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Abstract: A small water disinfection system based on the combination of a strong single 25 mW
LED with a wavelength of 285 nm and a short quartz tube with an outer rectangular cross section is
presented. For the disinfection tests clear tap water and slightly turbid and yellow pond water are
contaminated with high concentrations of Escherichia coli bacteria. These water samples are exposed
to the germicidal 285 nm LED radiation while they flow through the quartz tube. The portion of
surviving germs is determined by membrane filtration for different water qualities and flow rates.
For clear tap water the bacteria concentration can be reduced by at least three orders of magnitude
up to flow rates of about 20 L/h. In pond water the maximum flow rate for such a reduction is
less than 3 L/h. These high disinfection capabilities and the small size of this system, allow its
integration in medical systems for point of use disinfection or even its application in the Third World
for decentralized water disinfection powered by small solar cells, because this disinfection capacity
should be sufficient for small groups or families.
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1. Introduction

Clean or at least germfree drinking water is one of the most important commodities in the world.
In industrialized countries, water is often disinfected in large central plants by the use of chlorine or
ozone [1]. One major problem applying these methods is the possible microbial recontamination on
the way to the customer. Thus, the water is most likely not sterile when it comes from the tap, but for
example, is loaded with Legionella or other pathogen microorganisms [2,3]. That is even often true for
water installations in dentist’s or doctor’s practices or hospitals [4-7].

The situation is much worse in the Third World, where an estimated 1800 millions of people [8]
have to drink water contaminated with Escherichia coli each day and about 750 million human beings are
not connected to any water infrastructure at all [9] and cover their own water requirements using freely
accessible surface water from rivers, lakes and ponds with potentially high bacterial concentrations.
This situation leads to the high number of about 3000 deaths per day [10] due to infected water.

For these people the so-called SODIS (Solar Water Disinfection) technique is usually
recommended [11]. According to this method water should be filled in transparent plastic bottles and
then placed in the sun for at least 6 h. The UV-A part of the solar radiation is expected to inactivate
most of the pathogens in this time. However, this technique has many practical disadvantages like the
long disinfection time and the need for intense sunlight. Furthermore Méausezahl et al. [12] proved that
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it is not as successful as one has hoped for. Therefore, another technique would be desirable, which
provides inexpensive and reliable germfree water around the clock whenever the need arises.

Small disinfection systems that are based on the absorption of UV-C radiation affecting the DNA
of all microorganisms could become a solution for the drinking water situation in rural areas of the
Third World. The germicidal effect of UV-C light is known for a century now [13]. In these past
hundred years, the UV-C light was mostly generated by mercury (Hg) discharge lamps that emit
254 nm radiation. However, these light sources have many disadvantages, like limited lifetimes and
highly toxic mercury and the need for high voltages, especially when applied in the Third World where
solar power is sometimes the only available energy source.

The use of UV-C LEDs would be more advantageous in comparison. They are driven by low
voltages, are very small and nontoxic. In the past, these LEDs were very expensive and even had a
shorter lifetime than Hg lamps. Meanwhile, they have matured and reach life times of 10,000 h and
beyond [14]. Their most important disadvantage is the still existing low optical output power in the
range of one or only a few mW per single LED. For this reason several systems with multiple LEDs
were proposed in the past. However, in combination with a straight quartz tube that acts as a light
guide, this low power radiation of a single LED can be used very efficiently [15]. Such systems could
not only be used in the Third World [16]. Because of their small size, they could also be integrated in
existing medical systems and perform a disinfection at the place and in the moment when the water is
used (“point of use disinfection”). This assumption is supported by several positive studies [17,18].

A first system that was able to disinfect 1 L/h with a 1.5 mW UV-C LED while running through a
round quartz tube has already been presented in [19] and tested with tap water that was contaminated
with Escherichia coli. For higher flow rates than 1 L/h, the germ concentration could still be reduced,
but only by much less than the 3 orders of magnitude that are usually referred to as disinfection.

In this paper an advanced system is presented and tested with contaminated tap water and
surface water to investigate the system for potential Third World and medical applications. The tests
are performed with Escherichia coli because of the importance of pathogen E. coli strains for causing
diarrhea—especially for children [20]—and because many waterborne pathogens like Vibrio cholerae,
Enterococcus spp., Shigella spp., Cryptosporidium spp. and Giardia show a similar or even lower resistance
to UV-C radiation [21].

The system still employs a single LED but with strongly increased optical output of 25 mW. The
outer cross section of the flow tube has a square shape that should lead to a more homogeneous
intensity distribution, and the corners on both ends of the quartz tube could become alternative spots
for mounting LEDs in future systems, with the advantage of being less sensitive for air bubbles or dirt
in front of the LED that could reduce the disinfection success.

2. Experimental Section

2.1. Experimental Setup

The main components of the disinfection system depicted schematically in Figure 1 are the
25 mW (@350 mA or 6.5 V), 285 nm UV-LED type UV-HD02-002 of Nikkiso Ltd. (Tokyo, Japan)
and a customized quartz tube produced by QSIL GmbH (Langewiesen, Germany) with a length of
100 mm, an inner diameter of 12 mm and a square outer cross section of 16 x 16 mm?2. A 13° reflector
type OPC1-1-COL-WD of Dialight Lumidrives (Long Marston, Great Britain) guarantees that most of
the LED radiation is coupled into the quartz tube, as shown in Figure 1. The optical power behind
the reflector and in front of the quartz tube is 17.7 mW. The optical axis is parallel to the flow of
the potentially contaminated water, of which flow rate is controlled manually via the roller pump
Masterflex of Heidolph Instruments GmbH & Co.KG (Schwabach, Germany).
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Figure 1. Schematic setup of the disinfection system.

As mentioned before, this water filled quartz tube acts as an efficient light guide for the LED
radiation. Almost no UV light can leave the system due to total reflection at the walls of the tube,
which generates high efficiency disinfection rates [15]. Furthermore, this system should be equipped
with an ultrasonic transducer at a free end of the tube for biofilm removal inside the tube [22].

2.2. Measurement Procedure and Analysis

For these investigations, two different drinking water compositions were chosen: A quite clear
solution of tap water with 0.9% NaCl and slightly turbid and yellow surface water of a local pond
in Ulm, Germany. Several liters of each test water sample were contaminated with a concentration
of about 200,000-300,000 colony forming units (CFU) of Escherichia coli (E. coli, DSM Strain No. 498)
per mL. The pond water was analyzed but not sterilized before adding the E. coli bacteria, because the
original germ concentration was found to be insignificant compared to the high E. coli concentrations.

Transmission spectra of the water samples where determined by an absorption spectrometer type
Specord 250 plus of Analytik Jena AG (Jena, Germany) and the LED emission was measured by an
UV-Vis spectrometer type SensLine AvaSpec 2048 XL of Avantes BV (Apeldoorn, The Netherlands).

The water samples were pumped through the quartz tube with different flow rates: 1 L/h, 3 L/h,
6L/h,9L/h,12L/h,15L/h, 18 L/h and 21 L/h. Behind the quartz tube, the samples were collected
and the surviving bacteria concentrations were determined by membrane filtration as described in
the international standard “Water quality—General guidance on the enumeration of micro-organisms
by culture (ISO 8199:2005)” [23] with membrane filters and nutrient pads type Endo of Sartorius AG
(Goettingen, Germany). For each flow rate, water quality samples were taken at least in triplicate with
the LED turned on and also with the LED turned off. These samples without UV radiation where used
to determine the reference bacteria concentrations.

3. Results and Discussion

The emission spectrum of the 285 nm LED, and the transmission spectra of the different water
samples are presented in Figure 2. At the LED peak wavelength of 285 nm the pond water transmission
is only about 50% for a sample thickness of 10 mm. This leads to a penetration depth of about 13 cm
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for the tap water and 11 mm for the pond water. It should be noted that this pond water transmission
value for 285 nm varied between 50% and 85% depending on the spot where the water samples were
taken. Intentionally, less transparent water was sampled. For illustrating the wavelength dependence
of the germicidal effect of the LED radiation, an expected DNA absorption spectrum for E. coli is shown
in Figure 2 that was calculated by the UV spectrum calculator tool of Integrated DNA Technologies Inc.,
(Coralville, IA, USA) [24].
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Figure 2. Transmission spectra of the different water samples for 10 mm sample thickness, together
with the relative DNA absorption for E. coli calculated with [24] and the emission spectrum of the
Nikkiso 285 nm LED. (The arrows indicate the corresponding axis.)

The measured disinfection success for the different water qualities and flow rates can be found
in Figure 3. It is supplemented by an estimated disinfection rate based on a very simplified model,
data shown as continuous curves. This model assumes that a dose of about 10 mJ/cm? of 285 nm
radiation leads to a 10 times reduction of E. coli. This assumption is based on results of about 6 m]/cm?
found in [25] for a 275 nm LED multiplied with the DNA absorption ratio at 275 nm and 285 nm
of 1.7. The actual radiation dose in the presented setup is estimated with respect to the measured
water transmission and with the assumption of a plug flow. This is done by calculating an average
irradiance intensity and an average exposure time. The radiation dose is the product of both values.
This is an oversimplification that does not consider the real velocity profile but gives an impression of
the relative dependence of the disinfection success of the flow rate.

As expected, the disinfection success varies with the water quality because the more UV radiation
is absorbed by the water itself the less is available for DNA destruction. In clear tap water a reduction
of three or more orders of magnitude is reached up to flow rates of about 20 L/h. For slower flow
rates below 6 L/h one would expect an even stronger germ reduction, but for unknown reasons the
disinfection success shows just minor variations between 1 and 12 L /h.

For the slightly turbid and colored pond water only for flow rates of less than 3 L /h a concentration
reduction of about 3 orders of magnitude is achieved. For higher flow rates, there is still a significant
germ decrease recognizable, but reductions of less than a factor of one thousand are usually not
called disinfection.

In both experimental series, the simplified model predicts disinfection rates that are higher
than the observed values. That is probably caused by the assumption of a plug flow. The real flow
characteristic will be more like a laminar flow, with higher velocities in the middle of the tube, and
therefore a reduced exposure to the 285 nm radiation and consequently a reduced disinfection.
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Figure 3. Relative E. coli reduction by the 285 nm LED radiation behind the quartz tube. The symbols
mark measured values with error bars that show the standard deviation. The continuous curves are
estimated by a simplified model.

4. Conclusions and Outlook

The presented system is already sufficient for many applications; e.g., it could be integrated in a
modern dentist chair for point of use disinfection for water in the beaker that patients use for rinsing
their mouth. Additionally, it could be combined with a solar cell of about 15 x 15 cm? and disinfect
water for a family in rural areas of the Third World sufficiently. It should be noted that this disinfected
drinking water should be consumed without a large delay. Otherwise the surviving germs could
recover and proliferate again.

If this disinfection capacity is not sufficient there are two obvious ways to improve the system.
The first one would be to choose a LED with a peak wavelength at about 260 nm because there the
DNA absorption and germicidal efficiency is higher by a factor of 2.5. However, at the moment the
availability of high power 260 nm LEDs is very limited and for surface water the absorption rate is
even higher compared to 285 nm radiation.

The second alternative would be to employ more LEDs. As already mentioned in the Introduction,
it is not necessary to apply LEDs on the optical axis but it would also be possible to place LEDs even at
the corners of the square quartz tube at both ends. Thus, the disinfection capacity could be increased
just by the number of employed LEDs. In the past, these LEDs were very expensive with prices of up
to $10 k for a single high power 285 nm LED three years ago. However, the price has already dropped
by more than a factor of ten, and will probably be below $100 in the near future.

Acknowledgments: Support of the “Bundesministerium fiir Wirtschaft und Energie” (Férderkennzeichen
16KNO017324), EPIGAP Optronic GmbH (Berlin, Germany) and fosera Solarsystems GmbH & Co.KG aA
(Merkirchberg, Germany) is gratefully acknowledged.

Author Contributions: A.G, K.H., ES. and M.S. conceived and designed the experiments and the setup; M.R. and
H.T. performed the experiments; M.H. analyzed the data and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Photonics 2016, 3, 7 60f7

References

1.  Lazarova, V.; Savoye, P; Janex, M.L.; Blatchley, E.R.; Pommepuy, M. Advanced wastewater disinfection
technologies: State of the art and perspectives. Water Sci. Technol. 1999, 4-5, 203-213. [CrossRef]

2. Borella, P.; Montagna, M.T.; Romano-Spica, V.; Stampi, S.; Stancanelli, G.; Triassi, M.; Neglia, R.; Marchesi, I;
Fantuzzi, G.; Tato, D.; et al. Legionella infection risk from domestic hot water. Emerg. Infect. Dis. 2004, 10,
457-464. [CrossRef] [PubMed]

3. European Centre for Disease Prevention and Control. Legionnaires” Disease in Europe 2013; ECDC: Stockholm,
Sweden, 2015. [CrossRef]

4. Szymanska, |.; Sitkowska, ].; Dutkiewicz, ]. Microbial contamination of dental unit waterlines. Ann. Agric.
Environ. Med. 2008, 15, 173-179. [PubMed]

5. Cervia, ].S.; Ortolano, G.A.; Canonica, FP. Hospital tap water—A reservoir of risk for health care-associated
infection. Infect. Dis. Clin. Prac. 2008, 16, 349-353. [CrossRef]

6.  Decker, B.K; Palmore, T.N. The role of water in healthcare-associated infections. Curr. Opin. Infect. Dis. 2013,
26, 345-351. [CrossRef] [PubMed]

7. Squier, C.; Yu, V.L.; Stout, J.E. Waterborne nosocomial infections. Curr. Infect. Dis. Rep. 2000, 2, 490-496.
[CrossRef] [PubMed]

8.  Bain, R.; Cronk, R.; Hossain, R.; Bonjour, S.; Onda, K.; Wright, J.; Yang, H.; Slaymaker, T.; Hunter, P;
Priiss-Usttin, A.; et al. Global assessment of exposure to faecal contamination through drinking water based
on a systematic review. Trop. Med. Int. Health 2014, 19, 917-927. [CrossRef] [PubMed]

9.  WHO/UNICEE. joint Water Supply and Sanitation Monitoring Programme: Progress on Drinking Water and
Sanitation; WHO /UNICEF: Geneva, Switzerland; New York, NY, USA, 2014.

10. WHO/UNICEE. Joint Water Supply and Sanitation Monitoring Programme: Progress on Drinking Water and
Sanitation, WHO/UNICEF: Geneva, Switzerland; New York, NY, USA, 2012.

11.  Acra, A.; Karahagopian, Y.; Raffoul, Z.; Dajani, R. Disinfection of oral rehydration solutions by sunlight.
Lancet 1980, 2, 1257-1258. [CrossRef]

12.  Madusezahl, D.; Christen, A.; Pacheco, G.D,; Tellez, FA,; Iriarte, M.; Zapata, M.E.; Cevallos, M.; Hattendorf, J.;
Cattaneo, M.D.; Arnold, B.; et al. Solar drinking water disinfection (SODIS) to reduce childhood diarrhoea in
rural Bolivia: A cluster-randomized, controlled trial. PLoS Med. 2009, 6. [CrossRef] [PubMed]

13. Henri, V.; Helbronner, A.; Von Recklinghausen, M. Stérilization de grandes quantités d’Eau par les rayons
Ultraviolets. Compt. Rend. Acad. Sci. 1910, 150, 932-934.

14. Hayward, K. UV LEDs light the way for disruptive technologies. Water 2013, 21, 41-42.

15.  Gross, A,; Stangl, F.; Hoenes, K.; Sift, M.; Hessling, M. Improved drinking water disinfection with UVC-LEDs
for Escherichia coli and Bacillus subtilis utilizing quartz tubes as light guide. Water 2015, 7, 4605-4621.
[CrossRef]

16. Chatterley, C.; Linden, K. Demonstration and evaluation of germicidal UV-LEDs for point-of-use water
disinfection. J. Water Health 2010, 8, 479-486. [CrossRef]

17. Harris, T.R.; Pagan, J.; Batoni, P.; Stokes, R. Optical and fluidic co-design of a UV-LED water disinfection
chamber. In Proceedings of the Electrochemical Society Meeting, Seattle, WA, USA, May 2012.

18. Bilenko, Y.; Shturm, I.; Bilenko, O.; Shatalov, M.; Gaska, R. New UV Technology for point-of-use water
disinfection. In Proceedings of the 2010 Clean Technology Conference, Anaheim, CA, USA, 21-24 June 2010;
pp. 339-342.

19. Stangl, E; Gross, A.; Hoenes, K ; Sift, M.; Schlau, D.; Hessling, M. Advanced photovoltaic water disinfection
system based on efficient UVC and ultrasound generation. In Proceedings of the 4th Conference Small PV
Applications, Munich, Germany, 9-10 June 2015; pp. 86-91.

20. Huang, D.B.; DuPont, H.L. Enteroaggregative Escherichia coli: An emerging pathogen in children.
Semin. Pediatr. Infect. Dis. 2004, 15, 266-271. [CrossRef] [PubMed]

21. Chevrefils, G.; Caron, E. UV dose required to achieve incremental log inactivation of bacteria, protozoa and
viruses. IUVA News 2006, 8, 38—-45.

22.  Gross, A.; Stangl, F.; Hoenes, K.; Hessling, M.; Brucher, R. Frequency-controlled power ultrasound unit for

battery-powered UVC-LED based disinfection system. Int. . Adv. Res. Comput. Sci. Electron. Eng. 2014, 3,
476-481.


http://dx.doi.org/10.1016/S0273-1223(99)00502-8
http://dx.doi.org/10.3201/eid1003.020707
http://www.ncbi.nlm.nih.gov/pubmed/15109413
http://dx.doi.org/10.2900/203078
http://www.ncbi.nlm.nih.gov/pubmed/19061251
http://dx.doi.org/10.1097/IPC.0b013e318181fa5e
http://dx.doi.org/10.1097/QCO.0b013e3283630adf
http://www.ncbi.nlm.nih.gov/pubmed/23806897
http://dx.doi.org/10.1007/s11908-000-0049-1
http://www.ncbi.nlm.nih.gov/pubmed/11095897
http://dx.doi.org/10.1111/tmi.12334
http://www.ncbi.nlm.nih.gov/pubmed/24811893
http://dx.doi.org/10.1016/S0140-6736(80)92530-1
http://dx.doi.org/10.1371/journal.pmed.1000125
http://www.ncbi.nlm.nih.gov/pubmed/19688036
http://dx.doi.org/10.3390/w7094605
http://dx.doi.org/10.2166/wh.2010.124
http://dx.doi.org/10.1053/j.spid.2004.07.008
http://www.ncbi.nlm.nih.gov/pubmed/15494951

Photonics 2016, 3, 7 70f7

23. DIN Deutsches Institut fiir Normung e.V. DIN EN ISO 8199: 2007 Water Quality—General Guidance on the
Enumeration of Microorganisms by Culture; Beuth: Berlin, Germany, 2008.

24. Integrated DNA Technologies Inc. UV Spectrum of DNA Calculator V 1.02 (2105). Available online:
http:/ /biophysics.idtdna.com/cgi-bin/uvCalculator.cgi (accessed on 30 November 2015).

25. Bowker, C.; Sain, A.; Shatalov, M.; Ducoste, J. Microbial UV fluence-response assessment using a novel
UV-LED collimated beam system. Water Res. 2011, 45, 2011-2019. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.watres.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21220143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Experimental Section 
	Experimental Setup 
	Measurement Procedure and Analysis 

	Results and Discussion 
	Conclusions and Outlook 

