on disinfection
efficiency. For the waste water results, a minimal reduction of bacteria was measured
from 20 min to 40 min period, however the artificial samples showed a notable
reduction with the E. coli [13].

1.4.6 Commercial prototypes

In 2019, Peter et al. of Cranfield University conducted a study on the efficacy of using
Typhon Treatment Systems, consisting of 1000 UV LED lights with 275 nm wavelength
and 100 mW optical power, for disinfecting wastewater at a treatment plant in the north
of England. This full-scale reactor was able to disinfect 6 mega-liters of water per day,
and its performance was evaluated using the microorganisms Male-specific
bacteriophage (MS2) and E. coli. The results indicated that this UV-LED reactor was at
least as effective as traditional mercury UV reactors under the specific water quality and
operational conditions examined. This study represents the first successful
implementation of a full-scale UV-LED reactor for disinfecting pathogenic
microorganisms in drinking water at a municipal treatment facility [14].

Figure 13 - Typhon treatment system inner tube [22]
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Figure 14 - Typhon treatment system reactor [14]

1.4.7 Cost efficiency

In terms of cost efficiency, Elaheh el at. From Napoli university in 2022, investigated the
deactivation of Legionella pneumophila and Lengionella dumoffii using a UV-A
wavelength since it is significantly cheaper than the UV-B and UV-C. A 0.3 A with a
22.516+0.436 mW/cm? output of density LED was mounted to a heatsink to dissipate
the generated heat, even so it has a rating of 4.5 A and 20 W/cm?. The distance between
the UV-A LED and the 35 mm diameter Petri dish was 38 mm, The results illustrated that
by applying 1700 mJ/cm? UV dose, the inactivation rate for Legionella pneumophila
99.89 % and 99.1 % for Lengionella dumoffii [25].

1.4.8 PCB temperature effect

As already known that the biggest opposition for the LEDs performance is the
temperature, the more temperature rises the lower optical output can be obtained. That
is why Huang el al. in 2021 focused their study on the different ways to improve the
thermal dissipation of the LEDs while they are functional. Therefore, 280 nm LEDs were
chosen in this topic and driven using many different currents from 20 mA up till 200 mA,
not only that but also the thickness of the substrate materials. E. coli was the tested
microorganism in this experiment, including two different materials where the LEDs
were placed on: Copper (Cu) and Aluminum (AIN). Various different thicknesses for the
copper layer were used: 70 pm, 100 pum ,130 pm and 200 pm, and 500 um for Aluminum.
All these modules where 1 cm over the 8.5 cm diameter Petri dish. The results revealed
that the thickness of the metal is not playing a significant role in the heat dissipation.
However, the large area of the LED evidently exhibits high thermal dissipation. Also, the
280 nm LEDs were able to deactivate 95 % of the E. coli in just 60 seconds [26].
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Different aspects had been taken by Seul el al. in 2021 from Korea university such as the
exposure time, stirring speed and volume of water during conducting a study of
disinfecting prepared bacteria like E. coli, Staphylococcus aureus, Bacillus cereus,
Salmonella Typhimurium and Listeria monocytogenes. A 278 nm UC-C LED with a
forward voltage and current of 7.5 v and 20 mA, respectively was fixed at the bottom of
a cylindrical tube with a 15.2 cm diameter and 8.4 cm height. The time of exposure was
from 15 to 60 minutes, and a 10 mL sample was withdrawn every different interval. The
analysis demonstrated that the higher stirring speed and longer exposure time the more
inactivation rate for all the bacteria [27].

Variety of reactors had been designed and created by the university of Taipei in Taiwan
[28]. Wang and Lin in 2021 created four reactors were made using a 3D printer, three of
them with internal tubes with different pitches (10 mm, 20 mm and 30 mm) surrounding
a quartz tube which contained the LEDs mounted on an aluminum rod to provide
sufficient heat dissipation, and the last reactor was just without a tube. 24 278 nm LEDs
with 10 mW optical power at 100 mA current each were their choice, and in each side
of the aluminum rode were soldered 6 LEDs. A pump and water flow meter were
installed to monitor the flow of the water inside the reactors. This study focused on the
effect of the flow rate of the water and spiral pitch in order to disinfect the laboratory
prepared E. coli. The analysis suggested that the 10 mm tube reactor achieved the
highest inactivation rate among the other tube reactors, besides the tubeless reactor
was the most ineffective one to deactivate the bacteria compared by the other three
reactors with tubes due to the lack of mixing effect of fluid particles inside it. Besides
reducing the flow rate from 120 mL/min to 60 mL/min increased the inactivation under
the UV LEDs.
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Figure 15 Flow reactor with different spiral pitches (a) 10 mm, (b) 20 mm, (c) 30 mm and (d) flow-through reactor
[28]

Figure 16 - Image of a flow reactor with a spiral channel using UV-C LEDs [28]

1.4.11 UV light combined with visual light

Using the UV-A and blue light, the center of food and bioconvergence in Korea led by
Kim and Kang in 2021 employed 395 nm, 405 nm, 415 nm and 425 nm over artificial E.
coli, in addition to checking the reactive oxygen species (ROS). Therefore, they created
a black coated chamber from aluminum to block the unnecessary external light and blue
light reflection. A single LED with a heatsink was attached in the upper part of the black
chamber, 4 cm was distance between the LED and the 60 mm diameter Petri dish. A 500
mA constant current driving each LED. All the wavelengths used in this experiment were
able to stop the effect of the E. coli after 70 mJ/cm? at 81 minutes [29]
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Figure 17 - A picture of the aluminum reactor used by Kim and Kang in their experiments [29]

Kim and Kang also conducted another study in 2020 by creating a different water flow
reactor to disinfect lab prepared E. coli. Various numbers of the same LED chip had been
tested 18, 21 and 33 with 280 nm wavelength with a range between 150 mA to 900 mA
operating current. The LEDs PCB were mounted over a heatsink with the dimensions of
6.5 x 19 cm. Over the PCB by 1 cm was placed a quartz tube connected to a water pump
and water flow sensor. The experiment was conducted in two ways, first without placing
anything over the PCB and the quartz tube, and second by adding an aluminum reflector
of over the PCB and the quartz tube. The data revealed that the change of number of
LEDs didn’t make a significant difference, whereas adding the aluminum reflector raised
up the inactivation process 1.5 times compared to the one without the reflector [30].
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Figure 18 - The reactor used by Kim and Kang in their second study. (a) the entire system, (b) UV-C LEDs array

module with or without the aluminum reflector, (C) 33 UV-C LEDs array [30]
As mentioned, the researchers are trying to replace the traditional UV mercury lamp
with UV LEDs, applying variety of different wavelengths over different microorganisms.
Different techniques are being used to archive the highest efficiency in terms of
inactivation the duration of the inactivation process. As a result from the articles, the
most effective wavelengths are in the range of the UV-C and the least is the UV-A for
most of the bacteria. Also, the techniques used and the experiments setup have a crucial
effect on the results, for instance the most powerful technique is the continuous mode
for almost all the bacteria, however the pulsed mode was only effective electrically and
not suitable for all kinds of bacteria. Followed by the combination techniques which was
effective with some microorganisms. On top of that, the distance between the UV light
source and the water has a significant impact on the duration of the disinfection process,
the wider distance between the LEDs and the surface of the water, the longer time
needed to eliminate the effect of the bacteria. And lastly but not least, mixing the water
during the deactivation process leads to decrease in the disinfection process time.
Finally, the turbidity is one of the most important parameters in the disinfecting process
and it can make the disinfection process takes much longer time or even make the
inactivation process unreachable.
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Chapter 2:0Objectives

General objective

Then main objective of this PhD thesis is to explore the potential of UV-LEDs to disinfect

the real effluent of a wastewater plant by designing, manufacturing and testing a

novel prototype based on UV-LEDs. This prototype could be implemented in the tertiary

treatment stage of wastewater plants, allowing a safe reuse of the effluent for new uses

according to the Spanish legislation (agricultural, industrial, etc.) thus reducing the

environmental impact of conventional technologies.

Specific objectives

1.

To design and manufacture novel prototype at laboratory level that disinfects
the raw water within a Petri dish of at least 60 mm diameter, studying the optical
characterisation of the UV-LEDs, the electronic PCB design and arrangement of
UV-LEDs, the cooling system and the total UV irradiance.

To determine the optimum UV-LED wavelength for inactivation of each of the
studied microorganisms (Escherichia coli, Enterococcus faecalis and Clostridium
perfringens) using real environmental strains from the effluent of the municipal
wastewater treatment plant of Linares.

To determine the UV dose for inactivation for each microorganism and
wavelength (time of exposure and UV irradiance).

To analyse the transmittance losses of the UV-light from the LEDs through the
water to determine a maximum water depth along with the effect of turbidity.

To verify the law of reciprocity for water disinfection using UV-LEDs. High power
and low power UV-LEDs will be used for treating wastewater with the same UV
dose. Microbiological content (Escherichia 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.
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Chapter 3: UV-LEDs reactor prototype: Design, fabrication and
set-up

3.1 Prototype design

The UV-LEDs reactor prototype design proposed for this PhD thesis follows the
schematics and geometry of the most used reactor type in the scientific literature for
starting works on UV-LEDs, as it is flexible and allows for measurements of multiple
parameters easily (irradiance, transmittance losses in water, LEDs temperatures, etc.),
as well as for variations on the experimental conditions (LEDs wavelengths, optical
power, etc.) [1-13]. As it is shown in Figure (1), it consists of a set of UV-LEDs connected
in a PCB board that illuminates the area of a Petri dish containing the raw water (water
to be treated). Since the power density of the UV-LEDs decreases gradually with the rise
of temperature, it is necessary to use a heatsink with active cooling to maintain the
temperature and so the stability of the power density. A heatsink with a fan was
attached to the LEDs PCB boards using thermal paste for the interface surfaces. For the
experimentation, the UV-LEDs are placed at a certain distance above the water surface
in the Petri dish.

Heatsink
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Magnetic stirrer

Stand

Figure 1 - Experiment set-up showing the scheme for wastewater exposure to UV-LEDs.

The key point of the prototype design is the electronic interconnection of the UV-LEDs
in the PCB board and its soldering. In the next section we describe it thoroughly.
3.1.1 UV-LEDs characteristics and PCB design for interconnection

The conventional industrial mercury-based UV lamps are easy to install and operate,
since they come with their terminal connectors or can be brought separately. However,
this is not the case with the UV LEDs as they need to be placed on an electronic board
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designed according to the electronic specifications of the LED itself and the designed
interconnection in a group.

Regarding the material of the printed circuit board or PCB for short, a wide variety of
electronic boards are available from different materials, but the most common ones are
FR4 which contain fiber glass epoxy panel between its conductive layers for isolation.
Another option is the aluminum PCB, which has larger thermal heat dissipation but with
higher costs and only one conductive layer. On the contrary to the FR4 that can be built
with up to 12 or 14 conductive copper layers. In figure (2), a clear demonstration for the
cross section of the FR4 board(left) and the Aluminum(right).

Silkscreen — - B Silkscreen
-« C Copper layer
é]‘op copper layer \

Thermal dielectric layer

<«— Substrate(FR4) €— Substrate(Aluminum)

( Bottom copper layer
Silkscreen

Regarding the UV-LEDs, they can present two different structures: first is the LED with
through hole leads (TH), where these leads should be soldered from the other
conductive layer of the electronic board. The second type is the Surface Mounted Device
(SMD) which is soldered directly on the copper layer where it is laying on.

<€— TH electronic component lead SMD component \
/ Via
Component solder/
joint
- =
T Solder joint

SMD components come in many different footprints, so this is why a special PCB design
is needed for each type of SMD LED. In every single LED datasheet there is a
recommended footprint to eliminate the possibility of short circuit the LED during the
soldering and then operation. For that reason, LEDs footprints are a crucial part during
designing the PCBs. In figure (4) we can observe the actual footprint of a SMD LED (back
view), and the recommended footprint for the same SMD LED in the datasheet in figure

(5).
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Unit : mm

Weight 1 40mg

Tolerance : k02
36 : ) 224 _ Anode

3.6

3.1

9 ) y.5 L O B [
: /. 039x01] | 4 -
/ ® ——@ ©® N
@ (Cathode mark)
Top view Side view Back view

Figure 4 - The 3-views of a SMD LED

Recommended pad - — N~

40 = Tolerance : £0.2
36
3.0
1.1
0.5

I:I Recommended pad
% Recommended stencil pattern

6
3.0
1.0
0.5

MO

F

Figure 5 - The recommended footprint of a SMD LED datasheet

The main objective for designing the UV-LEDs configuration within the PCB is that they
are arranged in the board according to their optical characteristics so they ensure
homogeneous illumination on the Petri dish that contains the water to be treated. The
Petri dish diameter is 55 mm, so depending on the type of LED (size, optical power) a
different number can be required as well as a specific arrangement to comply with the
needed illumination characteristics. Figure (6) show different possible arrangements for
low-power UV-LEDs (1-2 mW) and medium-power UV-LEDs (50-60 mW):
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Figure 6 - LED arrangement according to how many they are and the diameter of the Petri dish
Design of the PCB using electronic design software: Orcad and Easyeda.

Both Orcad and Easyeda PCB design programs were used to design the footprints and
the PCBs of the project. Here we are describing and illustrating an example of design
using Easyeda for designing the board containing four UV-LEds of 50 mW at 275 nm.

Easyeda “www.easyeda.com” is an online platform for designing PCBs. By opening the

website, signing up and logging in, the welcome screen will show up as in figure (7).

C @ easyeda.com/editor# =] 20 Q- » =0 M o:
GO EasyEDAsT File Advanced Setting Help Desktop Client Search tutorial. open source projects etc. Ja 0 oo~
B Bs
= All Projects( ¢ Start
B
prowet | Filter
A Kamialiio Standard Mode ‘Change to Simulation Mode " Message
ﬂ 4 5 Joined
Commonly
Library O Favorite Quick Start
Q Hi, EasyEDA F
Ly (o0} °
New Project Try Pro Edition
(] ® [News] Whats news in v6 518
Lcsc 3>
Parts
Rorchilp ® [Extension] User Extensions for
oz EasyEDA Summary >>>
e
ALcecs B u @ :ﬁ[vmeo] EasyEDA Tutorials.mp4
Tutorials Videos User Forum
@ @ [File] EasyEDA Tutorials.pdf >>>
Support
@ [File] EasyEDA Footprint Naming
Rule Reference.pdf >>>
& Welcome to Use EasyEDA
Explore
Recycle
Bin > >
Figure 7 - Welcome screen of Easyeda online platform
Now, a new project should be created, from the upper left menu bar in

File>New>Project or by right click the account name and select New Project.
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(¢ 8 easyeda.com/editor# G @ easyeda.com/editor#
AsTD File Advanced Setting Help Desl EasyEDAsto File Advanced Setting Hel Desktop Client
GO EasyED 3 :
= me e me CICEENCTTTN
&3 Open » 2
All Projects(1 ¢ Start '{_D Schematic
B == 2 File Source & PCB
Project Filter Project Filter
Standard Mode | Standarc = >
andar ode e F] andarc s
B £} Fooiprint
ﬁ 4 4 Joined Spert i Eiojects 4 55 Joined B 3D Model
Commonly . Commonly - ice Sy
Library ||+ O Favoril art Library .+ < Favorite Quick Star I Spice Symbol
New Folder.
Collapse / Expand» ED Schematic Module
=
%% Refresh List @ . & PCB Module
Library q Library 2
New Project Try Pr] New Project Try Pro Edition
Lesc Lcsc
Parts Parts
More Help More Help
3 3

Figure 8 - Creating new project

A creating new project window will pop up where the name and the description of the
project can be written and saved like in figure (8), then a schematic page will appear, by
right click the project folder on the left menu New PCB we can create a layout page as
in figure (9).

Create New Project X

Folder: &, Kameluo

Title: ‘ Project-1

Path: project-1

Description

= D

Figure 9 - Naming the saving the project
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Design
Manager
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[Commonly
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JLCPCB

@

Supgort

Recycle
8in
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The layout page will appear and a window will ask for the dimenstion of the PCB, but we
will leave it for now like it is and click Apply.

@EOSYEDA:", File Edit Place Format View Design Route Tools Fabrication Advanced Setting Help Q ﬂ Kameluo ]
B R Q3 & @@Q@@& w3 Vo HREE ES<
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= 2 Snap Size il
= PCB_powerL 00N
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Lesc Sheet_1
Parts Btest Other
Wi
4 8 Joined Routing Width | 10.000mil
i
== RoutingAngle | Lined5° v
JLCPCB
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@ Remove Loop | Yes v
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Mouse-X
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Electronic component library Project-1

g

Sch. | LaZ

Electronic compghent 1

Sch. Lay.

Electronic component 2

- .

Figure 12 - The file structure in Easyeda

Before we create the PCB schematic and layout, the schematic and layout of every
electronic component should be created and saved in the library, so the library of any
component can be called from any project. So, to create a new component schematic
and layout which in our case is the SMD LED, we go to the File>New>Symbol. New
symbol page shows up as shown in figure (13) and by using the Drawing Tools we can
create the symbol of the LEDs.

C & easyeda.com/editorid=cccd0b3f53fad7fc81b343e9f2bedc12|ecId172ed83bA30f8b2a502cada751cT e % 0@ B Gg-:= »=0 ;M o
GOEasyEDAsT File Edit Place Format View Tools Advanced Setting Help o € Kameow
B 0 Q= @ag R R S

AllProjects(12) | ¢ Stat | B3 Project-1 % PCB_Project-1 ¥ *New_Symbol Selected Objects 0
ﬁﬂ N |-400 |-300 |-200 . " 100
Promet | Filter 5 (il 2 L g . : ;i Sl il || +Canvas Properties
= Background
4 2 Kameluo Drawing Tools = = HREEREE:

£3 board-led1 Visible Grid Yes v

3 circuit3-TLC59. == otn é NE>TY
Commonty e , Grid Color #cceeee
ey  ledBoard1 O>>o0ocRE T

£ ledBoard2 A Grid Style line v
@ = ledBoara3 Grid Size 10
Library ) ledBoard4

EiPowerlED = Snap Yes v

) PowerLED2 e =
163] ) powerLEDS
LosC = Alt Snap 5
Parts £
= Custom Properties
PCB_poveerL. & P
.7‘9 4 3 Project-1 AddIntoBOM  Yes v
JLCPCB :gsheeu Convert ToPCE | yes %
Name
Footprint
Support
Pre u?
Supplier Unknown v
Supplier Part
Recycle Manufacturer
Bin
it Manufacturer .

Figure 13 - The symbol page where the LED symbol will be drawn

After we create the symbol of the LED the lead must be numbered to map the anode
and cathode of the schematic symbol to the anode and cathode of the layout symbol.
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Then the right menu should be full filled since the symbol page will be connected later

to the layout page of this specific component.

2 oo el U280P17d21B210c
il 280n

- 80nm
L 3386P_L3386P

@ Inductor

Heatsink
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Recycle
H Connector -

After that we have to create the LED footprint by going to the same menu
File>New>Footprint. And by following the recommended dimensions in the datasheet
of the LED like in figure (15), we create the footprint. Also, the right menu should be
filled by the needed data and the most important is the name as it will be connected to

the symbol page as mention previously.

* Recommended Soldering Pad Pattern

. 8.4
_ 4.2 _ 2
e
A
M
b
ij ~
W

(M Unit: mm)
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By getting back to the symbol page, in the right menu the footprint field should be filled

by the layout name to connect the LED symbol to the LED footprint, there will appear a
really important window which is called Footprint manager, this window is responsible
to map the terminals of the symbols to the terminals of the footprint of the LED. In other
words, the anode of the symbol must be the anode of the footprint and the same for

the cathode terminal.
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Project
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After saving the LED symbol and footprint pages in the library, the LED can be used in
any project. And according to the design, the schematic of the PCB will be drawn as seen

in figure (18).
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Figure 18 - PCB schematic design

In the layout page we place and align the electronic components according to our needs,

for example we set the dimension of the PCB bigger than the dimensions of the heatsink

in order to have a free space to solder the connectors and jumpers. Also, the track

thickness in the PCBs must be designed to carry the needed current going through it.

There are many different rules and programs to calculate this, but the most common

tool is “Saturn” and by selecting the Conductor properties tab the track thickness can

be checked by entering the desired current as shown in figure (19).
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g Saturn PCB Design, Inc. - PCB Toolkit V8.06 - www.saturnpcb.com
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Figure 19 - Checking the track thickness using Saturn program

After finishing the layout design of the PCB, the Gerber file should be created and sent
to any PCB manufacture or it can be printed to create the PCB manually in the laboratory
using the chemical method.
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Figure 20 - PCB layout design

Also, the program has the feature of viewing the PCB in 3D in order to have a visual
inspection of the components over the PCB.
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Figure 21 - 3D view of the PCB (front side)
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Figure 22 - 3D view of the PCB (back side)
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Finally, a total of 5 PCB boards were designed:

1) Board containing 11 UV-LEDS of 265 nm and 1.6 mW optical power

215mm |
73-\- 2070

V3.2

l‘Js‘ [ | ey § P
’_H,.”
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4) Board containing 4 UV-LEDs of 265 nm 50 mW optical power

H1-¥2Z-69236N3Z
wuggz LA-0L0¥d
s3jUaN W—PWOY

5) Board containing 4 UV-LEDs of 275 nm 50 mW optical power
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3.1.2 Manufacturing: UV-LEDs soldering process onto the PCB board

To manufacture the UV-LEDs PCB boards, first it is required to manufacture the PCB
board and then to solder the UV-LEDs onto the board. The final PCB with UV-LEDs is then
attached to a heatsink and ready to be mounted on the final set-up.

3.1.2.1 Manufacturing of the PCB board using the chemical method

Once the design is finished, the layout of the board must be saved in PDF format with
the actual size and printed on a special paper. Then the PCB should be cut according to
the dimension of the design. By aligning the paper on the PCB and applying UV light on
top of it, the ink in the paper will be transferred to the PCB. Finally, the etching process
which main purpose it removing the unnecessary copper on the PCB by placing the PCB
in a chemical solution (ferric chloride).

Figure 23 - Printed design on Glossy paper
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Figure 24 - UV light exposure device
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a) PCB

Copper layer
FR4 substrate—»

b) W17,
7 I\ \
Glossy paper —
c)
d)
e)

Figure 25 - Fabricating the PCB using the chemical method. A) PCB, b) Applying UV light over the glossy paper
where the design is printed, c) Transferred design over the copper layer, d) Applying ferric chloride to remove

unnecessary copper(etching), e) Final PCB with tracks on it
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3.1.2.2 Manufacturing of the PCB board by a manufacture

If we want to fabricate the PCB in a PCB manufacture, the Gerber file has to be sent to
the manufacture website. In our case we sent the Gerber file to a Chinese manufacture
called “JLCPCB”. By following the demonstrated example using EasyEDA, we generate
the Gerber file by going to Fabrication menu>PCB Fabrication file (Gerber) as shown in

the figure.
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Figure 26 - Generating the Gerber file for the circuit

A window will appear to confirm the action, and by clicking Generate Gerber the Gerber
file will be downloaded on the PC.
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Generate PCB Fabrication File(Gerber) ¢
Layers: 2
Dimensions: 130mm x 100mm
PCB Qty: 5 v
PCB Color: Green v
Manufacturer: JLCPCB
Build Time: 1-2 days
PCB Price $0.9

UBe( 3p Pepisanf)

| Gerber view | | L Generate Gerber I "o One-click Order PCBISMT @)

Figure 27 - Downloading Gerber file

By opening the JLCPCB website www.jlcpcb.com and clicking Instant Quote, the Gerber
file can be added.

—~
JeLc JIL. CPCB Why JLCPCB?  Capabiliies  Support  Resources Ordernow  Myfle  Kamsluo @
PCB Charge Details ~

Special Offer o7
“ia Covering €000
Surface Finish €0.00
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Calculated Price
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Lo ; i
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Shipping Estimate £2458
PCa Qty 5 w
DHL Express Worldwide 2-4 business Welcome back
Product Type stnial/Consu s Agrospace Medical
Write a messag
Different Design 2 3 4
Delivery Format Panel by Customer Panel by JLCPCB

Figure 28 - Adding the Gerber file to the website
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After adding the Gerber file to the website, the desired features should be chosen, such

as Base material which is the substrate type, the quantity of the boards wanted from

PCB QTY, PCB thickness, PCB Color, Silkscreen, thickness of the copper layer form Outer
Copper Weight, and much more features.
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Figure 29 - JLCPCB fabrication features

After selecting the wanted features, the design should be saved in the cart and ordered.
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Figure 30 - The actual PCB

3.1.3 UV-LEDs soldering process onto the PCB boards

In the datasheet of every LEDs there is a recommended soldering pattern that should be
followed by the user using a PCB soldering oven. That pattern consists mostly from 3
different stages, first stage is the preheating where the PCB gets warm for around 100
to 130 seconds at a range of 150°C to 180°C. Second stage is the soldering stage which
is responsible of the actual soldering process of the LED over the pad in the PCB itself at
around 260°C. Lastly is the cooling down stage.

In figure (31), a solder pattern from one of the LEDs used in our research. As it can be
seen the different stages with the recommended temperature for every one of them.

Peak Temperature (Soldering)
260°C MAX.
+1.5t0 +5°Cls -1.5t0-5C/s
230°C MAX.
[ 120sec MAX. |

( Pre-heating)

150°C to 180°C

/ 40sec MAX.

A 4

Figure 31 - Soldering pattern for a Stanly LED
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Another consideration needs be taken is the soldering paste used in the process, there
are two common types of solder paste, one contains lead and the other is lead-free. The
lead-free solder paste is environmentally friendly, however it needs more temperature
and time to be liquified compared to the one with lead, around 50°C more. Soldering
with lead-free solder paste is more challenging and for these first prototypes
conventional soldering has been used, although the objective is to move to lead-free
soldering in the next stages. As displayed in figure (32), there is a difference between
the soldering pastes and the recommended temperature should be followed during the
process.

Profile Feature Sn-Pb Eutectic Assembly Pb-Free Assembly

Average ramp-up rate (Tsmax to Tp)

3° C/second max.

3° C/second max.

Preheat

- Temperature Min (Tsmin)
- Temperature Max (Tsmax)
- Time (Tsmin to Tsmax) (ts)

100 °C
150 °C
60-120 seconds

150 °C
200 °C
60-180 seconds

Time maintained above:
- Temperature (TL)
- Time (tL)

183 °C
60-150 seconds

217 °C
60-150 seconds

Peak Temperature (Tp)

215°C

260°C

Time within 5°C of actual Peak
Temperature (tp)2

10-30 seconds

20-40 seconds

Ramp-down Rate

6 °C/second max.

6 °C/second max.

Time 25°C to Peak Temperature

6 minutes max.

8 minutes max.

Figure 32 - Solder paste with lead vs. lead-free from SeoulViosys LED manufacturer

Therefore, a PCB oven was used in the LED soldering process in the project. NeoDen IN6
PCB reflow oven with three stages and internal temperature sensor to ensure full control
of the heating chamber. It can reach the optimal temperatures in just 15 minutes.
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Figure 33 - NeoDen IN6 PCB oven

In order to start the process, the PCB oven should be switched on and prepared by
leaving it till the green strip indicator turns on.

Mzodzn

Figure 34 - Green strip indicator

Then the 3 stages of the PCB oven should be set and saved in the oven system, every
single stage has an upper and lower heater. The soldering temperature of every stage
and the time needed had been set using the datasheets of the LEDs and the practice.

46



Chapter 3:UV-LEDs reactor prototype:
Design, fabrication and set-up

CONFIRM

Figure 35 - Temperature stages setup and saving profile

Once the saved profile has been selected, the confirm icon should be clicked using the
OK button, and the white LED turns on indicating that the oven is heating up the three
stages. This process can take up to 5 minutes and once the oven is ready, it will turn on
the green strip and give a beeping sound.

SAVE LOAD

ramet e then press
0E> to start/stop heat

Figure 36 - The heating process started

One of the features that this oven has is that can display the live temperature of the PCB
during the soldering process. It comes with a thermocouple temperature sensor which
can be placed over the PCB using Kapton tape and its terminal must be connected to the
temperature sensor socket next to the opening.

Figure 37 - Temperature sensor socket and the thermocouple temperature sensor
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After applying the leaded solder paste and placing the LEDs, a thermal kapton tape used

to fix the thermocouple sensor over the PCB. And by clicking the GRAPH icon on the
screen, the real temperature of the soldering process can bee seen.

Figure 38 - Placing the thermocouple sensor on the PCB

By checking the datasheet soldering pattern and the actual graph from the oven we can
observe that they are similar.

-}
°©

S SR, . .. Critical Zone|
N

=

—~
~

Temperature =

fe————————— 1t 25°C to Peak

Figure 39 - Compression between the recommended and the oven temperature graph

The soldering quality using the leaded solder paste and the oven was accurate and

precise in all the PCBs. After that the rest of the electronic components were soldered
by the manual soldering station.

48



Chapter 3:UV-LEDs reactor prototype:
Design, fabrication and set-up

Figure 40 - Some of the PCB of the project, in the first row are the small power modules, (275 nm ,310 nm and
265 nm). In the second row are the medium power modules (265 nm and 275 nm).

3.1.4 Set-up

Once the PCB boards with the UV-LEDs are ready, they are attached to a heatsink with
afan, and the heatsink itself is physically connected to the stand using an aluminum bar
to adjust the high of the module over the Petri dishes. Beside the heatsink is the
Raspberry-pi to run the experiments and save the data. The PCB terminals were
connected to the desktop power supply and also a thermocouple temperature sensor
was attached to the PCBs during the experiments to monitor the operating temperature
using the Fluke 179 multimeter. Also, a magnetic stirrer was placed under the Petri dish
to provide a proper mixing of the sample wastewater during the experiments.
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_-UV-LED PCB

Figure 41 - Experiment set-up showing the scheme for wastewater exposure to UV-LEDs and a real image during
experimentation.

3.2 Precautions

UV light specially UC-C can cause temporary or permanent loss of vision, and redness or
ulceration (mild to severe sun burn) to exposed skin [14-15]. That is why precautions
was followed during testing the PCBs and the conducting the experiments. A special face
mask was used to protect the eyes and the entire face, and also gloves.

Figure 42 - Protection gloves and face mask used during the entire project
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Chapter 4: Summary of results

In this chapter we present a summary of the main results and their connection with the
PhD specific objectives.

Objective 1. To design and manufacture novel prototype at laboratory level that
disinfects the raw water within a Petri dish of at least 60 mm diameter, studying the
optical characterisation of the UV-LEDs, the electronic PCB design and arrangement of
UV-LEDs, the cooling system and the total UV irradiance.

This work was conducted mainly under Chapter 3 and the publication 1 (‘Deactivating
environmental strains of Escherichia coli, Enterococcus faecalis and Clostridium
perfringens from a real wastewater effluent using UV-LEDs’), and was improved in
Annex B and the publication 2 (‘Analysing the reciprocity law for UV-LEDs in water
disinfection of Escherichia coli, Enterococcus faecalis and Clostridium perfringens’). In
the first publication, it is explained the design of the experiment reactor which consists of
the propriate UV-LED board attached to heat sink and fan for heat dissipation using an
aluminium bar to adjust the hight over the sterile plastic Petri dish containing the raw
water to be treated. The readings of the forward current, voltage, optical power density
and PCBs temperature were recorded manually.

In the second publication, a raspberry-pi-3b development board was used with a current-
voltage module, optical power density and temperature sensor to control and monitor the
experiment automatically by setting the duration of the experiment and saving the
measurements in an excel file (figure (1)).
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Figure 1 - Experiment setup and saved measurements
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Objective 2. To determine the optimum UV-LED wavelength for inactivation of each
of the studied microorganisms (Escherichia coli, Enterococcus faecalis and
Clostridium perfringens) using real environmental strains from the effluent of the
municipal wastewater treatment plant of Linares.

This work was conducted in the publication 1. Here the novel manufacture prototypes are
used to treat wastewater from the effluent of the Linares wastewater plant at three
different wavelengths 265 nm, 275 nm and 310 nm. And as observed from the
experiments, the lower the wavelength, the faster the disinfection process as publication
1 mentioned, Escherichia coli, Enterococcus faecalis and Clostridium perfringens are
sensitive to 265 nm and 275 nm wavelengths, and on contrast with 310 nm wavelength
which takes higher UV doses and longer time in order to disinfect the bacteria. In addition,
every microorganism is sensitive to particular wavelengths rather than others, for instance
275 nm wavelength was slightly effective to Escherichia coli and Enterococcus faecalis,
but Clostridium perfringens was deactivated by a higher rate using the 265 nm
wavelength compared to the 275 nm wavelength as shown in the graphs.
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Objective 3. To determine the UV dose for inactivation for each microorganism and
wavelength (time of exposure and UV irradiance).

This work was done in publication 1 and publication 2. The UV dose used for inactivating
the microorganisms are influenced by diverse potential factors which are the turbidity of
the wastewater, the wavelength used in the disinfection method, the initial concentration
of the microorganism and the depth of the wastewater container during the experiment
(which is a 60 mm diameter Petri dish in our case).

For instance, in publication 1 the initial population and the turbidity level for Escherichia
coli using 265 nm, 279 nm and 310 nm wavelengths were 1.4 x 10° CFU/100 ml (12.4
NTU), 7.6 x 10° CFU/100 ml (6.3 NTU) and 3.8 x 10° CFU/100 ml (8.9 NTU)
respectively, and the inactivation UV doses in these cases were 18.4 mJ/cm? UV dose for
50 seconds for 265 nm, 27.3 mJ/cm? of UV dose for 60 seconds for 275 nm and 97.9
mJ/cm? after 180 seconds for 310 nm. The 265 nm and 279 nm have similar effect on
deactivating Escherichia coli, however the higher inactivation for 265 nm wavelength
was suggested to be resulted by the different turbidity values of the raw water during the
265 nm experiment (12.4 NTU for 265 nm vs. 6.3 NTU for 275 nm).

Similarly in publication 2, the initial concentration of Escherichia coli was varying
between 4.4 x 10° and 4.6 x 10° with 8 NTU turbidity level for 50 mW optical power UV-
LED. The UV dose required to deactivate the Escherichia coli was 58 mJ/cm? using the
50 mW 265 nm UV-LEDs for 34 seconds. Whereas 13 mJ/cm? of UV dose for 11 seconds
were provided using 50 mW 275 nm UV-LEDs with 8 NTU turbidity level.

For Enterococcus faecalis in publication 1, the initial population was from 1.2 x 10*
CFU/100ml with 12.4 NTU turbidity level and reached the detection line after 50 seconds
using 18 mJ/cm? UV dose by the 268 nm wavelength. Under the 279 nm wavelength the
initial population was 1.6 x 10° CFU/100 ml and 6.3 NTU, 40 seconds and 18.2 mJ/cm?
UV dose was needed to reach the detection line. Finally, the initial population was 3.1 x
10* CFU/100 ml and 5.4 NTU in the case of using 307 nm wavelength, the final
population of the disinfection process was 4.8 x 10* CFU/100 ml which indicates the
negligible effect of this wavelength in deactivating the Enterococcus faecalis
microorganism.

In publication 2 the initial concentration for Enterococcus faecalis was ranged between
5.7 x 10° CFU/100 ml and 6.9 x 10* CFU/100 ml (8 NTC) using 1.6 mW and 50 mW-
265 nm UV-LEDs. The UV dose was slightly similar, 31 mJ/cm? UV dose for 80 seconds
and 34 mJ/cm? UV dose for 21 seconds for the 265 nm low-power and medium-power
LEDs respectively. For the 275 nm wavelength, 17 mJ/cm? UV dose (40 seconds) and 13
mJ/cm? UV dose (11 seconds) for low-power and medium power UV LEDs respectively.

The total inactivation of Clostridium perfringens in publication 1 using 268 nm was
reached after 360 seconds and 133 mJ/cm? UV dose, starting at 4.1 x 104 CFU/100 ml
(7.3 NTU). For 279 nm the initial concentration was 2.5 x 10* CFU/100 ml (4.8 NTU),
the reached the detection line after 420 seconds and 196 mJ/cm? UV dose. Finally, under
307 nm irradiation and with 4.2 x 10* CFU/100 ml (9.5 NTU), after 600 seconds (10
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minutes) and 326 mJ/cm? UV dose and final concentration was 3.2 x 10* CFU/100 ml
(31% inactivation).

In the publication 2, the initial concentration for Clostridium perfringens was ranged
between 3.2 x 10* CFU/100 ml and 4.9 x 10* CFU/100 ml (4.9 NTU) using 1.6 mW and
50 mW-265 nm UV-LEDs, the inactivation was reached by applying 100 mJ/cm? UV
dose (240 seconds) and 124 mJ/cm? UV dose (70 seconds) for the 265 nm wavelength
low-powered and medium-powered LEDs. For the 275 nm and 10 NTU turbidity level,
159 mJ/cm? UV dose (360 seconds) using the 1.6 mW UV LEDs and the same UV dose
with the 50 mW UV LEDs after 221 seconds.
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Objective 4. To analyse the transmittance losses of the UV-light from the LEDs
through the water to determine a maximum water depth along with the effect of
turbidity.

This was done in publication 2 by testing UV irradiance of two different wavelengths 265
nm and 275 nm with two different optical power 1.6 mW and 50 mW versus the turbidity
and the depth of the water significantly. The results illustrate that these two variables
affect the disinfection process, the UV irradiance losses increases by the high turbidity
and the depth of the container containing the wastewater. 45.6 % maximum UV irradiance
losses was observed using the 275 nm 50 mW UV-LEDs with 0 NTU turbidity level at 2
cm depth, and 73.7 % using the same UV-LEDs with 8 NTU turbidity level at the same
depth.
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0.5cm _.__.)x
em  — 3¢
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2cm - » >
UV Irradiance losses (%) with 0 UV Irradiance losses (%) with 8
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(cm) (2.5 (50 (1.6 (50 (2.5 (50 (1.6 (50

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
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Objective 5. To verify the law of reciprocity for water disinfection using UV-LEDs.
High power and low power UV-LEDs will be used for treating wastewater with the
same UV dose. Microbiological content (Escherichia 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.

In publication 2 reciprocity law for wastewater disinfection was examined using two UV
wavelengths (265 nm and 275 nm) with two different optical power (1.6 mW, 50 mW) to
disinfect three microorganisms (Escherichia coli, Enterococcus faecalis and Clostridium
perfringens). Similar inactivation rates have been calculated for the two optical powers,
with the exception of 275 nm UV-LEDs that showed slightly superior values for the 50
mW LEDs for the case of Escherichia coli and Enterococcus faecalis
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The conclusion chapter of this thesis presents the findings of the research on the use of
ultraviolet LEDs as an alternative method for disinfecting wastewater. The research
demonstrates that ultraviolet LEDs are a viable alternative to traditional ultraviolet
lamps, as they offer a number of advantages such as being less fragile, the absence of
toxic substances, and being available in a variety of wavelengths. Additionally,
ultraviolet LEDs require lower voltage to function, making them easy to use in pulsation
mode which has the potential to lead to lower costs, although this method was not
implemented in the current study. Overall, this research suggests that ultraviolet LEDs
have the potential to be a more efficient and effective in the future, as the costs per UV-
LED decrease.

In publication 1, The experimental findings reveal the efficacy of using UV-LEDs of low
irradiance at various wavelengths (268 nm, 279 nm, and 307 nm) in inactivating diverse
strains of bacteria present in real wastewater effluent. The results indicate that the
wavelength of 268 nm was the most efficient and rapid in terms of bacterial inactivation,
followed by 279 nm. However, the inactivation rate was significantly lower when using
a 307 nm wavelength. As such, it is not recommended for use in disinfecting wastewater
with UV-LEDs due to its high energy consumption compared to the other two
wavelengths.

The data obtained from the experiments indicated the ability to inactivate the three
different bacteria strains (Escherichia coli, Enterococcus faecalis, Clostridium
perfringens) using UV-LEDs at different wavelengths. However, it was observed that the
required UV dose and corresponding time of exposure varied among the different
bacteria strains. Specifically, Escherichia coli and Enterococcus faecalis were inactivated
with a minimal UV dose (18.4 mJ/cm?) and a corresponding time exposure of just 1
minute. On the other hand, C. perfringens required higher UV doses and longer time
exposures of up to 6 minutes. While it is still possible to disinfect this bacteria strain,
further research is necessary to investigate the use of higher powered UV-LEDs which
can reduce time exposures, and thus facilitate the scaling-up of small prototype reactors
to full-size reactors that can be implemented in wastewater treatment facilities.

In publication 2, The reciprocity law has been found to be valid for UV-LED disinfection
using LEDs with wavelengths of 265 nm and 275 nm and two different optical powers of
1.6-2.5 mW and 50 mW. This was determined through testing on three microorganisms
present in the effluent of the Linares wastewater plant, including Escherichia coli,
Enterococcus faecalis, Clostridium perfringens. The inactivation rates were similar for
both optical powers, with the exception of 275 nm LEDs showing slightly better results
with 50 mW power for Escherichia coli and Enterococcus faecalis. However, further
investigation is needed to confirm these findings and consideration should be given to
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the impact of turbidity and UV transmittance on the results, as a 2 cm water depth
resulted in a significant decrease in transmittance.
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Future work:

In the future, the scope of the project is planned to be expanded by

Increasing the volumes of wastewater in the disinfection experiments. This
increase will require the development of new printed circuit boards to cover the
container holding the wastewater and a temperature management system to
accommodate the new printed circuit boards. Additionally, a new electronic
system will be designed to control and monitor the new reactor for efficient and
effective disinfection.

And testing the effectiveness of UV-LED disinfection on a wider range of
microorganisms, including Salmonella and Legionella, which are specifically
targeted by Spanish regulations in regards to their presence in wastewater
treatment systems. This would provide a more comprehensive understanding of
UV-LED disinfection’s capabilities in this context and help to ensure compliance
with relevant regulations (Royal Decree 1620/2007 of 7 December).
Additionally, | intend to investigate the use of more powerful UV-LEDs, such as
those with a power output of 200 mW as they have not been extensively
examined in the field of wastewater disinfection.

Furthermore, in the field of wastewater disinfection utilizing UV-LEDs, there are
instances where bacteria re-emerge post-treatment, so the plan is to delve
deeper into the underlying causes of bacteria reactivation to understand how to
mitigate this phenomenon and develop strategies to mitigate it.

Another area of focus will be to implement the use of Pulsed Width Modulation
(PWM) as an alternative to the continuous mode. PWM involves supplying the
UV LEDs with voltage signals that are pulsed at a specific frequency and duty
cycle. By employing this technique, the effectiveness in deactivating
microorganisms will be determined and also the power consumption during the
disinfection process will be reduced.

Finally, based on the results and insights gained from these experiments, a
portable reactor will be designed and developed that utilizes the most effective
UV-LEDs and is powered by a solar panel system, making it suitable for use in
remote areas where access to electricity may be limited.
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A.1 Publication 1

Ref: Deactivating environmental strains of Escherichia coli, Enterococcus faecalis and
Clostridium perfringens from a real wastewater effluent using UV-leds, Heliyon. U.S.
National Library of Medicine. Available at: https://pubmed.ncbi.nlm.nih.gov/36636203/
(Accessed: January 22, 2023).

Abstract: Environmental bacteria strains are known to be more resistant but studies on
UV-LEDs are scarce, especially for Clostridium perfringens and Enterococcus faecalis.
UV-LEDs of different wavelengths (268 nm, 279 nm and 307 nm) have been used for
treating real wastewater from the effluent of the municipal plant in Linares (Spain), with
real organic matter content, for E.coli, Enterococcus faecalis and Clostridium perfringens
disinfection. Experimental results demonstrate that 268 nm was the most effective
wavelength for inactivation of the three different bacteria strains: E. coli showed an
inactivation rate of 0.561 at 268 nm vs. 0.245 at 279 nm and 0.0029 for 307 nm; E.
faecalis inactivation rate was 0.313 at 268 nm, 0.231 at 279 nm and 0.0023 at 307 nm;
and C. perfringens inactivation rate was 0.084 at 268 nm, 0.033 at 279 nm and 6.9e-4 at
307 nm. In general, 307 nm wavelength showed a significantly lower inactivation rate so
it would not be recommended for practical applications. C. Perfringens required higher
UV doses and longer times to achieve complete inactivation.

DOI: 10.1016/j.heliyon.2022.e12628
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Ref: Analysing the Reciprocity Law for UV-LEDs in Water Disinfection of Escherichia coli,
Enterococcus faecalis, and Clostridium perfringens, Water, vol. 15, no. 2, p. 352, Jan.
2023.

Abstract: The aim of this study is to verify the reciprocity law in the wastewater
disinfection processusing UV light. The optical power UV-LEDs used were 1.6 mW and
50 mW, and the wavelengths were265 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/mIfor 265 nm and
0.047-0.049 cm2/mJ) for 275 nm for the Clostridium perfringens compared with
theother two bacteria. For E. coli and Enterococcus faecalis, the inactivation rate was
almost identical; 0.28and 0.21 cm2/mJ, respectively, using 265 nm wavelength. There
was a slightly better inactivationperformance using the medium-power 275 nm UV-LEDs
of 0.39 cm2/mJ and 0.29 cm2/mlJ for E. coliand Enterococcus faecalis, respectively, and
0.33 cm2/mJ and 0.26 cm2/mJ using the low-power 275 nmUV-LEDs. The analysed data
justify the reciprocity law for UV-LEDs disinfection using 265 nm and275 nm UV-LEDs
with two optical powers of 1.6 mW and 50 mW.

DOI: 10.3390/w15020352
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Annex B. Monitoring system using open hardware and software —
Raspberry Pi

A Raspberry-pi-3B was used to control the entire system and also to save the
experiments data on an Excel file as seen in Figure (5), like voltage, current, time and
temperature. A power switch “N-MOSFET(IRF3205)” was driven by the Raspberry-pi to
start and end the experiment in a certain time using python code. In addition to a
module “INA219” was measuring the voltage and current of the PCBs during the
experiments.

Also, the optical power density was measured using “LT2400” optical sensor and was
connected to the Raspberry-pi via USB.

As shown on Figure (1), The “INA219” was connected using the SDA and SCL pins (pin-3
and pin-5) in the raspberry pi and finally the radiometer was connected using the USB
connection as it can be seen in Figure (3). In addition of controlling a N-
MOSFET(IRF3205-55V-75A) to be able to switch on and off our load in the experiment
using pin-33. The pin out of the raspberry-pi can be checked in Figure (2) and the whole
system can be check in Figure (3) and Figure (4).

NA219 curmnt and
N-MGS RB20S e modole

Power supply

...................
...................
-------------------

---------

PCE modude

= Radiome ter-
=3 connactedtoush port

Svpove r supply Screen connectedto
connected HMDIport

Figure 1 - Monitoring system schematic
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Figure 2 - Raspberry-pi pin out

Figure 3 - The monitoring system
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A Python code was written in order to control all the hardware and save the sensors
data on an Excel file on the Raspberry-pi. The code is separated to libraries, variables
and functions.

Many python libraires were used in order to run the experiments without experiencing
any delay from the code execution.

from datetime import datetime

import time

import schedule

from schedule import every, repeat, run pending
import sys

“_datetime” and “time” libraries were used to set the date and time during the
experiment. “schedule” and “sys” used to run, repeat and stop executing the code
during the experiments.

import busio

“busio” library was used to activate the 1-wire protocol in order to obtain the
temperature measurements from the digital temperature sensor.

from board import *

“board” library used to control the hardware as well as the communication protocols
on the Raspberry-pi such as the 12C.

import RPi.GPIO as GPIO

“RPi.GPIO” was used to control the OUTPUT GPIO pins of the raspberry-pi, in our case
it was needed to control the N_MOSFET “IRF3205”, the OUTPUT voltage of the pin is
3.3V.

from adafruit ina2l19 import ADCResolution, BusVoltageRange, INA219

The “adafruit_ina219” was used in obtain the voltage and current from the “INA219”
module connected to the Raspberry-pi.

import xlsxwriter as xw

“xlsxwriter” was used to create and insert all the sensors measurements in an EXCEL
file.
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import serial, string

“serial” and “string” were used to make the serial communication with the radiometer
awn

import thread

“_thread” library was really important in order to communicate with the temperature
sensor and the radiometer on 2 different cores since they are slow. 3 cores were used
in the code. The Raspberry-pi has 4 cores.

from wlthermsensor import W1lThermSensor, Sensor

“wlthermsensor” was used to communicate with the temperature sensor “DS18B20”
and to change the resolution if needed.

In order to save the measurements continuously from the sensors, variables were
declared.
RadioOutput=""

Declaration for the radiometer OUTPUT value.

RadioFlag=True

Boolean Flag to check if the radiometer will be used in the experiment or not.

testDuration=0

The test duration entered by the user in seconds.

testIntervals=1

Setting the time interval to get the measurements every 1 second.

i2c_bus = board.I2C()
ina219 = INA219(i2c bus,0x41)

ina2l19.bus_adc resolution = ADCResolution.ADCRES 12BIT 32S
ina2l19.shunt adc resolution = ADCResolution.ADCRES 12BIT 32S

ina219.bus voltage range = BusVoltageRange.RANGE 32V

Declaring the instance variable of the voltage-current module “INA219” and setting its
address, resolution and voltage range so that the raspberry-pi communicate with it
through the 12C communication protocol. I12C is a synchronous communication protocol,
so the output of bits is synchronized to the sampling of bits by a clock signal between
the master (Raspberry pi) and the slave (INA219 module), and the clock signal is always
controlled by the master.
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sensorl = WlThermSensor (sensor type=Sensor.DS18B20, sensor id="041770da4dff")
sensorl.set resolution(10)
temperatureThreadOutput=0.0

Declaring the variable of digital temperature sensor “DS18B20” and setting its resolution
and initial value.

GPIO.setmode (GPIO.BCM)
GPIO.setup (13,GPIO.OUT)
GPIO.setwarnings (False)

Setting the GPIO pins mode to control the GPIO pins, setting the pin13 as an OUTPUT
pin to control the N-MOSFET and lastly setting the warning of the GPIO pins off because
if it is on the warnings will stop the execution of the code during the experiment.

outputMeasurmentsList=[]

experiment creating the list used to save the measured data.

finishFlag=False

Creating a finishing Boolean flag in order to stop the execution of the code after finishing
the experiment.

excelFileName=""

Declaring a variable to set the name of the EXCEL file where the measurements data will
be saved. This variable will be set by the used.

Functions are written to specify the functionality for every single part in the
experiments.

def temperatureThread() :
temperatureThreadOutput=sensorl.get temperature ()

This function used for setting the temperatureThreadOutput variable, and to obtain the
temperature measurement from the digital temperature sensor “DS18B20” and save it
in the temperatureThreadOutput variable.

def radioThread() :
ser=serial.Serial ('/dev/ttyUSB1',115200,8,'N',1,timeout=1)
ser.write(b'gi\r")
time.sleep(0.5)
output=ser.readline ()
RadioOutput=str (output, 'utf-8")
ser.flush ()
ser.close ()

“radioThread” function was used to setup the “RadioOutput” as a variable, set the serial
communication parameters such as the name of the USB port, communication speed
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and timeout which are recommended in the radiometer service manual. By sending

“gi\r” to the radiometer and waiting for 0.5 seconds, the measurement can be read by

the raspberry-pi and saved in the “RadioOutput” variable, and at the end the serial
channel should be flushed and closed to get ready for the next call.

def createAndAddDataToExcelFile (excelFileName, outputMeasurmentsList) :
# Createing Excel file
workbook = xw.Workbook (excelFileName+ "-" +
datetime.now () .date () .strftime ("$d-%Sm-%Y") +".xlsx")
worksheetl = workbook.add worksheet ()
worksheetl.write (0,0, "Time")
worksheetl.write (0,1, "Intervals")
worksheetl.write (0,2, "Current")
worksheetl.write (0,3, "Voltage")
worksheetl.write (0,4, "Temperature")
worksheetl.write (0,5, "Power Density W/cm2")
# worksheetl.write (0, 6,"Power Density mW/cm2")
# Inserting data to the Excel file
existingWorkingSheet = workbook.get worksheet by name ("Sheetl")
itemCounter=0
while itemCounter < len (outputMeasurmentsList) :
measurmentValue=0
while measurmentValue < len (outputMeasurmentsList[itemCounter]) :
existingWorkingSheet.write (itemCounter+l, measurmentValue,
outputMeasurmentsList [itemCounter] [measurmentValue])
measurmentValue += 1
itemCounter += 1
workbook.close ()

“createAndAddDataToExcelFile” function was used to save all the measured data
during the experiment in the outMeasurementslList and save it in an excel file named
by the user.
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def startButtonFunction() :
global RadioOutput
global temperatureThreadOutput
global testDuration
global finishFlag
global excelFileName
global testIntervals

GPIO.output (13, GPIO.HIGH)
@repeat (every () .second)

def runCode () :
_thread.start new thread(temperatureThread, ())

_thread.start new thread(radioThread, ()) if RadioFlag==True else None

bus voltage = ina2l19.bus voltage
shunt voltage = ina2l19.shunt voltage

current = ina2l9.current
Voltage = "{:.2f}".format (bus voltage + shunt voltage)
Current = "{:.2f}".format (current)

outputMeasurmentsList.append ([datetime.now () .strftime ("$T:%M:%S"),
len (outputMeasurmentsList), Current, Voltage, temperatureThreadOutput,
RadioOutput.replace('\n','"').replace('\r',"'"').replace("'","").replace ('
1)

if len (outputMeasurmentsList) >= testDuration:
PEILAE (Vemmmmmmem==e LD QLi-=—s—s=s=== ")
finishFlag=True
GPIO.setmode (GPIO.BCM)

GPIO.setup(13,GPIO.OUT)
GPIO.setwarnings (False)

GPIO.output (13,GPIO.LOW)

GPIO.cleanup ()

createAndAddDataToExcelFile (excelFileName, outputMeasurmentsList)
outputMeasurmentsList.clear ()

schedule.cancel job (runCode)

schedule.clear ()

print ("End test")

sys.exit ()

“startButtonFunction” is the function which sets the time, starts executing the code,
turns on and off the GPIO, takes the measurements form the sensors, saves the
measurements in the list and after finishing the experiment it calls the
“createAndAddToExcelFile” function and finally stops the execution.
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while finishFlag==False:

excelFileName = input ("Input the excel file name: ")
answer = input("Are you going to use the radiometer? yes or no: ")
if answer=="no":

RadioFlag=False

RadioOutput="Not-Connected"
elif answer == "yes":

RadioFlag=True

testDuration = int (input ("Input the test duration in seconds: "))

startButtonFunction ()
while finishFlag==False:
schedule.run pending ()

And lastly, the main function in the entire code, it asks the user about the name of the
Excel file, if the radiometer will be used or not and the duration of the experiment in
seconds. After that it calls the “startButtonFunction” to run the experiment.

In some experiments which had high voltage LEDs “more than 32 volts”, the voltage
current module was discarded from the experiment due to its limitation and the voltage
and current reading were obtained from the power supply manually.
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Chapter 6: Introduccién

La funcién principal de las depuradoras es eliminar las sustancias nocivas de las aguas
residuales antes de verterlas al medio ambiente. Desde objetos mas grandes como
piedras o palos (u otros objetos similares) hasta los microorganismos finales como
bacterias, que se reducen o eliminan por completo del agua. Una cuestion importante
en el funcionamiento de las plantas de aguas residuales es el gran consumo eléctrico y,
lo que es mas importante, el hecho de que alrededor del 30 % al 50 % del consumo total
corresponde a las operaciones de funcionamiento y mantenimiento, que son procesos
permanentes.

Figura 1 - Depuradora de Linares

En general, las instalaciones de tratamiento de agua de una depuradora constan de
varias etapas. La primera se llama “Pretratamiento” y es donde los objetos mas grandes,
como piedras, ramas, pldsticos, ropa, etc., que pueden producir problemas de
funcionamiento y mantenimiento en la maquinaria, son eliminados. Posteriormente se
realiza el proceso de eliminacion de arenas y grasas. El siguiente paso es el denominado
“Tratamiento primario”, cuyo objetivo principal es la eliminacién del 50 % de los sélidos
suspendidos y del 20 % de la demanda de oxigeno bioquimico (DBO). Para este
tratamiento se utiliza la sedimentacion y un tratamiento fisico-quimico (coagulacion +
floculacion).

La sedimentacidn se realiza en un tanque cilindrico dividido en tres zonas: la primera es
la zona de afluencia donde el agua entra al tanque de sedimentacién por el centro, en
segundo lugar, la zona de sedimentacion, donde los lodos sélidos se depositan en el
fondo del tanque y, a continuacion, son recogidos por el colector de lodos, y finalmente
la zona efluente que permite al agua tratada continuar a la siguiente etapa del
tratamiento (Figura 2).
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Figura 2 — Modelo de sedimentacion.

Después de la sedimentacidén, sigue el tratamiento fisico-quimico, que consiste en un
proceso de coagulacién/floculacion. El objetivo principal de este proceso es reducir la
turbidez en el agua, ya que una turbidez menor permite un mayor porcentaje de
desinfeccion. Al afadir un coagulante quimico al agua, las pequefias particulas y grupos
de impurezas se agrupan para formar particulas mas grandes que permiten asentarse
en el tanque por gravedad, como se muestra en la Figura 3.
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Figura 3 — Evolucién del proceso Coagulacién/Floculacién.

A continuacion, el “Tratamiento secundario” elimina el 90% de las particulas
suspendidas, el 70—90 % de la DOBs (25 mg/L) y la Demanda Quimica de Oxigeno (DQO)
debe alcanzar el limite de 125 mg/L [33]. Por ultimo, el “Tratamiento Terciario” es una
etapa de filtrado y desinfeccion usando normalmente luz ultravioleta (UV) o cloracién.
La Figura 4 muestra todas las etapas del tratamiento de aguas residuales en una
depuradora.
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Figura 4 — Etapas del tratamiento de una depuradora de agua.

Como resultado del alto consumo energético, el “Tratamiento Terciario”, que es el
responsable de la mejora final de la calidad del agua hasta su posible reutilizacion,
normalmente no se implementa en las depuradoras debido al coste de inversion,
operacion y mantenimiento (principalmente electricidad). En Espafia sélo es obligatoria
su implementacién en las llamadas “zonas sensibles” de acuerdo a la ley espafiola [34].
Pero la directiva europea (2000/60/EC y 91/271/ECC [35 — 36]) requiere el mejor
tratamiento de aguas posible hasta llegar al vertido “cero”, es decir, con una muy alta
calidad. El hecho de que el agua no esté adecuadamente purificada produce un alto
impacto medioambiental de vertidos en superficies, ademds de la perdida de la
oportunidad de reutilizar el agua que es una fuente escasa.

Los dos métodos principales que se utilizan actualmente en el "Tratamiento Terciario"
son la cloracidn y la desinfeccidon con lamparas ultravioleta artificiales. En cuanto al
primero, la "cloracién", ésta es muy utilizada por su eficacia. Consiste en una
concentracion de cloro mezclado con el agua tratada en una camara donde tiene que
recorrer un largo camino. El agua se desinfecta durante ese tiempo y después de este
proceso esta lista para ser vertida. Sin embargo, se requiere un suministro continuo de
productos quimicos y este proceso también puede producir un numero significativo de
gases toxicos si no se maneja adecuadamente. El método alternativo es el uso de
[damparas ultravioletas artificiales convencionales, que, a pesar de ser muy eficaces y
rapidas, presentan varios inconvenientes: alto consumo energético, un pico espectral
de respuesta centrado Unicamente en la longitud de onda de 255 nm, altos valores de
voltaje para su funcionamiento, y tiempos de arranque relativamente lentos lo que las
hace inadecuadas para funcionar de forma discontinua. El otro problema principal es la
necesidad de sustituir las lamparas cada 6 o 12 meses, lo que aumenta el coste de
funcionamiento. Por otra parte, las ldmparas convencionales contienen mercurio, que
es muy toxico. Las ldmparas necesitan seguir un proceso especial de reciclaje para
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extraer el mercurio y no liberarlo al medioambiente
[2,3,4,7,9,11,12,13,14,19,22,23,24,29,30]. Por tanto, es necesario buscar nuevas
soluciones efectivas para la etapa de desinfeccidon del agua que sea de bajo consumo
eléctrico y bajo impacto medioambiental. La Figura 5 seiala las principales desventajas
de las [dmparas ultravioletas de mercurio.

Need enormous amount
of equipment

High Voltage to
functional-slowstarting

time

Only 255nm

Cannotrun
discontinuously

Fragile

Toxic and harmful

Figura 5 — Algunas desventajas de las lamparas UV.

Una de las tecnologias que presentan gran potencial para la desinfeccion del agua con
bajo impacto ambiental y gran eficacia son los LED ultravioleta. Tienen grandes ventajas
frente a las ldmparas convencionales de mercurios como son el pequefio tamafio de los
mismos, que los hacen adecuados para el disefio de cualquier tipo de reactor como se
muestra en la Figura 6, baja temperatura de funcionamiento, menor voltaje necesario
en comparacion con las lamparas UV tradicionales o el encendido/apagado instantaneo
que permite el modo de operacion como luz pulsada y la reduccién de consumo
energético asociada. Por otro lado, se fabrican en diferentes longitudes de onda, lo que
los convierte en una solucién O6ptima para desinfectar diversos tipos de
microorganismos, ya que cada uno de ellos es sensible a una longitud de onda concreta,
a diferencia de las [dmparas UV, que sdlo se centran en la longitud de onda de 255 nm.
Por ultimo, y lo mds importante, son respetuosas con el medio ambiente, ya que no
contienen mercurio ni ningun tipo de sustancia quimica téxica como las ldmparas UV
[2,3,4,7,9,11,12,13,14,19,22,23,24,29,30].
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Figura 6 — Ventajas de LEDs UV.

En las siguientes secciones se describirdn en detalle los LED UV y su uso en el tratamiento
de desinfeccién del agua.

6.1 Estructuray funcionamiento de los LED

LED son las siglas de Light Emitting Diode (diodo emisor de luz) y, como su nombre
indica, se basa en un diodo. Normalmente, los diodos estan formados por uniones P-N
y tienen dos modos de funcionamiento. El primero es la "polarizacién directa", cuando
el terminal positivo del diodo esta conectado al positivo de la fuente de alimentacién y,
del mismo modo, los terminales negativos del diodo y de la fuente de alimentacién estan
conectados, este modo estrecha la regidn de agotamiento entre la union P-N y permite
que los electrones libres crucen la unién y se recombinen con los huecos libres. Este
movimiento de electrones libera energia en forma de calor, pero en el caso de los LED
la energia se libera en forma de luz. El otro modo es el de "polarizacién inversa", en el
qgue los terminales de alimentacidon del diodo estan conectados al revés que los
terminales de alimentacidn, y simplemente en este caso el diodo o los LED no conducen
y actian como circuito abierto.

En la se muestra una ilustracion grafica de la estructura del LED desde el disefio exterior
hasta la unién P-N.

Positive terminal
Reflective

Wide bond cavity Sox
Leadframe -+Fhoton
P-region a
=== N-region Active region
PN junction
Anode Cathode
+

Negative terminal

Figura 7 — Estructura del LED.
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6.2 Propiedades de la luz ultravioleta

La luz ultravioleta se puede encontrar en el espectro de la luz como se muestra en la
Figura 8 en el rango de 200 nm a 400 nm, y se divide en tres subsecciones llamadas UV-
A, UV-By UV-C [16]. Esta luz es invisible a los ojos humanos y algunas de sus longitudes
de onda son nocivas para la piel y la vista [17]. El sol es la mayor fuente de luz
ultravioleta, pero la mayor parte queda bloqueada por la capa de ozono de la atmdsfera.
La UV-A no es absorbida ni filtrada por la atmdsfera, como tampoco lo es la UV-B, pero
la UV-C, que desempeiia un papel importante en el proceso de desinfeccién, no
atraviesa la atmdsfera.

ULTRAVIOLET LIGHT

| [TEEETET I l I | |
100 200 300 400 500 600 700 800

Wavelength (nm)

Figura 8 — Espectro de la luz.

El espectro de longitudes de onda de los rayos UV-A comprende las longitudes de onda
de 315 nm a 400 nm, el de los rayos UV-B de 280 nm a 315 nm vy el de los rayos UV-C de
200 nm a 280 nm. Convencionalmente, el pico éptimo para eliminar bacterias y virus se
ha considerado el 254 nm (pico de las |[dmparas de mercurio). Y como ya se ha
mencionado, ninguna luz UV-C atraviesa la atmdsfera, por eso se produce
artificialmente para diversas aplicaciones, incluida la desinfeccién del agua. Segun
numerosos estudios, el UV-C es el rango ideal para matar virus, bacterias, esporas de
moho y otros tipos de contaminacién [8,10,19,21,23,27,28,30].

Este tipo de UV-C puede emitirse mediante [ldmparas UV de mercurio que se encuentran
en los sistemas de desinfeccion del agua. Pero debido a sus inconvenientes (alto voltaje
de funcionamiento, fragiles, tiempo de calentamiento, no pueden funcionar en modo
pulsado, contienen sustancias téxicas como el mercurio), la investigacion cientifica esta
tratando de encontrar una solucién para sustituir a las lamparas UV por otras
tecnologias mas limpias como los LED UV.

6.3 ADN y desactivacion

ADN significa "acido desoxirribonucleico", que es una sustancia molecular portadora de
la informacion genética para el funcionamiento y la reproducciéon de cualquier
organismo. Estad formado por subunidades denominadas nucledtidos, cada una de ellas
compuesta por tres partes diferentes: desoxirribosa, fosfato y una de las cuatro bases
nitrogenadas que son la timina (T), la adenina (A), la citosina (C) y la guanina (G). Estas
cuatro bases forman pares de timina unida a la adenina o de citosina unida a la guanina.
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Se ha descubierto que las longitudes de onda UV tienen unos fuertes efectos para
detener los microorganismos como las bacterias rompiendo los enlaces y neutralizarlos
y prevenir que se vuelva a generar [31].

Before

Incoming
UV Photon

Figura 9 — Desactivacion del ADN mediante luz ultravioleta [18].

6.4 Trabajos anteriores sobre el tratamiento de aguas mediante LED UV

En los ultimos diez afios, los cientificos han centrado su atencion en diferentes formas
de desactivar algunos microorganismos de las aguas residuales para hacerlas utilizables
utilizando LED UV. La mayoria de los montajes experimentales consisten en una placa
de circuito impreso que contiene los LED UV conectados a un sistema de refrigeracién
gue ilumina una placa de Petri que contiene el agua que se va a tratar.

A I_EI:I Drtwar ! i

Figura 10 — Configuracion del experimento.

6.4.1 lluminacioén estandar (continua) - Efecto de diferentes longitudes de onda

Un grupo de investigadores de la Universidad de Tokio dirigido por K. Oguma en 2018

trabajaron en la desinfeccidn de Escherichia coli, esporas de Bacillus subtilis y

bacteriéfagos utilizando tanto la UV convencional de baja presion basada en mercurio

como LEDs UV de 265 nm, 280 nm y 300 nm. Los resultados mostraron que la longitud
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de onda de 265 nm era la mas eficaz para reducir la mayoria de las bacterias, pero
también que el LED de 280 nm presentaba el menor consumo de energia en
comparacion con el resto de fuentes de luz [1]. Otro articulo de Matsumoto, Tatsunoy
Hasegawa en 2019 muestra que el LED de 265 nm de longitud de onda podia desinfectar
muchos tipos de bacterias que habian sido preparadas artificialmente en el laboratorio,
como E. coli, V. cholerae y C. parvum [2].

Sari, Heikki y Mike también trabajaron con una configuracidon Unica de iluminacién
continua en sus experimentos en 2009, creando dos reactores con un angulo de visién
de 120°, uno para 269 nmy el otro para 276 nm Cada reactor contenia diez LEDs UV que
estaban unidos a un tubo de plastico negro de 7 cm de didmetro y 20 cm de altura,
situados por encima del agua de muestra de 25 ml en la placa Petri. Utilizaban un
agitador magnético que proporcionaba una mezcla adecuada del agua evitando
sedimentacion. Ademas, probaron diferentes tipos de agua como agua ultrapura, agua
con nutrientes y agua con nutrientes y con acidos humicos junto a la E. coli artificial. El
experimento concluyé que la longitud de onda mas baja, 269 nm, era mas eficaz, a pesar
de la ligera diferencia en los resultados, aunque la que emitia una longitud de onda mas
alta, 276 nm, tenia el doble de potencia dptica en comparacion con la otra [7].

Wirtele et al., del Instituto de Tecnologia de Berlin, trabajaron en 2010 en la
desinfeccion de esporas de Bacillus subtilies cultivadas en laboratorio utilizando LED de
269 nmy 282 nm. Se fabricaron dos médulos: el primero, estatico, consistia en 33 LED
de 269 nm con una potencia de emisidon de 0,33 mW y 20 mA por LED, dispuestos en
una rejilla de 1 LED/cm?. El segundo médulo era un canal de flujo fresado de aluminio
de 6 mm de ancho y 5 mm de profundidad cubierto por una pieza de cristal Suprasil® de
2 mm de grosor, creado utilizando 33 LED de 282 nm y un caudal de 12 ml/min. Se
colocaron en tres circulos concéntricos con diametros de 1,5¢cm, 3,5cmy 5,2 cm, con la
misma corriente de 20 mA, la potencia éptica de salida de los LED de 282 nm era casi el
doble en comparacion con el médulo de 269 nm. La configuracion del experimento del
primer modelo era relativamente diferente, ya que colocaron los médulos bajo placas
de Petri de 6 cm de didmetro y pusieron sobre los médulos una base de Suprasil® de 2
mm de grosor que reducia la luz UV en un 10%. Todos los LEDs de este articulo fueron
similares en las caracteristicas de corriente-voltaje, todos presentaban 20 mA de
corriente y los valores de voltaje fueron de 5,8 Vy 6,3 V para los LEDs de 269 nm y 282
nm, respectivamente. Durante los experimentos se tomaron muestras de 1,5 ml tras
372, 248, 155, 62 y 0 segundos de exposicion para los LED de 269 nm, y tras 255, 170,
106, 43 y 0 segundos para los LED de 282 nm. Los LED de 269 nm alcanzaron un mayor
nivel de inactivacién que los LED de 282 nm para la misma fluencia aplicada. El equipo
también observé una reduccidn del 40 % en la potencia dptica emitida del LED de 269
nm tras 100 horas de emision, pero sin cambios en la longitud de onda [8].
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6.4.2 lluminacién pulsada frente a iluminacién continua

Por otro lado, Song, Taghipoir y Mohseni en 2018 utilizaron un modo de funcionamiento
diferente de los LED UV, utilizando iluminacidn pulsada y comparando con continua para
desactivar E. coli cultivada en laboratorio y el colifago MS2 bajo una longitud de onda
de 265 nm. Un LED de 265 nm de alta potencia se acoplé a un disipador térmico con
ventilador para disipar el calor y se conecté a un termopar para controlar la
temperatura; el LED UV se colocé sobre una placa Petri de vidrio de 9 cm de didametro
con 50 mL de muestra de agua. La distancia entre el LED UV y la superficie del agua era
de 2 cm. Su analisis indica que la irradiacidn pulsada al 90% y al 75% del ciclo de trabajo
produjo una inactivacion ligeramente inferior en comparacién con el modo continuo [3].
@ D power supply
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Figura 11 - Montaje del experimento de Song et al., (a) Diagrama esquematico de los circuitos UV-LED pulsados,
(b) ilustracion de la forma de onda del voltaje para la irradiacién UV-LED pulsada a una frecuencia de 0,1 HZ y un
ciclo de trabajo del 50 % [3].

De forma similar a la técnica anterior, se utilizaron modos de funcionamiento pulsado y
continuo para E. coliy MS-2 utilizando una lampara de arco de mercurio de baja presién
de 15 vatios con 253 nm y varios LED UV con diferentes longitudes de onda (255 nm, 265
nm y 285 nm) por Sholter y Linden en 2019. Se examinaron cinco ciclos de trabajo (10,
25,50, 75y 90%) y tres frecuencias (1, 10 y 100 Hz). Los resultados mostraron que no se
encontraron diferencias significantes entre la inactivacion de E. coli en todas las
frecuencias para tasas de trabajo y longitudes de onda comparables, sin embargo, el
modo de pulsacion con tasas de funcionamiento del 75 % y del 90 % dio lugar a una tasa
de inactivacién mas elevada en comparacién con el modo continuo utilizando los LED
UV de 265 nm, asi como con las tasas de funcionamiento del 50 % y del 75 % utilizando

los LED UV de 285 nm a una dosis UV de 10 mJ/cm?. [5].
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P.O. Nyangaresi, Yiy Goulong en 2019 hicieron la misma comparacién entre irradiacion
pulsada y continua sobre E. coli artificial, y estudiaron el efecto de conducir los LED con
diferentes corrientes y monitorizaron la temperatura del LED midiendo la temperatura
de soldadura del terminal catddico del LED durante los experimentos. En este
experimento se utilizaron nueve LED UV de 265 nm y 280 nm con 0,88 y 1,01 mW
respectivamente, con voltajes entornoa 5,7 y 5,4 V y valores de corriente de 20 mA por
LED. Los nueve LED UV se montaron en una placa de circuito impreso de aluminio para
aumentar la disipacién del calor. El reactor PCB estaba por encima de un plato de 60 mm
de didmetro a 30 mm de altura. Se aplicaron frecuencias de pulso de 1 kHz, 5 kHz y 10
kHz con ciclos de trabajo del 10 %, 25 %,50 %,75 % y 90 %. Como era de esperar, la
radiacion pulsada mantuvo la temperatura de los LEDs mas baja en comparacion con la
radiacion continua, mientras que la irradiacién continua provocd el aumento de la
temperatura de los LEDs y al aumentar la corriente de conduccién se observé un impacto
negativo en la longitud de onda y la potencia éptica. En cuanto a la inactivacion de E.
coli, la diferencia observada en la inactivacién logaritmica de E. coli se debia Unicamente
a la longitud de onda, no a la técnica utilizada, ya que el LED UV de 265 nm presentaba
una inactivacion logaritmica de 4,4, ligeramente superior a la del LED de 275 nm, y no
habia diferencia entre el modo pulsado y el modo continuo [19].

Utilizando las mismas longitudes de onda anteriores, 265 nm y 280 nm, Zou et al. en la
Universidad de Nanjing en 2019 aplicaron la irradiaciéon de LEDs de baja potencia de 1
mW 265 nm y 280 nm, asi como un LED de alta potencia de 30 mW y 285 nm sobre E.
coli cultivada en laboratorio. Se crearon tres médulos, el primero para el Unico LED de
alta potencia, y el segundo y el tercero con 9 LED cada uno para la longitud de onda de
265 nm y 280 nm. Los mddulos se colocaron sobre una placa de Petri de 8,6 cm de
diametro, y la corriente fue de 20 mA para 265 nm y 280 nm para cada LED, y de 350
mA para el LED de alta potencia de 285 nm. En este estudio se probaron cinco ciclos de
trabajo diferentes: 5 %, 10 %, 20 %, 50 % y 100 % a 1 Hz, 10 Hz, 100 Hz y 1000 Hz.
Sorprendentemente, la eficacia de inactivacién aumentd sustancialmente a medida que
el ciclo de trabajo disminuia del 100 % al 5 % con la misma dosis de UV. La inactivacién
logaritmica mejoré con los LED pulsados de 265 nm y 280 nm, y aumenté notablemente
con los LED de alta potencia de 280 nm [21].

Otra técnica de iluminacidn utilizada consiste en combinar mas de una longitud de onda
ultravioleta (UV-C, UV-B y UV-A) para purificar el agua. Song, Taghipour y Mohseni en
2018 utilizaron E. coli preparada en laboratorio y Coliphage MS2 [4] y la expusieron a la
irradiancia UV-LED siguiendo dos modos de operacién diferentes: modos simultaneos y
secuenciales. En el modo simultdneo, dos LED UV con diferentes longitudes de onda se
encendieron al mismo tiempo para exponer su luz sobre la muestra de agua, mientras
gue la irradiacion secuencial funciona encendiendo un LED UV durante un periodo, y
luego se apaga mientras que otro LED UV con una longitud de onda diferente se
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encendid durante otro periodo de tiempo. En este estudio se utilizaron tres chips de LED
UV con longitudes de onda de 265 nm, 285 nm y 365 nm sobre una placa Petri de 9 cm
de diametro a 2 cm de distancia del médulo. Ademads, una caja negra cubria el reactor
durante el experimento para evitar cualquier posible foto reactivacion por la luz
ambiental. Las conclusiones demuestran que la combinaciéon de UV-C y UV-B siempre
lograba un efecto aditivo sobre la inactivacién de los microorganismos, sin embargo, la
combinacion de UV-A con UV-C/UV-B simultdneamente o la aplicacién de UVA después
de UV-C/UV-B reducia la tasa de inactivacion de E. coli debido al efecto de reparacion
del ADN de UVA.

En cuanto a la combinacion de longitudes de onda, Li et al. de la Universidad de Tsinghua
en 2017 examinaron el efecto de la combinacién de LEDs de 265 nm y 280 nm utilizando
LED UV de cultivo de laboratorio de E. coli comparando una lampara de baja presién de
mercurio. Se utilizaron cuatro unidades de LED: 265 nm, 280 nm, la combinacion de 265
nm (50 %) + 280 nm (50 %), y 265 nm (25 %) + 280 nm (75 %). Para la combinacidn de
265 nm, se conectaron dos PCB de LED en paralelo. Los PCB se colocaron sobre una placa
de Petri de 2,6 cm de diametro, mientras que la lampara de baja presién se colocé a 40
cm sobre una placa de Petri de 8,6 cm. Se observd que los LED de 265 nm eran mas
eficaces que los LED de 280 nm y la ldmpara de baja presion en la inactivacion, y no se
observd ningun efecto significativo utilizando la combinaciéon de 265 nm y 280 nm.
Ademas, no se observé ningun efecto de reactivacion tras utilizar LED de 265 nm y
[dmpara de baja presidn, mientras que la foto reactivacién y la reparacién oscura
aparecieron tras utilizar LED de 280 nm a baja intensidad de irradiacién [20].

Mediante aguas residuales reales, Chevremont et al. estudiaron en 2012 el efecto de
LED UV-Ay UV-C simples y acoplados. Se probaron cuatro longitudes de onda diferentes
de LED UV, 254 nm, 280 nm, 280 nm y 405 nm y combinaciones de 254/365 nm, 254/405
nm, 280/405 nm. La corriente variaba entre los distintos LED de 46 mA a 115 mA, y la
potencia dptica era de 0,29, 0,55, 1,69 y 10,23 mW para los LED de 254 nm, 280 nm 365
nm y 405 nm respectivamente. La placa de Petri de 55 mm de didmetro se colocd 1 cm
por debajo de los LED y se llend con 10 mL de agua; la exposicidn se inicié desde la
permanencia durante 60 segundos. Para la desinfeccién se seleccionaron bacterias
mesdfilas, estreptococos fecales, coliformes totales y coliformes fecales. Los resultados
mostraron que la combinacién de 280/365 nm o 280/405 nm puede lograr una notable
reduccion de bacterias mesdfilas, y fueron mas eficaces que la irradiacién Unica para
enterococos fecales, coliformes totales y coliformes fecales [12].

Wan et al. en 2019 analizaron el efecto de la ldmpara tradicional a base de mercurio
frente a los LED de 280 nm y 265 nm y su combinacién. En este estudio se probaron
Aspergillus niger, Penicilium polonicum y Trichoderma harzianum cultivados en
laboratorio, que son tres especies de hongos transmitidos por el agua. La distancia entre
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los mddulos LED UV vy la superficie del agua dentro de la placa de Petri de 4 cm de
diametro fue de 2 cm. En el caso de la lampara UV LP, 50 cm fue la distancia sobre la
placa de Petri de 12 cm de didmetro. La irradiancia fue de 0,215 mW/cm? para los LED
de 265 nm, de 0,214 mW/cm? para los LED de 280 nm, de 0,185 mW/cm? para la
combinacién de LED UV de 265/280 nmy de 0,120 mW/cm? para la lampara de 254 nm.
Antes de los experimentos, los médulos LED UV se calentaron y alcanzaron una fase de
emisién estable durante 5 minutos y la lampara de 254 nm se sometid al mismo proceso
durante 30 minutos. Los resultados indicaron que el rendimiento de inactivaciéon de los
LED UV y su combinacion fueron mas eficaces para las esporas fungicas en comparacion
con la lampara UV LP de 254 nm, mientras que no se observaron diferencias
significativas entre los LED UV, especialmente los de 280 nm y 265/280 nm, que
causaron mas dafio a las esporas fungicas que la ldmpara LP. Sin embargo, el consumo
de energia eléctrica de los LED UV fue mayor que el de la lampara LP [24].

En 2011, Chevremont, Farnet y Sergent realizaron experimentos para estudiar el efecto
de la UV-Ay la UV-C sobre E. coliy Enterococcus faecalis artificiales en aguas residuales.
Cuatro LED emitian 255 nm, 280 nm, 365 nm y 405 nm con 115 mA ,77 mA, 22 mAy 46
mA de corriente, respectivamente. En sus experimentos se tuvieron en cuenta cuatro
parametros: pH, densidad bacteriana, tiempo de exposicién y longitud de onda. Se
probaron muchas combinaciones diferentes, pero combinando 280 nm y 365 nm o 280
nm y 405 nm el efecto sobre las bacterias fue notablemente mds significativo que
usando 365 nm solo, y después de 60 segundos se observé la ausencia de las bacterias,
el disefio del experimento fue casi idéntico al de los investigadores, colocando los LEDs
sobre las placas Petri de 55 mm de didmetro a una distancia de 1 cm [9].

Del mismo modo, Kumiko et al. realizaron en 2013 numerosas pruebas con LED UV
individuales y varias combinaciones de ellos utilizando longitudes de onda de 265 nm,
280 nmy 310 nm. Los valores de tension y de potencia éptica para los UV-LED fueron de
9,5,8y6,1Vylapotencia 6pticafuede 0,7 mW, 1,3 mWy 1,1 mW paralos 265 nm, 280
nm y 310 nm respectivamente. La corriente siempre fue de 20 mA por LED. Los
experimentos se realizaron para desactivar el cultivo de laboratorio del microorganismo
E. coli utilizando dos reactores diferentes, un reactor discontinuo y un reactor de flujo
continuo. En el reactor discontinuo, que contenia una matriz de nueve LED, los nueve
LED emitian una unica longitud de onda, 265 nm, 280 nm o 310 nm. El reactor
discontinuo estaba por encima de una placa de Petri de 34,5 mm de didmetro por 17
mm. El reactor de flujo consta de tres matrices y cada una de ellas tiene 10 LED similares.
Las tres matrices se unieron en forma triangular y se colocaron dentro de un cilindro de
16 mm de didmetro. La emisién de 265 nm logro tasas de desactivacidn superiores a 6
log con dosis de 10 mJ/cm? en el reactor discontinuo y de 16,4 mJ/cm? en el de flujo
continuo. Del mismo modo, el de 280 nm alcanzé tasas de desactivacién de casi 4 log
con dosis de 13,8 y 25,5 mJ/cm? en el reactor discontinuo y en el reactor de flujo
continuo, respectivamente. La de 310 nm requirié 56,9 mJ/cm? para una inactivacién de
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0,6 log en el reactor discontinuo, que fue menos eficaz que la emisidon de 268 nm y 280
nm. Por ultimo, las emisiones combinadas fueron menos eficaces que la emisién Unica
[10].

Siguiendo a Nyangaresi et al. en 2018 con el mismo enfoque de comparar la irradiaciéon
simple y combinada de los LED UV, el grupo de la universidad de Xiamen en China eligio
el pico de emision UV de 267 nm, 275 nm y 310 nm y combiné 267 nm/275 nm, 267
nm/310 nmy 275 nm/310 nm para aplicar su emisidén en un sistema de desinfeccién de
agua por lotes y evaluar el proceso utilizando el cultivo de laboratorio E. coli como
modelo de bacteria. La potencia 6ptica de salida de los LED fue de 1,8 mW, 1,6 mW vy
1,3 mW para 265 nm,275 nmy 310 nm respectivamente, y los voltajes eran de 3,9V -6
V, con corrientes de 20mA. Se colocaron 16mL en una placa Petri de 60mm de diametro
y sobreella, a 2,2 cm, los LEDs-UV. El de 267 nm tuvo la mayor eficiencia de inactivacién
que los otros UV-LED y el de 310 nm fue el menor, no obstante, se observd reactivacion
tras irradiaciones de 267, 275, 267/275y 275/310 nm [11].

Sara et al. de la Universidad de Colorado realizaron un experimento utilizando un reactor
comercial del sistema AquiSense Technologies para comparar el efecto de irradiacién de
los LED de 260 nm, 280 nm y la combinacién de ellos frente a una lampara UV de
mercurio de media y baja presién. Se probaron cuatro microorganismos de cultivo de
laboratorio: E. coli, colifago MS2, adenovirus humano de tipo 2 y esporas de Bacillus
pumilus. Se colocd una placa de Petri de 3,5 cm de diametro llena de 5 mL de muestra a
4 cm de distancia de la fuente UV, que tenia una irradiancia variada de 0,19 mW/cm? a
0,55 mW/cm? para los LED UV, y de 0,35 mW/cm? a 1,17 mW/cm? para la ldmpara UV
MP y de 0,3 a 0,75 mW/cm? para la UV LP. Los datos demostraron que la tasa de
inactivacion de E. coli por las cinco fuentes UV era elevada, pero la longitud de onda de
260 nm era la mas eficaz. Para HAdV2 y B. pumilus, las ldmparas MP UV fueron las mas
potentes. En cuanto a la eficacia eléctrica, la lampara UV LP fue la mas eficaz para
inactivar E. coliy MS2, y las lamparas UV de mercurio LP y MP fueron igual de eficaces
para las esporas de HAdV2 y B. pumilas [23].
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6.4.5 Turbidez

Kristina, Dena y Christopher en 2013 justifican plenamente el efecto de la turbidez del
agua durante el proceso de desinfeccién UV. Observaron que cuanto mds contaminada
estd el agua, mas potencia de luz UV se necesita para el proceso de desinfeccién. En el
experimento se utilizaron dos tipos de muestras de agua, la primera eran aguas
residuales reales y la segunda era agua preparada que contenia un cultivo puro de E.
coli. Para la investigacion se utilizaron siete LEDs de lente plana de 260 nm, con
tensiones de 6,5 V y corrientes de 20 mA por LED conectados en serie a una resistencia
limitadora de corriente de 100 Q - 380 Q, y una pila alcalina de 9 V. La potencia éptica
oscilé entre 45 mW y 182 mW y la media fue de 130 mW, correspondiendo esta
fluctuacidén a la edad de la pila. Cada LED estaba conectado a una pila independiente. Se
utilizé la misma técnica comun, salvo que no fijaron ninguna distancia entre la superficie
de los LED y la muestra de agua, es decir, bajaron los LED hasta que la lente dptica entrd
en contacto con la superficie de la muestra de agua. El cable de los LED se protegié
extendiéndolo 100 cm mas con un alambre azul de 0,25 mm y 30 AWG; el aislamiento
del alambre se peld unos 3 cm para cubrir la ranura y conseguir un ajuste adecuado.
Ademas, se colocd una junta tdrica de plastico alrededor del labio de cada LED UV para
completar el cierre hermético. El volumen de las muestras oscilé entre 10 mly 100 mly
el periodo de tiempo de los experimentos fue de entre 20 min y 50 min. El analisis
demostré que la calidad del agua influye considerablemente en la eficacia de la
desinfeccion. Para los resultados de las aguas residuales, se midié una reduccién minima
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de bacterias desde el periodo de 20 min a 40 min, sin embargo, las muestras artificiales
mostraron una reduccién notable con la E. coli [13].

6.4.6 Prototipos comerciales

En 2019, Peter et al. de la Universidad de Cranfield realizaron un estudio sobre la eficacia
del uso de los sistemas de tratamiento Typhon, compuestos por 1000 luces LED UV con
una longitud de onda de 275 nm y una potencia dptica de 100 mW, para la desinfeccién
de aguas residuales en una planta de tratamiento del norte de Inglaterra. Este reactor a
escala real fue capaz de desinfectar 6 megalitros de agua al dia, y su rendimiento se
evalud utilizando los microorganismos bacteriofago MS2 y E. coli. Los resultados
indicaron que este reactor UV-LED era al menos tan eficaz como los reactores UV de
mercurio tradicionales en las condiciones especificas de calidad del agua y de
funcionamiento examinadas. Este estudio representa la primera aplicacidn con éxito de
un reactor UV-LED a escala real para la desinfeccidn de microorganismos patégenos en
agua potable en una instalacién municipal de tratamiento [14].

Figura 13 — Tubo interior del sistema de tratamiento Typhon [22]
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Figura 14 — Reactor del sistema de tratamiento Typhon [14]

6.4.7 Rentabilidad

En términos de eficiencia de costes, Elaheh el at. De la universidad de Ndpoles en 2022,
investigd la desactivacion de Legionella pneumophila y Legionella dumoffii utilizando
una longitud de onda UV-A ya que es significativamente mdas barata que la UV-By UV-C.
Se montd un LED de densidad de 0,3 A con una potencia de salida de 22,5 mW/cm? en
un disipador térmico para disipar el calor generado, aunque tiene una potencia nominal
de 4,5 Ay 20 W/cm?. La distancia entre el LED UV-A y la placa de Petri de 35 mm de
diametro era de 38 mm. Los resultados mostraron que, aplicando una dosis de UV de
1700 mJ/cm?, la tasa de inactivacion de Legionella pneumophila era del 99,89 % vy la de
Legionella dumoffii del 99,1 % [25].

6.4.8 Efecto de la temperatura del PCB

Como ya se sabe, la mayor oposicidn para el rendimiento de los LED es la temperatura,
cuanto mas aumenta la temperatura, menor es el rendimiento dptico que se puede
obtener. Es por ello que Huang el al. en 2021 centraron su estudio en las diferentes
formas de mejorar la disipacién térmica de los LEDs UV. Eligieron LEDs de 280 nm y se
emplearon utilizando diferentes corrientes, desde 20 mA hasta 200 mA, variando no
solo la corriente sino también el grosor de los materiales del sustrato. E. coli fue el
microorganismo probado en este experimento, incluyendo dos materiales diferentes
donde se colocaron los LEDs: Cobre (Cu) y Aluminio (AIN). Se utilizaron diferentes
espesores para la capa de cobre: 70 um, 100 pum ,130um y 200um, y 500 um para el
Aluminio. Todos estos mdédulos se colocaron a 1 cm sobre la placa de Petri de 8,5 cm de
diametro. Los resultados revelaron que el grosor del metal no desempefia un papel
significativo en la disipacidn del calor. Sin embargo, es evidente que la gran superficie
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del LED presenta una elevada disipacién térmica. Ademas, los LED de 280 nm fueron
capaces de desactivar el 95 % de la E. coli en sélo 60 segundos [26].

Seul el al. en 2021 de la universidad de Corea tomo diferentes aspectos como el tiempo
de exposicion, la velocidad de agitacion y el volumen de agua durante la realizacion de
un estudio de desinfeccion de bacterias preparadas como E. coli, Staphylococcus aureus,
Bacillus cereus, Salmonella Typhimurium vy Listeria monocytogenes. En el fondo de un
tubo cilindrico de 15,2 cm de didmetro y 8,4 cm de altura se fijé un LED UC-C de 278 nm
con un voltaje y una corriente de 7,5 V y 20 mA, respectivamente. El tiempo de
exposicion fue de 15 a 60 minutos, y se extrajo una muestra de 10 mL en cada intervalo.
El analisis demostré que, a mayor velocidad de agitaciéon y mayor tiempo de exposicién,
mayor era la tasa de inactivacién de todas las bacterias [27].

La Universidad de Taipei en Taiwan disend y cred diversos reactores con LEDs-UV [28].
Wang y Lin en 2021 crearon cuatro reactores usando una impresora 3D, tres de ellos
con tubos internos con diferentes pasos (10 mm, 20 mm y 30 mm) rodeando un tubo de
cuarzo que contenia los LEDs montados en una varilla de aluminio para proporcionar
suficiente disipacidn de calor, y el Ultimo reactor era simplemente sin tubo. Se eligieron
24 LED de 278 nm con una potencia éptica de 10 mW a 100 mA de corriente cada uno,
y en cada lado de la barra de aluminio se soldaron 6 LED. Se instalaron una bomba y un
caudalimetro de agua para controlar el flujo de agua en el interior de los reactores. Este
estudio se centrd en el efecto del caudal del agua y el paso de la espiral para desinfectar
la E. coli preparada en el laboratorio. El andlisis sugirié que el reactor tubular de 10 mm
alcanzo la mayor tasa de inactivacion entre los demads reactores tubulares, ademas de
gue el reactor sin tubos fue el mas ineficaz para desactivar las bacterias en comparacién
con los otros tres reactores con tubos debido a la falta de efecto de mezcla de las
particulas de fluido en su interior. Ademas, la reduccién del caudal de 120 mL/min a 60
mL/min aumento la inactivacion bajo los LED UV.
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Figura 14 — Reactor de flujo con diferentes pasos de espiral (a) 10 mm, (b) 20 mm, (c) 30 mm y (d) reactor de flujo
continuo [28].

Figura 15 — Imagen de un reactor de flujo con un canal en espiral que utiliza LED UV-C [28]

6.4.11 Luz UV combinada con luz visual

Utilizando la luz UV-A y azul, el centro de alimentacién y bioconvergencia de Corea
dirigido por Kim y Kang en 2021 empled 395 nm, 405 nm, 415 nm y 425 nm sobre E. coli
artificial, ademas de comprobar las especies reactivas de oxigeno (ROS). Por lo tanto,
crearon una cdmara recubierta de negro a partir de aluminio para bloquear la luz
externa innecesaria y la reflexion de la luz azul. En la parte superior de la cdmara negra
se colocd un Unico LED con un disipador térmico, a una distancia de 4 cm entre el LED y
la placa Petri de 60 mm de didmetro. Se aplicé una corriente constante de 500 mA a
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cada LED. Todas las longitudes de onda utilizadas en este experimento fueron capaces
de detener el efecto de la E. coli después de 70 mJ/cm? a los 81 minutos [29].

Figura 16 — Imagen del reactor de aluminio utilizado por Kim y Kang en sus experimentos [29].

Kim y Kang también realizaron otro estudio en 2020 creando un reactor de flujo de agua
diferente para desinfectar E. coli preparada en laboratorio. Se probaron varios nimeros
del mismo chip LED 18, 21 y 33 con una longitud de onda de 280 nm con un rango entre
150 mA y 900 mA de corriente operativa. Los LEDs PCB fueron montados sobre un
disipador de calor con las dimensiones de 6,5 x19 cm. Sobre el PCB se colocé un tubo de
cuarzo de 1 cm conectado a una bomba de agua y a un sensor de flujo de agua. El
experimento se realizé de dos formas, la primera sin colocar nada sobre la PCB y el tubo
de cuarzo, y la segunda afiadiendo un reflector de aluminio sobre la PCB y el tubo de
cuarzo. Los datos revelaron que el cambio del nimero de LEDs no supuso una diferencia
significativa, mientras que la adicién del reflector de aluminio elevd el proceso de
inactivacion 1,5 veces en comparacion con el proceso sin reflector [30].
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Figura 17 — El reactor utilizado por Kim y Kang en su segundo estudio. (a) el sistema completo, (b) médulo de
matriz de LED UV-C con o sin reflector de aluminio, (C) matriz de 33 LED UV-C [30].
Como ya se ha mencionado, los investigadores estan intentando sustituir la tradicional
[dmpara UV de mercurio por LED UV, aplicando una variedad de longitudes de onda
diferentes sobre distintos microorganismos. Se estan utilizando diferentes técnicas para
archivar la mayor eficacia en términos de inactivacién la duracién del proceso de
inactivacion. Como resultado de los articulos, las longitudes de onda mas eficaces se
encuentran en el rango de los UV-C y la menor es la de los UV-A para la mayoria de las
bacterias. Ademas, las técnicas utilizadas y la configuracidén de los experimentos tienen
un efecto crucial en los resultados, por ejemplo, la técnica mas potente es el modo
continuo para casi todas las bacterias, sin embargo, el modo pulsado sélo fue eficaz
eléctricamente y no es adecuado para todos los tipos de bacterias. Le siguieron las
técnicas combinadas, que fueron eficaces con algunos microorganismos. Ademas, la
distancia entre la fuente de luz UV y el agua tiene un impacto significativo en la duracién
del proceso de desinfeccidn, cuanto mayor sea la distancia entre los LED y la superficie
del agua, mayor sera el tiempo necesario para eliminar el efecto de las bacterias. Y, por
ultimo, pero no por ello menos importante, mezclar el agua durante el proceso de
desactivacion conlleva una disminucién del tiempo del proceso de desinfeccion. Por
ultimo, la turbidez es uno de los parametros mas importantes en el proceso de
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desinfeccidon y puede hacer que el proceso de desinfecciéon lleve mucho mas tiempo o
incluso que el proceso de inactivacion sea inalcanzable.

Objetivo general

El objetivo principal de esta tesis doctoral es explorar el potencial de los UV-LEDs para
desinfectar el efluente real de una planta de aguas residuales mediante el disefio,
fabricacidon y prueba de un novedoso prototipo basado en UV-LEDs. Este prototipo
podria ser implementado en la etapa de tratamiento terciario de las plantas de aguas
residuales, permitiendo una reutilizaciéon segura del efluente para nuevos usos de
acuerdo con la legislaciéon espafiola (agricola, industrial, etc.) reduciendo asi el impacto
ambiental de las tecnologias convencionales.

Objetivos especificos

1. Disefiar y fabricar un prototipo novedoso a nivel de laboratorio que desinfecte
el agua bruta dentro de una placa Petri de al menos 60 mm de diametro, estudiando la
caracterizacion dptica de los UV-LEDs, el disefio de la placa electrdnica y disposicion de
los UV-LEDs, el sistema de refrigeracion y la irradiancia UV total.

2. Determinar la longitud de onda UV-LED dptima para la inactivacion de cada uno
de los microorganismos estudiados (E.coli, Enterococos spp. y Clostridium perfringens)
utilizando cepas ambientales reales procedentes del efluente de la depuradora
municipal de Linares.

3. Determinar la dosis UV de inactivacién para cada microorganismo y la longitud
de onda (tiempo de exposicién e irradiancia UV).

4. Analizar las pérdidas de transmitancia de la luz UV de los LEDs a través del agua
para determinar una profundidad maxima del agua junto con el efecto de la turbidez.

5. Comprobar la ley de reciprocidad para la desinfeccién del agua mediante LED
UV. Se utilizaran LED UV de alta y baja potencia para tratar las aguas residuales con la
misma dosis de UV. Se analizard el contenido microbioldgico (E. coli, Enterococcus
faecalis y Clostridium perfringens) para observar si con la misma dosis UV pero diferente
irradiancia inicial la inactivacién de las bacterias es la misma.
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relacion con los objetivos de la tesis

En este capitulo presentamos un resumen de los principales resultados y su relacién con
los objetivos especificos de la tesis.

Objetivo 1. Disefiar y fabricar un nuevo prototipo a nivel de laboratorio que desinfecte
el agua bruta dentro de una placa de Petri de al menos 60 mm de diametro, estudiando
la caracterizacioén optica de los LED-UV, el disefio de la placa electrénica y la disposicidn
de los LED-UV, el sistema de refrigeracion y la irradiancia UV total.

Este trabajo se llevd a cabo principalmente en el capitulo 3 y la publicacion 1
("Desactivacién de cepas ambientales de Escherichia coli, Enterococcus fecales y
Clostridium perfringens de un efluente real de aguas residuales mediante LED-UV"), y se
completd en el capitulo 4 y la publicacién 2 ("Analisis de la ley de reciprocidad de los
LED-UV en la desinfeccién del agua de Escherichia coli, Enterococcus fecales vy
Clostridium perfringens"). En la primera publicacidn, se explica el disefio del reactor del
experimento, que consiste en una placa de LED-UV unida a un disipador de calor y un
ventilador para disipar el calor. Para ajustar la altura sobre la placa de Petri de plastico
estéril que contiene el agua bruta que se va a tratar se utiliza un soporte de laboratorio.
Las medidas de corriente, voltaje, densidad de potencia dptica y temperatura de placa
se registraron manualmente.

En la segunda publicacidén, ademas de la experimentacidn correspondiente al analisis de
reciprocidad, se mejoré el sistema de monitorizaciéon de parametros del prototipo. Se
utilizé una placa de desarrollo Raspberry-pi-3b con un médulo de corriente-voltaje,
densidad de potencia dptica y sensor de temperatura para controlar y supervisar el
experimento automaticamente estableciendo la duracién del experimento y guardando
las mediciones en un archivo Excel (Figura 18).
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Figura 18 — Montaje del experimento y mediciones guardadas
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Objetivo 2. Determinar la longitud de onda del LED-UV éptima para la inactivacion de
cada uno de los microorganismos estudiados (Escherichia coli, Enterococos fecales y
Clostridium perfringens) utilizando cepas ambientales reales procedentes del efluente
de la depuradora municipal de Linares.

Este trabajo se realizd en la publicacién 1. Aqui se utilizaron los nuevos prototipos de
fabricacién para tratar aguas residuales procedentes del efluente de la depuradora de
Linares a tres longitudes de onda diferentes: 265 nm, 275 nm y 310 nm. Tal y como se
observé en los experimentos, cuanto menor es la longitud de onda, mas rdpido es el
proceso de desinfeccidn. En general, Escherichia coli, Enterococos fecales y Clostridium
perfringens son sensibles a las longitudes de onda de 265 nmy 275 nm, vs. la longitud
de onda de 310 nm que requiere dosis UV mas altas y por tanto mas tiempo para
desinfectar las distintas bacterias. Ademas, se observd que algunos microorganismos
parecian ser mas sensibles a determinadas longitudes de onda que a otras, por ejemplo,
la longitud de onda de 275 nm fue ligeramente mas eficaz para desactivar Escherichia
coli y Enterococos fecales, pero Clostridium perfringens se desactivd en mayor medida
con la longitud de onda de 265 nm que con la de 275 nm, como se muestra en los

]
graficos.
E. coli Enterococcus faecalis
1E7 4 1000000 5
e A
1000000 1000004
! e—o —e 9 ¢
—e—e—g—
100000 4 &L
_ 10000 4
E [S
g 10000 4 o
o \
=1 |
o < 1000 A
D o) \
T 1000 2 \
(@] o \
100 4 \
100 4 a
. B N DL 0] = A A——A oL
10 4 ]
1 T T T T 1 T T T T T T T T
40 60 80 100 0 20 40 60 80 100 120 140
UV dose (md/cm?) UV dose (mJ/cm?)
—A— 268 nm —e— 279 nm 307 nm 268 nm —A—279 nm —e— 307 nm

Clostridium perfringens
100000 5

° - e e &
i;"'?ryf..;?‘!/ o T
10000 %
L
E 1000 .
8
2 LN
=) [}
s ]
5 100 P
———————— +- 3 DL
10
1+ T T T T T T T
0 50 100 150 200 250 300 350

UV dose (mJ/cm?)
268 nm —®—279 nm —e— 307 nm

101



Chapter 7:Resumen de resultados y
relacion con los objetivos de la tesis

Objetivo 3. Determinar la dosis UV para la inactivacion de cada microorganismo y la
longitud de onda (tiempo de exposicion e irradiancia UV).

Este trabajo se realizé en la publicacion 1y en la publicacién 2. La dosis UV utilizada para
inactivar los microorganismos se ve afectada por diversos factores, como la turbidez del
agua residual utilizada, la longitud de onda utilizada en el método de desinfeccidn, la
concentracioén inicial del microorganismo y la profundidad (altura de la capa de agua)
del depdsito de aguas residuales durante el experimento (que en nuestro caso es una
placa Petri de 60 mm de didmetro).

Por ejemplo, en la publicacién 1, la poblacién inicial y el nivel de turbidez de Escherichia
coli utilizando longitudes de onda de 265 nm, 279 nm y 310 nm fueron de 1,4 x 10°
UFC/100 ml (12,4 NTU), 7,6 x 105 UFC/100 ml (6,3 NTU) y 3,8 x 106 UFC/100 ml (8. 9 NTU)
respectivamente, y las dosis UV de inactivacidon en estos casos fueron de 18,4 mJ/cm?
de dosis UV (XX irradiancia y 50 segundos) para 265 nm, 27,3 mJ/cm? de dosis UV (X
irradiancia y 60 segundos) para 275 nm y 97.9mJ/cm? después de 180 segundos para
310 nm. Las longitudes de onda de 265 nm y 279 nm tuvieron un efecto similar en la
desactivacion de Escherichia coli; sin embargo, parece que la longitud de onda de 265
nm presenta mayor inactivacidon, especialmente considerando la mayor turbidez del
agua durante este experimento vs. la turbidez del experimento de 275 nm (12,4 NTU
con 265 nm frente a 6,3 NTU con 275 nm).

Del mismo modo, en la publicacién 2, la concentracion inicial de Escherichia coli variaba
entre 4,4 x 10° UFC/100 ml y 4,6 x 10° UFC/100 ml con un nivel de turbidez de 8 NTU
para 50mW potencia éptica UV-LED. La dosis UV necesaria para desactivar Escherichia
coli fue de 58 mJ/cm? utilizando los LED UV de 50 mW y longitud de onda de 265 nm. En
el caso de los LED-UV de 275 nm y 50 mW, para un nivel de turbidez de 8 NTU la dosis
UV necesaria fue de 13 mJ/cm?.

En el caso de Enterococos fecales, en los experimentos de la publicacion 1, con LEDs-UV
de baja potencia (en torno a 2 mW), para la longitud de onda de 265 nm la poblacién
inicial fue de 1,2 x 10* UFC/100 ml con un nivel de turbidez de 12,4 NTU, y se alcanzé la
linea de deteccidon después de 50 segundos utilizando 18 mJ/cm? de dosis UV. Bajo la
longitud de onda de 275 nm, la poblacidn inicial fue de 1,6 x 10° UFC/100 ml y la turbidez
de 6,3 NTU. Se necesitaron 40 segundos y 18,2 mJ/cm? de dosis UV para alcanzar la linea
de deteccidn. Por ultimo, para la longitud de onda de 310 nm, la poblacién inicial fue de
3,1 x 10* UFC/100 ml y la turbidez de 5,4 NTU. En este caso no se alcanzé inactivacion
total y la concentracidn final del microorganismo tras el proceso de desinfeccion fue de
4,8 x 10* UFC/100 ml, lo que indica que en este caso no hubo desactivacion del
microorganismo.

En la publicacién 2, utilizando ya LEDs-UV de mayor potencia (50 mW), la concentracién
inicial de Enterococos fecales oscild entre 5,7 x 10> UFC/100 ml y 6,9 x 10* UFC/100 ml
(con una turbidez de 8 NTU) utilizando 1.6mW y 50mW con UV-LED 265 nm. La dosis de
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UV fue ligeramente similar, 31 mJ/cm? de dosis de UV y 34 mJ/cm? de dosis de UV para
los LED de 265 nm de potencia baja y media, respectivamente. Para la longitud de onda
de 275 nm, 17 mJ/cm? de dosis UV (40 segundos) y 13 mJ/cm? de dosis UV (11 segundos)
para los LED UV de potencia baja y media respectivamente.

La inactivacion total de Clostridium perfringens en la publicacién 1 utilizando LEDs-UV
de 265 nm y 2 mW de potencia se alcanzé tras 360 segundos, con una dosis UV
equivalente de 133 mJ/cm?. La concentracion inicial fue de 4,1 x 10* UFC/100ml y la
turbidez de 7,3 NTU. En el caso de LEDs-UV de 275 nm la concentracion inicial fue de 2,5
x 10* UFC/100 ml y la turbidez de 4,8 NTU. En esta ocasidn, se alcanzd la linea de
deteccion tras 420 segundos (dosis UV equivalente de 196 mJ/cm?). Por ultimo, bajo
irradiacion a 310 nm y con 4,2 x 10* UFC/100 ml de concentracion inicial y turbidez de
9,5 NTU, tras 600 segundos (10 minutos) (dosis UV equivalente de 326 mJ/cm?) la
concentracion final fue de 3,2 x 10* UFC/100 ml, alcanzando solamente un 31% de
inactivacion.

En la publicacion 2, cuando trabajamos ya con LEDs-UV de mayor potencia, la
concentracion inicial para Clostridium perfringens oscilé entre 3,2 x 10* UFC/100 ml y
4,9 x 10* UFC/100 ml (4.9 NTU) utilizando 1.6mW y 50mW con UV-LED 265 nm, con una
turbidez de 4,9 NTU. Para los LED de 265 nm, la inactivacién se alcanzé aplicando dosis
UV de 100 mJ/cm? (240 segundos) y dosis UV de 124 mJ/cm? (70 segundos) para las
potencias baja (2 mW) y media (50 mW), respectivamente. En el caso de la longitud de
onda de 275 nm, el nivel de turbidez fue de 10 NTU, y se requirieron dosis UV de 159
mJ/cm? (360 segundos) para los LED UV de 1,6 mW y la misma dosis UV para los LED UV
de 50 mW (221 segundos).
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Objetivo 4. Analizar las pérdidas de transmitancia de la luz UV de los LED a través del
agua para determinar la profundidad maxima del agua del reactor y evaluar ademas
el efecto de la turbidez.

Este trabajo se realizd en la publicacidn 2, probando como se atenuaba la irradiancia UV
de LEDs-UV de dos longitudes de onda diferentes, 265 nm y 275 nm, con dos potencias
Opticas diferentes, 1,6 mW y 50 mW utilizando agua sin turbidez y con turbidez. Se
iluminaba un reactor de agua con cada placa de LEDs-UV de distinta longitud de onda y
distinta potencia dptica y se media la irradiancia a distintas distancias (profundidades)
de la capa inicial de agua (Figure 20).

Los resultados demuestran que tanto la turbidez como la altura de la capa de agua
(profundidad) afectan al proceso de desinfeccidn: las pérdidas de irradiancia UV
aumentan por la alta turbidez y la profundidad del recipiente que contiene las aguas
residuales. Se observé una pérdida maxima de irradiancia UV del 45,6 % utilizando los
LED UV de 275 nm y 50 mW con un nivel de turbidez de 0 NTU a 2 cm de profundidad, y
del 73,7 % utilizando los mismos LED UV con un nivel de turbidez de 8 NTU a la misma
profundidad.

0-Distance 3¢
03cm 3¢
05em L e
m 3¢

1.5cm - »
2cm » >
Perdida de irradiancia UV (%) Perdida de irradiancia UV (%)
con O NTU con 8 NTU
. 265nm | 265nm | 275nm | 275 nm | 265 nm | 265 nm | 275 nm | 275 nm
Profundidad (cm)
25mW | 50mW [ 1.6 mW | 50mW | 25mW | 50mW | 1.6 mW | 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
1.0 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
2.0 44.5 419 40.2 45.6 69.9 733 68.5 73.7
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Objetivo 5. Verificar la ley de reciprocidad para la desinfecciéon del agua mediante LED-
UV. Se utilizan LED-UV de alta y baja potencia para tratar las aguas residuales con la
misma dosis de UV. Se analizard el contenido microbiolégico (Escherichia coli,
Enterococos fecales y Clostridium perfringens) para observar si con la misma dosis UV
pero diferente irradiancia inicial la inactivacion de las bacterias es la misma.

En la publicacién 2 se examind la ley de reciprocidad para la desinfeccion de aguas
residuales utilizando dos longitudes de onda UV (265 nm y 275 nm) con dos potencias
Opticas diferentes (1,6 mW y 50 mW) para desinfectar tres microorganismos
(Escherichia coli, Enterococos fecales y Clostridium perfringens). Se observaron indices
de inactivacién similares para las dos potencias épticas, con la excepcién de los LED UV
de 275 nm, que mostraron valores ligeramente superiores para los LED de 50 mW en el
caso de Escherichia coli y Enterococos fecales. Se puede concluir que si se cumple la ley
de reciprocidad pero en el caso de 275 nm se podria investigar mdas a fondo si existe
alguna diferencia al repetir los experimentos de manera exhaustiva.
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Figura 21 — Dosis UV frente a UFC/100ml para E. coli utilizando 265nm (izq.) y 275 nm (drcha.) con diferentes

potencias dpticas (1,6mW y 50mW). De arriba abajo E. coli, E. faecalis y C. perfringens.
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El capitulo de conclusiones de esta tesis presenta los resultados de mi investigacion
sobre el uso de LEDs ultravioleta como método alternativo para la desinfeccién de aguas
residuales. La investigaciéon demuestra que los LEDs ultravioleta son una alternativa
viable a las lamparas ultravioleta tradicionales, ya que ofrecen una serie de ventajas
como ser menos fragiles, no contener sustancias téxicas y estar disponibles en una
variedad de longitudes de onda. Ademas, los LEDs ultravioleta requieren un voltaje mas
bajo para funcionar en comparacion con las ldmparas UV de mercurio convencionales,
lo que facilita su uso en modo pulsante, que tiene el potencial de reducir costes. Por
otra parte, la literatura cientifica estd demostrando que los LEDs ultravioleta tienen el
potencial de ser mas eficientes y eficaces en el futuro, y que los costes van disminuyendo
progresivamente.

En la publicacién 1, los resultados experimentales revelan la eficacia del uso de LED UV
de baja irradiancia a varias longitudes de onda (268 nm, 279 nm y 307 nm) en la
inactivacion de diversas cepas de bacterias presentes en efluentes reales de aguas
residuales. Los resultados indican que la longitud de onda de 268 nm fue la mds eficaz y
rapida en términos de inactivacion bacteriana, seguida de la de 279 nm. Sin embargo, la
tasa de inactivacién fue significativamente inferior cuando se utilizé una longitud de
onda de 307 nm. Por ello, no se recomienda el uso de esta ultima longitud de onda (307
nm) en la desinfeccién de aguas residuales con LED UV debido a su elevado consumo de
energia en comparacion con las otras dos longitudes de onda.

Por otra parte, los datos obtenidos de los experimentos también demuestran la
capacidad de los LEDs UV para inactivar tres cepas bacterianas diferentes (Escherichia
coli, Enterococos fecales, Clostridium perfringens) de forma eficiente y con tiempos de
exposicién cortos, del orden de minutos. También se observd que la dosis de UV
necesaria y el tiempo de exposicidon correspondiente variaban entre las distintas cepas
bacterianas. En concreto, Escherichia coli y Enterococos fecales se inactivaron con una
dosis UV minima (18,4 mJ/cm?) y un tiempo de exposicion correspondiente de tan sélo
1 minuto. En cambio, C. perfringens necesité dosis UV mas elevadas y tiempos de
exposicidn mas largos, de hasta 6 minutos. Aunque todavia es posible desinfectar esta
cepa bacteriana, es necesario seguir investigando el uso de LED UV de mayor potencia
gue puedan reducir el tiempo de exposicion y facilitar asi la ampliacién de pequefios
reactores prototipo a reactores de tamafio completo que puedan implantarse en
instalaciones de tratamiento de aguas residuales.

En la publicacién 2, se ha comprobado que la ley de reciprocidad es valida para la
desinfeccion LED-UV utilizando LEDs con longitudes de onda de 265 nm y 275 nm y dos
potencias opticas diferentes de 1,6-2,5 mW y 50 mW. Esto se determind mediante
pruebas con tres microorganismos presentes en el efluente de la planta de aguas
residuales de Linares: Escherichia coli, Enterococos fecales y Clostridium perfringens. Los
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indices de inactivacion fueron similares para ambas potencias épticas, con la excepcion

de los LED de 275 nm que mostraron resultados ligeramente mejores en el case de los

LEDs de potencia de 50 mW para Escherichia coli y Enterococos fecales. Sin embargo, es

necesario seguir investigando para confirmar estos resultados y tener en cuenta el

impacto de la turbidez y la transmitancia UV en los resultados, ya que a 2 cm de

profundidad del agua se produce una disminucidn significativa de la transmitancia.

Trabajo futuro:

En el futuro, estd previsto ampliar el alcance del proyecto:

Aumentando los voliumenes de aguas residuales en los experimentos de
desinfeccidon. Este aumento requerird el desarrollo de nuevas placas de circuito
impreso para cubrir el recipiente que contiene las aguas residuales y un sistema
de gestién de la temperatura para acomodar las nuevas placas de circuito
impreso. Ademads, se disefara un nuevo sistema electrdnico para controlar y

supervisar el nuevo reactor para una desinfeccion eficiente y eficaz.

Probar la eficacia de la desinfeccion UV-LED en una gama mas amplia de
microorganismos, incluidas la Salmonella y la Legionella, que son objeto
especifico de la normativa espafnola en lo que respecta a su presencia en los
sistemas de tratamiento de aguas residuales. Ello permitiria comprender mejor
las capacidades de la desinfeccién LED-UV en este contexto y contribuiria a
garantizar el cumplimiento de la normativa pertinente (Real Decreto 1620/2007,

de 7 de diciembre).

Otra linea futura seria investigar el uso de LEDs-UV mas potentes, como los que
tienen una potencia de salida de 200 mW, ya que no han sido ampliamente

examinados en el campo de la desinfeccién de aguas residuales.

Ademas, en el campo de la desinfeccidon de aguas residuales mediante LEDs-UV,
hay casos en los que las bacterias reaparecen después del tratamiento, por lo
gue ese podria profundizar en las causas subyacentes de la reactivacion de las
bacterias para entender como mitigar este fendmeno y desarrollar estrategias

para eliminarlo.
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Otra drea de interés seria implantar el uso de la modulacién de anchura pulsada
(PWM) como alternativa al modo continuo. La PWM consiste en suministrar a
los LEDs-UV sefiales de tensidn pulsadas a una frecuencia y un ciclo de trabajo
especificos. Empleando esta técnica, se determinard la eficacia en la
desactivacion de microorganismos y también se reducira el consumo de energia

durante el proceso de desinfeccion.

Por ultimo, se podria diseiiar y desarrollar un reactor portatil que utilizase los
LEDs-UV mas eficaces y se alimente mediante un sistema de paneles solares, lo
que lo podria ser apto para su uso en zonas remotas donde el acceso a la

electricidad pueda ser limitado.
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