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Editorial
By Jim Bolton
Editor-in-Chief

A Message
from the
President
Bob Hulsey

This is my third issue as Editor of IUVA News. I am gradually
getting used to what has to be done, but the work load makes me
appreciate what a super (and unheralded) job that my
predecessor, Rip Rice, did as Editor of IUVA News from its
inception in 1999. Thank you, Rip! You got us from the
beginning of a new and small association to where we are now.
The theme of this Issue is UV Wastewater Treatment. This
appropriate because, at least in North America, UV Wastewater
Treatment has a long history as documented in the excellent
article by Elliott Whitby and Karl Scheible. I'm sure you will
enjoy this and the other articles and a "Buyer's Guide".
The response from advertisers has been gratifying. This Issue
will be made available at WEFTEC and at the UV Conferences
in Karlsruhe, Germany and Tokyo, Japan (see the IUVA Web Site
www.iuva.org for details).
I am always looking for articles - if you would like to write an
article for IUVA News, send me an email (jbolton@iuva.org),
and I'll send you the Author's Instructions.
I am also the Editor of IUVA e-News, the online version of IUVA
News. Very soon IUVA e-News will cease to exist in its present
form and will be totally assimilated into IUVA's exciting new
Web Site. By the time you receive this issue, the new Web Site
should be operational. I wish to thank Yvaine Schulz (IUVA's
Webmaster and Kathy Harvey) for their extraordinary efforts in
getting the new Web Site operational. The "Member Zone" of the
IUVA Web Site is accessible only to IUVA Members. If you are
an IUVA Member and are having trouble accessing the Member
Zone, contact Kathy Harvey (kharvey@iuva.org).
The first brochure for the 3rd International Congress on
Ultraviolet Technologies has been distributed (also available on
the IUVA Web Site). This outstanding event will be held in
Whistler, BC, Canada (site of the 2010 Winter Olympics) 24-27
May 2005. The Deadline for Abstracts is 1 November (see the
IUVA Web Site for the "Call for Papers"). Get your paper
organized now!
I welcome feedback on how to improve IUVA News, and also
Letters to the Editor. I hope we can develop a healthy exchange
of ideas. Send them to me at jbolton@iuva.org.
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A Busy Summer Turns to Fall:
How quickly the summer months go by. Here we are, staring at
Labor Day, the big end-of-summer holiday in the States. All the
kids are back to school (and all of the professors too!). The quick
vacation our family took at the beaches of Southern Florida last
June seems so far away, it seems as if it never happened. Now it's
time to get back to work.
Luckily for UV fanatics, this includes taking some time to
participate in several UV related conferences. The first of these
takes place from September 22nd through 24th in Karlsruhe,
Germany. Dr. Hoyer and others have arranged for discussions of
UV research and applications that will interest scientists,
engineers, and end-users of this wonderful technology. Along
with stimulating presentations, attendees will be able to enjoy the
beautiful Fall season at the edge of the Black Forest.
The next stop will be in Tokyo, from October 4th through 6th.
Drs. Ohgaki, Bolton, Oguma, and Hirata have developed three
full days of lectures covering advanced oxidation, disinfection,
and reactor characterizations, along with social activities. The
conference culminates in a technical tour of an ultraviolet
installation.
Not to be forgotten, there are requests for presentations for future
conferences that need to be addressed this fall. First, our own
Elliott Whitby is taking a leading role in organizing the
Disinfection conference, held jointly by the Water Environment
Federation, American Water Works Association, and
International Water Association. This biennial event will occur in
February 2005, and will take place in Phoenix, Arizona. If you
have missed the call for papers (due September 15th), make sure
you put it on your calendar to attend.

Hot UV News

UV Industry News

23 AUGUST 2004: UV light, coatings reduce bacterial
adhesion up to 50 percent, EurekAlert

AUGUST 2004: NEW UVC KIT FOR FAN COILS
PROVIDES MOLD AND IAQ CONTROL, A new “Fan Coil
UVC Kit” that provides mold and IAQ control, energy savings, and
reduced maintenance is now available from Steril-Aire, Inc. Each
kit contains a UVC Emitter™ and power supply, plus all necessary
hardware components to retrofit a fan coil with UVC. The retrofit
kit makes it possible to install UVC lights in some of the most
difficult to maintain yet widely used A/C systems in the HVAC
industry…

The combination of ultraviolet (UV) light and certain coatings can
lower – by 15 to 50 percent – the ability of some types of bacteria
to stick to a glass surface and cause contamination or biofouling,
Penn State environmental engineers have found. Dr. Baikun Li,
assistant professor of environmental engineering, Penn State
Harrisburg, says "Ultraviolet light has been used for many years as
an environmentally friendly route to water disinfection. However,
these new results indicate that ultraviolet light, combined with
certain coatings, also may offer a 'green' approach to keeping glass
surfaces free of contamination." Li described her results in a paper,
"The Impact of Ultraviolet Light on Bacterial Adhesion to Glass and
Metal-Oxide Coated Surfaces," at the American Chemical Society
meeting, Sunday, Aug. 22, in Philadelphia…
http://www.eurekalert.org/pub_releases/2004-08/psulc082304.php.
7 AUGUST 2004: Testing Proves UV Effective at Killing
SARS Virus, Computers/Electronics News, PR Newswire
A new laboratory study has demonstrated that Ultra Violet (UV)
light can effectively kill the Severe Acute Respiratory Syndrome
(SARS) virus. FP Technologies, an engineering firm that uses UV
radiation to sterilize air and surfaces, designed the SARS testing.
Tests were performed at ZeptoMetrix, Inc., a leading bio-tech lab
that currently holds several contracts with the Centers for Disease
Control. In this first round of testing, FP Technologies confirmed
that SARS is killed following exposure to brief intense UV
radiation. Worldwide this is the first known laboratory evidence
proving UVs efficacy against SARS…
http://www.prnewswire.com/cgi-bin/stories.pl?ACCT=
SVBIZINK3.story&STORY=/www/story/08-06-2004/
0002226848&EDATE=FRI+Aug+06+2004,+11:00+AM
6 AUGUST 2004: Ultraviolet device enlisted in crypto fight
- New system for indoor pool ‘better' than chlorine, by Joel
Mathis, Lawrence Journal-World, Lawrence, Kansas –
Cryptosporidium is going to have a tougher time living in the tepid
water of the city's Indoor Aquatic Center.
When the competition pool reopens Monday after two weeks of
maintenance, a new water-cleaning system – using ultraviolet light
– will be in place to help kill bacteria and disease. Ultraviolet light
will "kill the crypto much better than the chlorine can," Richard
Ziesnas, director of environmental health for the Lawrence-Douglas
County Health Department, said Thursday…
http://www.ljworld.com/section/citynews/story/177647
You can find more UV News gleaned off the Internet in the “UV
News off the Internet” Section in the Member Zone of the IUVA Web
Site (http:// www.iuva.org/MemberZone/), accessible only to IUVA
Members.

http://www.steril-aire.com/fancoilrelease.htm
AUGUST 2004: WEDECO Awarded Significant Order for
Advanced Ultraviolet Oxidation System to Destroy
Contaminants in California Groundwater
WEDECO Ultraviolet Technologies Inc., recently received a major
contract for its LBX Series high-efficiency Ultraviolet and
Hydrogen Peroxide oxidation system, which is designed to treat
groundwater contaminated with rocket fuel by-products…
http://www.wedecouv.com
27 AUGUST 2004: Berson’s SwimLine UV system
nominated for prestigious Aquatech innovation award, Berson's
SwimLine UV® system has been nominated for the prestigious
International Aquatech Innovation Award (IAIA). The award is
given to the most innovative product or service on display at this
year's Aquatech exhibition in Amsterdam. It is one of seven
shortlisted exhibits, with the winner to be announced on 28
September…
http://www.bersonuv.com/index.php?section=read&article=45
6 JULY 2004: Infilco Degremont's Aquaray® High Output
UV Disinfection System is selected for Multiple Wastewater
Reuse Projects, Degremont's parent company, SUEZ Environment,
has received a World Business Award, the first international prize to
be awarded in recognition for corporate contributions to the United
Nations Millennium Development Goals. By 2015 the UN aims to
reduce the number of people in extreme poverty by 50% through
eight primary development goals, including access to water and
sanitation…
http://www.infilcodegremont.com/news_13.html
29 JUNE 2004: Winsor, Ontario Selects Trojan UV
Equipment for Environmentally-Friendly Wastewater
Treatment. London, ON, Canada. Trojan Technologies Inc.
(TSX/TUV) has been preselected by the City of Windsor, Ontario,
Canada as the supplier of ultraviolet (UV) wastewater treatment
equipment. At Windsor’s city council meeting earlier this month,
Trojan was selected to supply UV equipment valued at between
$3.1 million and $4.3 million depending on the final design of the
project…
http://www.trojanuv.com/en/homeframe.htm
You can find more in the "UV Industry Announcements" in the
Member Zone of the IUVA Web Site http://www.iuva.org
/MemberZone), accessible only to IUVA Members.
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News From IUVA

Center, Hongo Campus of the University of Tokyo. The first day
will be a UV Workshop with the full Conference on the next two
days. Conference Program is on the IUVA Web Site.

MEMBERSHIP RENEWAL

9,10 December 2004 (note change of dates): 2nd UV Air
Treatment Conference, University Park, PA. Contact the
Organizer, Wally Kowalski (drkowalski@psu.edu). The
Announcement and Call for Papers is on the IUVA Web Site.

Starting January 2004 all membership renewal invoices and
reminders will be sent to you by email. We are going to this method
for a few reasons. It will be faster, less time consuming to send, and
less expensive. We plan to set it up so that if you are paying by
credit card you will be able to email the form back. We are also
looking into the option of being able to renew online from the IUVA
web site. More information on this will follow as we have it.
Renewal notices for membership due in January and February will
be going out shortly. Thank you for your patience and cooperation
as we make this transition.

MEMBER-GET-A-MEMBER DRIVE
To all current Members of IUVA:
You are in a perfect position to know who should become an IUVA
Member – your friends and colleagues who have an interest in UV
technologies.
This issue of IUVA News has Membership Information and an
Application Form. The same information in on the IUVA Web Site
at http://www.iuva.org/PublicArea/Member_Info.htm. Make a
copy and encourage your friends and colleagues to join IUVA. Put
your name on the bottom or top of the form. That way we can keep
track of who is responsible for new Members.
So far leading the race is member Philppe Boileau with 4 new
members. Tied for second is Jen Clancy past president of IUVA and
member Gerry Kolasser with one each. Keep up the good work.
The First Prize for the IUVA Member that signs up the most New
members is a Free Registration to the 3rd International Congress
on Ultraviolet Technologies in Whistler, BC, Canada 24-27 May
2005. The two runners up will receive a Free One-Year IUVA
Individual Membership. The contest ends December 31, 2004.

NEW IUVA WEB SITE
By the time most of you read this issue, IUVA will have a newly
designed (by Nelix) Web Site (still at www.iuva.org). All the regular
sections will be there, but the various Sections of IUVA e-News will
become part of the main Web Site. Check it out. Any comments
would be welcome. Contact Jim Bolton (jbolton@iuva.org).

UPCOMING IUVA CONFERENCES
AND WORKSHOPS
(see the IUVA Web Site www.iuva.org for details)
22-24 September 2004: European Conference on UV Radiation
- Effects and Technologies Karlsruhe University, Karlsruhe,
Germany. Conference Program is on the IUVA Web Site.
4-6 October 2004: 2nd Asia Conference on Ultraviolet
Technologies for Environmental Applications Sanjo Conference
6 | IUVA NEWS, Vol. 6, No. 3

24-27 May 2005: Third International Congress on Ultraviolet
Technologies Whistler, British Columbia, Canada. Mark these dates
on your calendar! You won't want to miss this biennial congress
being held at the site of the 2010 Winter Olympics. See the IUVA
Web Site for details. Deadline for Abstracts is 1 November 2004.
Note: For listings of other conferences and meetings that may be of
interest to IUVA Members, consult the "Upcoming Meetings"
Section of the IUVA Web Site.

NEW CORPORATE MEMBERS
The following companies have joined IUVA as Corporate Members
in 2004. Welcome to IUVA!
Emperor Aquatics, Inc. 2229 Sanatoga Station Rd., Pottstown,
PA, 19464 – O2 Member, www.emperoraquatics.com; Contact
Person: Don Conwell (Don@emperor aquatics.com)
Consult the IUVA Web Site for a list of new Individual IUVA
Members.

AVAILABLE THROUGH THE
HEAD OFFICE
1. CDROM Proceedings of the First International Congress on
UV Technologies, Washington DC, June 2001 – $100 ($80 for
Members)
2. CDROM Proceedings of the Second International Congress on
UV Technologies, Vienna Austria July 2003 – $100 ($80 for
Members)
3. CDROM Proceedings of the First Asia Regional Conference on
Ultraviolet Technologies for Water, Wastewater &
Environmental Applications, Singapore, October 2002 (very
limited quantity available) – $50 ($40 for Members)
4. CDROM of the Presentations at the Ultraviolet Air Treatment
Conference, Nov. 2003 Chicago, IL – $40 ($25 for Members).
5. IUVA News Back Issues ($5 each) – Contact Head Office for a
list of topics for each issue.
6. IUVA T-shirts ($15 each) – available in light grey with full
color embroidered IUVA logo. Sizes are unisex, medium, large
and x-large. Price includes regular shipping.
To order any of the above items please contact Kathy Harvey at
kharvey@iuva.org for an order form.

A Review

Obituary

“Guide to UV Measurement, Willy Masschelein
UV Technology, Radiometry Editor’s Note: The following obituary was written by IUVA Board
Member Joop Kruithof for Ozone News, the Newsletter of the
and Measurements for
International Ozone Association (IOA). Willy Masschelein was also
very involved in Ultraviolet Applications.
Industrial UV Curing",
CDROM published by RadTech International

by Jim Bolton, IUVA
(Taken in part from RadTech News, May/June 2004)
RadTech and the UV Measurement Focus Group have released a
CDROM “Guide to UV Measurement”. The guide covers UV
technology, radiometry and measurement for industrial UV-curing
applications. The CD was a collaborative effort of several members
of the RadTech’s Measurement Focus Group and is intended to
educate and provide information to new and experienced users of
UV technology. The CD navigates like a Web page, making it easy
to use. Links to illustrations, photos, definitions, quizzes, videos and
technical papers are included on the CD.
Major topics and sections include:
•
•
•
•
•
•
•

UV basics
Why measure
What to measure
When to measure
How to measure
UV sources
Applications

The CD also includes a UV Glossary and a Resource Section, which
has an extensive collection of articles and technical papers on UV
meaasurement. In addition the 2004 RadTech Report Buyer’s Guide
is included on the CD.
IUVA has worked out an arrangement with RadTech International to
allow IUVA Members to order this CDROM at ‘Member’ prices.
Prices:
RadTech or IUVA Members
$19.95
(includes shipping via US Mail in the US; additional
shipping charges outside the US)
Non-Members

$24.95

Volume/Corporate Discounts are available.
To order call 240-497-1243 or email: order@radtech.org

It is with deep regret that I have to inform you about the decease of
IOA's honorary president and my very good friend Willy
Masschelein. Willy and I have known each other for more than
thirty years. In the early nineteen seventies already Willy was
director of the laboratory of the Intercommunal Water Supply
Company of Brussels. In that period I was working on my Ph.D. at
the Technical University of Delft and visited him with some past
candidate students many times at the Taifer WTP to learn from his
ozone experiences. Always Willy was willing to share his
knowledge. Not only in the field of ozone but on ClO2, UV,
coagulation, potassium permanganate, etc. etc. as well.
From the beginning he was a very active member of IOA. In the
early eighties as an EA3G president he made me IOA member first
and board member later. Since then together we travelled all over
the world to attend to IOA conferences and board meetings. As an
international president he was responsible for the very successful
Monte Carlo conference. Together with Arndt Böhme he organized
five conferences during Wasser Berlin, with me he was responsible
for three Amsterdam Conferences in conjunction with Aquatech,
etc. etc.
In addition to his executive capacities Willy always maintained his
scientific driving force. He carried the quality assurance committee
and wrote numerous papers and books on ozone, ClO2 and UV. With
great enthusiasm he taught advanced water treatment at the
University of Delft to students from all over the world.
A couple of years ago he started to have some problems with his
health. But until April last year he continued his activities for IOA.
Last year IOA honoured him with their most prestigious award, the
Morton Klein Medal. Unfortunately he was not able to come to Las
Vegas to receive the award. Since then gradually his health became
worse and he passed away on May 3, 2004.
We give our deepest condolences to his wife Liliane. We hope it will
be a consolation for her that many friends in IOA will never forget
Willy. We will remember him as he was at the end of a successful
conference: happy, cheerful, dynamic, the life and soul of our
association, dancing in his characteristic style until the deep of the
night.
IOA will never be the same again.
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UV WASTEWATER TREATMENT BUYER’S GUIDE
MANUFACTURERS OF UV WASTEWATER TREATMENT UNITS
COMPANY

LOCATION

TELEPHONE

WEB SITE

CONTACT

EMAIL ADDRESS

Alfa UV*

Mumbai, India

91-22-5661-2300

www.alfauv.com

Ankur Parikh

ankur@alfauv.com

Access Business Group*

Ada, MI

616-787-7342

www.eSpring.com

Liane Hopaluk

Liane_Hopaluk@alticor.com

Advanced UV*

Torrance, CA

310-328-0299

www.advanceduv.com

Kiyo Toma

ktoma@advanceduv.com

American Ultraviolet*

Lebanon, IN

800-288-9288

www.americanultraviolet.com

Meredith Stines

mstines@americanultraviolet.com

Aquafine Corporation*

Valencia, CA

800-423-3015

www.aquafineuv.com

Christina Vujovich c.vujovich@aquafineuv.com

Aquionics*

Erlanger, KY

800-925-0440

www.aquionics.com

Patrick Bollman

patrickb@aquionics.com

Atlantic Ultraviolet*

Hauppauge, NY

631-273-0500

www.ultraviolet.com

Ann Wysocki

awysocki@atlanticuv.com

Australian Ultra Violet
Services (Operations)*

Thomastown, Victoria,
Australia

61 3 9464 3855

www.austuv.com.au

John Sly

austuv@austuv.com.au

Berson UV-techniek*

Nuenen, Netherlands

31 40 2907777

www.bersonuv.com

Sjors van Gaalen

info@bersonuv.com

BCA/Clearwater Technologies

Langley, BC, Canada

604-539-9399

www.clearwaterworld.com

Alison Horne

bca@clearwaterworld.com

Calgon Carbon*

Pittsburgh, PA

800-422-7266

www.calgoncarbon.com/UV

Scott Frenz

sfrenz@calgoncarbon-us.com

Clean Water Systems International*

Klamath Falls, OR

541-882-9993

www.cleanwatersysintl.com

Charles Romary

sales@cleanwatersysintl.com

Contamination Control

Auckland, New Zealand

64-9-570-9135

www.contam.co.nz

Steve Warne

swarne@contam.co.nz

Emperor Aquatics*

Pottstown, PA

610-970-0440

www.emperoraquatics.com

Don Conwell

Don@emperoraquatics.com

Funatech*

Tokyo, Japan

81-3-5624-2700

www.funatech.com

Akira Shimana

shimana@funatech.com

GE Intrastructure Water & Process
Technologies

Trevose, PA

215-355-3300

www.gewater.com

Julia Kravchenko

julia.kravchenko@ge.com

Hanovia Ltd.*

Slough, UK

44 1753 515 300

www.hanovia.com

Mike Shaw

mike.shaw@hanovia.com

Infilco Degremont*

Richmond, VA

804-756-7600

www.infilcodegremont.com

Geronimo Balallo

geronimo.balallo@infilco
degremont.com

Hydroxyl Systems Inc.

Sidney, BC, Canada

250-655-3348

www.hydroxyl.com

Michael Johns

info@hydroxyl.com

Lit Technology*

Moscow, Russia

7-095-733-9526

www.lit-uv.com

Anna Khan

khan@lit.ru

Pureflow Ultraviolet

Lawrenceville, GA

770-277-6330

www.pureflow.com

Rich Combs

rich@pureflow.com

Purifics ES Incorporated

London, ON, Canada

519-473-5788

www.purifics.com

Brian Butters

bbutters@purifics.com

Severn Trent Services –
Ultradynamicxs Products*

Ft. Washington, PA

215-646-9201

www.severntrentservices.com

Douglas Gump

dgump@severntrentservices.com

Shenzhen Ocean Power*

Shenzhen, China

86-755-83300666

www.oceanpower.com/en

Polo He

polo@oceanpower.com

Solar Light

Philadelphi, PA

215-927-4206

www.solar.com

John Forrest

jforrest@solar.com

Sunlight Systems Ultraviolet

Allendale, NJ

201-934-7772

www.sunlightsystems.com

Adam Donnellan

adam@sunlightsystems.com

Triogen Ltd.*

Glascow, UK

44-141 810 4861

www.triogen.com

Ahmad Arafa

ahmad.arafa@triogen.com

Trojan Technologies*

London, ON, Canada

519-457-3400

www.trojanuv.com

Jim Cosman

jcosman@trojanuv.com

Ultraviolet Systems*

Houston, TX

800-962-4480

www.uvbiz.com

Zach Crowe

zcrowe@uvbiz.com

UV Pure Technologies*

Toronto, ON, Canada

416-208-9884

www.uvpure.com

Ron Hallett

rhallett@uvpure.com

Van Remmen UV Techniek

Wijhe, Netherlands

31 570521890

www.vanremmen.nl

Ton van Remmen

tvr@vanremmen.nl

Waterclinic – Mim*

Istanbul, Turkey

90 212 2100848

www.waterclinicuv.com

Serkan Boynukalin sales@waterclinic.com

WaterHealth International

Lake Forest, CA

949-716-5790

www.waterhealth.com

Trish Moran

info@waterhealth.com

Waterpak Australia Pty Ltd

Jimboomba, Australia

61-7-5546-9833

www.waterpacaustralia.com

Ken Bryer

enquiries@waterpacaustralia.com

WEDECO Inc.*

Charlotte, NC

704-409-9785

www.wedeco.us

Tracy Trimble

Tracey.Trimble@itt.com

Wyckomar*

Guelph, ON, Canada

519-822-1886

www.wyckomaruv.com

Walt Boduch

walt@wyckomaruv.com

* IUVA Corporate Member
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DISTRIBUTORS OF UV WASTEWATER TREATMENT UNITS
COMPANY

LOCATION

TELEPHONE

WEB SITE

CONTACT

EMAIL ADDRESS

Abiotec Technologie UV*

Clamart, France

33 1 46 45 19 19

www.abiotec.fr

Pierre Sachoux

pierre.sachoux@abiotec.fr

Allpure Water Systems

Melbourne, Australia

61-3-9885 53 92

www.allpure.com.au

Keith Flanagan

sales@allpure.com.au

Aqua Ultraviolet

Temecula, CA

800-454-2725

www.aquaultraviolet.com

Ron James

aquauv@aol.com

Fluidquip Australia

Victoria, Western Australia

61-3 87957711
61-8-9455 7744

www.fluidquip.com.au

John Hooper

fluidquip@fluidquip.com.au

KK Water Purification

Addlestone, UK

44-1932 852423

www.kkgroupint.com

Stefan Massingham sales@kkwater.com

Pure Aqua

Irvine, CA

946-305-9996

www.pure-aqua.com

Mike Mo

sales@pure-aqua.com

Rainfresh Water Filters and
Purifiers*

Richmond Hill, ON, Canada

800-667-8072

www.rainfresh.ca

Scott Macdonald

ism@rainfresh.ca

Teqma

Barcelona, Spain

34-93-896-48-52

www.teqma.com

Carmelo Llorente

teqma@teqma.com

UV/O3

St. Ives, Cambs., UK

44-1480-355446

www.uvo3.co.uk

Peter Wadsworth

sales@uvo3.co.uk

UV LAMP MANUFACTURERS
Atlantic Ultraviolet*

Hauppauge, NY

631-273-0500

www.ultraviolet.com

Ann Wysocki

awysocki@atlanticuv.com

Australian Ultra Violet
Services (Operations)*

Thomastown, Victoria,
Australia

61 3 9464 3855

www.austuv.com.au

John Sly

austuv@austuv.com.au

eta plus electronic

Nuertingen, Germany

49 7022-6002-80

www.eta-uv.de

Anne O'Callaghan

info@eta-uv.de

Hanovia Inc.

Union, NJ

908-688-0050

www.hanovia-uv.com

Jeff Andrews

jsandrews@hanovia-uv.com

Heraeus Amba Ltd. (Amba Lamps)

Banbury, UK

44 1295 272666

www.heraeusamba.co.uk

Gavin Armstrong

sales@heraeusamba.co.uk

Heraeus Noblelight

Hanau, Germany

49-6181359925

www.heraeusnoblelight.com

Volker Adam

volker.adam@heraeus.com

Philips Lighting*

Roosendaal, Netherlands

31 165 577906

www.uvdisinfection.philips.com

Jaak Geboers

jaak.geboers@phlips.com

Ultra-Violet Products Ltd.

Cambridge, UK

44-1223-420022

www.uvp.com

Wendy Bruce-Johnson

uvp@uvp.co.uk

Ushio America

Cypress, CA

800-838-7446

www.ushio.com

Keith Sangiacomo

ksangiacomo@ushio.com

UVC–LLC

Minden, NV

775-782-4464

Brad Hollander

uvp@acninc.net

UVP, Inc.

Upland, CA

800-452-6788

www.uvp.com

Kathy Buckman

info@uvp.com

UV SYSTEC*

Jena-Maua, Germany

49 3641 62 49 52

www.uv-systec-gmbh.de

Sabine Profit

sabine.profit@uv-systec-gmbh.de

uv-technik Speziallampen*

Wümbach, Germany

49 36785 5200

www.uvtechnik.com

Steffen Müller

mueller@uvtechnik.com

WEDECO Inc.*

Charlotte, NC

704-409-9785

www.wedeco.us

Tracy Trimble

Tracy.Trimble@itt.com

Xenon Corporation

Woburn, MA

781-938-3594

www.xenon-corp.com

Judy Pizzano

judypizzano@xenon-corp.com

COMPONENTS FOR UV WASTEWATER TREATMENT APPLICATIONS
Advance Transformer* (1)

Rosemount, IL

800-322-2086

www.advancetransformer.com/
purevolt

Deb Zacharczyp

debora.zacharczyp@philips.com

Apprise Technologies (2)

Duluth, MN

866-277-7473

www.apprsetech.com

José Goin

oem@mail.apprisetech.com

EIT Instrument Markets (2)

Sterling, VA

703-707-9067

www.eitinc.com

David Snyder

uv@eitinc.com

eta plus electronic (2)

Nuertingen, Germany

49 7022-6002-80

www.eta-uv.de

Anne O’Callaghan

info@eta-uv.de

Gigahertz-Optik (2)

Newburyport, MA

978-462-1818

www.gigahertz-optik.com

Bob Angelo

b.angelo@gigahertz-optik.com

HF Scientific (3)

Ft. Meyers, FL

239-337-2116

www.hfscientific.com

Randy Kalisik

randyk@hfscientic.com

International Light* (2)

Newburyport, MA

978-465-5923

www.intl-light.com

Jill Fowler

ilsales@intl-light.com

Nedap Power Supplies (1)

Groenlo, Netherlands

31-544-471860

www.nedappowersupplies.com

Tonnie Telgenhof

tonnie.telgenhof@nedap.com

Nicollet Technologies (1)

Minneapolis, MN

612-379-7919

www.nictec.com

Jonathan Wilkie

jwilkie@nictec.com

Riverbend Instruments (4)

Birmingham, AL

205-320-1722

www.riverbendinst.com

Dick Echols

info@riverbendinst.com

Solatell Ltd. (2)

Croydon, UK

44 7720 570763

www.solatell.com

Mike Stephenson

mikes@solatell.com

uv-technik Speziallampen* (1,2)

Wümbach, Germany

49 36785 520 0

www.uvtechnik.com

Steffen Müller

mueller@uvtechnik.com

Warner Power* (1)

Warner, NH

603-456-4468

www.warnerpower.com

Dick Longo

dlongo@warnerpower.com

* IUVA Corproate Member; (1) Ballasts and Power Supplies; (2) UV sensors and radiometers; (3) UV transmission analyzers; (4) UV actinometers
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ABSTRACT
This paper summarizes the conclusions of two recently completed
projects that examined the occurrence of the protozoan pathogen
Cryptosporidium in wastewater streams, and the efficacy of
ultraviolet (UV) light for treatment of wastewaters to control
Cryptosporidium. A 15-month survey of Cryptosporidium oocyst
occurrence was conducted at ten US wastewater treatment plants.
Cryptosporidium oocysts were found in all wastewater matrices
from raw sewage to tertiary effluents. However, low doses of UV
radiation (3 mJ/cm2) from either low or medium pressure UV lamps
were effective in achieving an inactivation level of greater than
three logs for Cryptosporidium oocysts in wastewater effluent as
measured by cell culture. No evidence of oocyst DNA repair was
observed. While the occurrence of Cryptosporidium oocysts is
common in wastewater effluents, UV is highly effective for oocyst
inactivation in wastewater.
Keywords: Cryptosporidium, disinfection, occurrence, oocysts,
pathogens, particle association, ultraviolet (UV) irradiation,
wastewater.

INTRODUCTION
Water bodies receiving wastewater effluents commonly serve as
source waters for drinking water supplies. A current public health
concern with wastewater effluents is the potential for transmission
of infectious agents that may be present in human and animal feces.
The diseases in the contributing communities are reflected by the
varying numbers of pathogenic organisms including viruses,
bacteria, helminths, and protozoa found in wastewater. Depending
on the level of wastewater treatment, some of these pathogens may
escape removal and/or inactivation and enter receiving waters.
Cryptosporidium is a significant concern to water suppliers
worldwide, as this protozoan parasite forms highly resistant oocysts
that can survive in moist environments for extended periods. The
oocysts are highly resistant to environmental pressures and are
difficult to remove in water treatment due to their small size (4 to
6 µm). Cryptosporidium oocysts are resistant to conventional
chlorine based disinfectants, and oocysts that escape the
coagulation/filtration process can remain viable in the distribution
system. Dozens of outbreaks of cryptosporidiosis have occurred
10 | IUVA NEWS, Vol. 6, No. 3

worldwide, with resulting deaths (Lisle and Rose 1995; Kramer et
al. 1998).
Animals and humans are reservoirs for this parasite, and it enters the
environment through shedding of fecal material. Dozens of species
harbor Cryptosporidium oocysts including mammals (cattle, horses,
rodents, deer, dogs, cats), kangaroos, birds, reptiles, and fish. As
such, there are many routes for this parasite to enter the environment
including natural runoff (non-point sources), runoff from
agriculture, effluents from industries such as meat processors,
wastewater effluents, and combined sewer overflows.

DEVELOPMENT OF METHODS FOR
RECOVERY OF CRYPTOSPORIDIUM
FROM WASTEWATER MATRICES
Methods development for Cryptosporidium recovery from water
has focused primarily on clean waters: source waters for drinking
water plants such as lakes and rivers, and finished drinking water.
Due to the differences in matrix composition from raw wastewater
to tertiary effluents, different methods for recovery and enumeration
of oocysts were needed to address matrix quality. The standard
method in use in the US and generally worldwide is USEPA Method
1622 (USEPA, 2001). Using the basic format of Method 1622, a
single method was developed for raw wastewater and primary
influents that uses centrifugation to concentrate 500 mL samples. A
second method was developed for secondary and tertiary effluents
which includes the Pall Envirochek HV™ (Pall Corp. Ann Arbor,
MI, product no. 12099) capsule for sample concentration. Similar to
Method 1622, both methods rely on immunomagnetic separation
(IMS) to separate oocysts from debris, followed by antibody
staining and microscopy for identification and enumeration. The
inclusion of ColorSeed™ (BTF, PO Box 599, North Ryde BC, NSW
1670, Australia), an internal positive control in each sample,
provides information on method performance. ColorSeed contains
flow cytometer-sorted, gamma-irradiated Cryptosporidium oocysts
and Giardia cysts that have been permanently stained with a red
fluorescent dye allowing differentiation between ColorSeed™ and
naturally-occurring oocysts, which are not red. These wastewaterspecific methods were developed and single-laboratory validated
over a two year period.

OCCURRENCE SURVEY
Once method performance was established, these methods were
used in a survey of Cryptosporidium occurrence in ten US
wastewater treatment plants over a 15-month period. The
wastewater treatment facilities sent monthly grab or composite
samples to the laboratory (Clancy Environmental Consultants, Inc.)
for analysis. Samples of econdary and tertiary effluents were filtered
in the field, with ColorSeed™ added to the filter capsule prior to
sample collection. ColorSeed™ was incorporated as an internal
control to indicate method performance in each sample.
Participating utilities were located in Alabama, California,
Colorado, North Carolina, Pennsylvania, and Vermont. A total of
289 samples were analyzed in the 15-month survey. The summary
data are presented in Table 1.
Table 1. Summary of Cryptosporidium Oocyst Recoveries and
Occurrence in Wastewater Survey
Percent of
Matrix
Volume Range of Cryptosamples
(n = samples Analyzed Turbid- sporidium
analyzed)
(L)
ities
Concentr- positive for
Crypto(ntu)
ation (#/L)
sporidium
Raw Influent
(95)

0.5

34.3 - 700

<2 - 24

29.5

Primary
Effluent (84)

0.5

4.08 -3.7

<2 - 86

45.8

Secondary
Effluent (94)

4.2 22.7

0.75 19.3

<0.1 - 40.8

58.5

Tertiary
Effluent (16)

22.7 131.3

0.75 23.62

<0.008 0.226

18.8

These data show the wide range of turbidities in each sample type,
which contributes to the variability in the matrix itself and in the
overall recovery of oocysts. Turbidities of raw influent ranged from
34.3 to 700 ntu, while primary influents ranged from 4.08 to 327
ntu. The range for secondary effluents was much narrower, 0.75 to
19.3 ntu, with tertiary effluents ranging from 0.75 to 2.62 ntu. As
turbidity decreased through the treatment process, the ability to
recover oocysts improved as water quality improved.
Another objective of the occurrence study was to examine the
removal of oocysts across the treatment process. Since Cryptosporidium cannot reproduce outside of an animal host, the
concentration of oocysts cannot increase through the treatment
process. Regardless of differences in recovery efficiencies, the
occurrence of Cryptosporidium oocysts in wastewater is significant.
It is reasonable to assume that the concentration of oocysts should
be continually decreasing across the treatment process, from raw
influent to final effluent (secondary or tertiary) on a per volume
basis. This was not always observed, as shown in data from one of
the plants in Figure 1. This plant in Alabama operates at 2 mgd with
a peak flow design of 3 mgd. The wastewater influent is comprised
of 70% domestic and 30% industrial (food industry). Preliminary
treatment of the influent includes screen and grit removal as well as
pre-aeration. The pretreated wastewater enters the primary clarifiers

and the weir effluent is passed through biofilters, intermediate
clarifiers, and then through trickling filters. The trickling filter
effluent enters the secondary clarifiers. The effluent from the
secondary clarifiers remains in a chlorine contact basin for 30 min
before being discharged. This plant uses no chemicals, such as
polymers, alum, or caustic for enhanced coagulation, phosphorus
removal or pH adjustment.
Figure 1 shows the oocyst concentration per liter at the Alabama
plant. In some months the concentration of oocysts recovered was
higher in secondary effluent than in raw or primary (May, October,
December, March). A factor that may contribute to this observation
is the low overall levels of oocysts detected in this plant, making it
difficult to show significant log10 differences. The number of
oocysts per liter in the Alabama data ranged from <1 to 4 across all
matrices. Another factor is the improvement in recovery of oocysts
in cleaner water matrices; hence greater numbers of oocysts were
recovered from effluent samples than from raw or primary influent
samples. Cryptosporidium oocysts were detected in 3 of 11 raw
influent samples (27.3%) at a concentration of 2/L. In primary
effluent samples, 18.2% (2/11) were positive for indigenous
oocysts. In secondary effluents, 72.2% (8/11) samples were positive
for oocysts, ranging from 1 to 36/10L. Similar trends in oocyst
concentration variability across the treatment process were noted for
other plants in the study.

Figure 1. Oocyst concentrations in raw influent and primary and
secondary effluents at Alabama wastewater treatment plant.

ULTRAVIOLET (UV) INACTIVATION
OF CRYPTOSPORIDIUM IN
DRINKING WATER
Given the presence of Cryptosporidium in wastewater and many
surface waters, one of the major challenges for drinking water
suppliers is the control of Cryptosporidium. Like Giardia,
Cryptosporidium oocysts can be physically removed by the
coagulation/filtration processes, although oocyst removals have
been found to be slightly reduced likely due to their smaller size
(Nieminski and Ongerth 1995; Ongerth and Pecoraro 1995). But
unlike Giardia, Cryptosporidium oocysts are resistant to chlorinebased disinfectants at the concentrations and contact times practical
for water treatment (Korich et al. 1990). This makes the physical
removal process (coagulation, sedimentation, filtration) of
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paramount importance in conventional water treatment where
chlorine is relied on for disinfection.
UV has been used for drinking water treatment in Europe since the
early 1900’s, but until the mid-1990’s, it was not considered to be
an effective treatment for protozoan pathogens such as
Cryptosporidium. Studies by Campbell et al. (1995) followed up
with additional research (Bolton et al. 1998; Clancy et al. 1998;
Bukhari et al. 1999; Clancy et al. 2000) showed Cryptosporidium to
be extremely susceptible to UV. Dozens of studies have shown that
UV is highly effective at relatively low UV fluences (10 mJ/cm2) for
control of Cryptosporidium in drinking water applications. In
response to this relatively new finding, in August 2003 the USEPA
proposed the Long Term 2 Enhanced Surface Water Treatment Rule
(USEPA 2003) to require additional treatment of water sources with
higher Cryptosporidium levels to protect public health. The use of
UV for disinfection of drinking water derived from surface sources
is a major aspect of this rule. Dozens of US cities have plans to
incorporate UV into their treatment processes over the next decade,
with the New York City proposal for a 2 billion gallon per day
facility already in the design phase (Potorti et al. 2004).

UV, CRYPTOSPORIDIUM, AND
WASTEWATER
UV is a viable alternative to chlorination for disinfection of
wastewater. Although UV has been available as a technology since
the early part of the 20th century, it did not experience widespread
acceptance for wastewater treatment until the mid-1980’s. Since this
time, both research into UV disinfection and installations of UV
facilities have increased dramatically. Some of the explanations for
the increasing acceptance of UV irradiation for the disinfection of
wastewater are:
1. proven ability to disinfect pathogenic bacteria and most
viruses,
2. proven effectiveness in meeting federal wastewater effluent
standards based on the reduction of indicator organisms in
the finished effluents to meet permitted effluent discharge
limits,
3. increased safety compared to the storage and handling of
chlorine,
4. no known formation of toxic by-products,
5. increasing costs of chlorination due to regulations curbing
chlorine discharge limits – thus mandating dechlorination,
and
6. stringent and costly regulations regarding storage and
transport of chlorine gas as part of the Uniform Fire
Protection Code.
UV technology has become increasingly more reliable and
predictable with regard to performance. Improvements in the lamp
and ballast technology has led to the use of medium pressure UV
sources for disinfection applications, thus expanding the range of
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water qualities that can be treated with UV radiation. Future
expansions in technology may allow for the design of UV lamps
with optimized germicidal outputs for inactivation of specific
pathogens in a given water quality matrix.
Cryptosporidium was not recognized as an important human
waterborne pathogen until the mid-1980’s and wastewater
regulations have not incorporated removal or inactivation of oocysts
in wastewater effluent standards. The current regulatory focus of
wastewater disinfection is on bacteria – fecal coliforms and E. coli.
The fate of specific pathogens in wastewater disinfection processes
and the extent to which they elude disinfection or detection in
wastewater are not well understood or documented. Previous
literature reports indicate that Cryptosporidium is common in
wastewaters worldwide (Madore et al. 1987; Stadterman et al. 1994;
Robertson et al. 2000). At least ten cryptosporidiosis outbreaks
between 1984 and 1998 have been attributed to sewage
contamination of drinking water (McCuin and Clancy 2004). Since
chlorination is ineffective in oocyst inactivation, the obvious
question is – how well does UV perform for Cryptosporidium
inactivation in wastewater matrices?
Questions regarding UV inactivation of Cryptosporidium in
wastewater included:
1. how well is Cryptosporidium inactivated in wastewater
matrices,
2. is there a difference between low and medium pressure
lamps,
3. can oocysts undergo light or dark DNA repair,
4. how does particle association affect UV effectiveness?
The results of recent research indicate that both low and medium
pressure UV irradiation are very effective for inactivation of C.
parvum oocysts spiked into secondary wastewater effluent (Linden
et al. 2004). Infectivity assays using cell culture indicated that
inactivation levels greater than three log10 can be achieved in
wastewater with a UV dose of only 3 mJ/cm2. These data agree with
the results of Clancy et al. (2004) using animal infectivity and Shin
et al. (2001) using cell culture. Rochelle et al. (2002) reported good
correlation between the average infectivity of HCT-8 cells and CD1 mice for untreated oocysts as well as oocysts exposed to UV light.
Inactivation of Cryptosporidium was most effective in the 250 to
270 nm range, which includes both the low and medium pressure
output ranges. Despite the fact that many microorganisms exhibit
the ability to repair UV damaged DNA and restore infectivity, it was
found that UV inactivated C. parvum oocysts are not able to restore
their infectivity in cell culture host cell lines following exposure to
either light (photoreactivation) or dark DNA repair protocols.

protozoan pathogens such as C. parvum oocysts are highly resistant
to chlorination, non-UV disinfected particle associated C. parvum
oocysts will persist in wastewater following chlorination only. In
addition, the formation of chlorinated byproducts may be a concern.
Therefore, if complete inactivation of chlorine-resistant microbes is
required, use of UV disinfection systems in wastewater treatment
processes can be very effective but should be optimized or
augmented (perhaps with filtration) to compensate for the reduction
of disinfection efficacy due to aggregation and/or particle
association.

Figure 2. Inactivation of C. parvum oocysts in wastewater by low
pressure UV radiation.

PARTICLE ASSOCIATION AND
SEQUENTIAL DISINFECTION
As indicated above, the natural occurrence of Cryptosporidium in
wastewater is too low to allow for the determination of log
inactivation from UV exposure. Therefore, it is necessary to spike
Cryptosporidium into the wastewater effluent to test for levels of
inactivation. However, this may not represent the true physical state
of occurrence of C. parvum in wastewater. A molecular biological
approach was used to identify C. parvum in wastewater and
visualize the degree of particle association. The method chosen for
identification of pathogens associated with particles and flocs in
wastewater was Fluorescent in-situ Hybridization (FISH). This
method was modified to minimize the impact on particle/floc
structure and allow visualization with minimal disturbance to the
floc structure. It was visually shown that C. parvum oocysts were
present and associated within wastewater flocs, in a fashion similar
to that found for coliform bacteria. Although disinfection testing of
these particle-associated pathogens was not possible, it may be
assumed that these microbes could be protected from UV and
chlorine disinfection. However, the extent of the significance of this
particle association on disinfection could not be evaluated and
would likely be source and process specific. This is a topic of future
research.
Use of multiple disinfectants in series was hypothesized to be an
effective strategy for inactivation of the wide range of pathogen
types found in wastewater. The results indicated that a high level of
inactivation of C. parvum oocysts in wastewater is achieved by
application of low doses of low pressure UV 254 nm radiation.
Therefore, an approach that utilizes UV disinfection followed by
free chlorine dosing and subsequent formation of monochloramine
(due to ammonia in the wastewater) along with long contact time
should be capable of achieving significant inactivation of most
microorganisms within a practical range of UV and free/
monochloramine doses. Extended contact time with chlorine was
also found to be effective in achieving inactivation of particle
associated coliform bacteria in wastewater. However, because

The results of this research can be directly applied to the
optimization of current wastewater disinfection practices with UV
irradiation and chlorine. For example, a wastewater utility
discharging treated effluent to a sensitive water body such as one
used for drinking water, may want to employ a sequential UVchlorine/chloramine disinfection scheme to ensure adequate
inactivation of most protozoa, including Cryptosporidium. As
another example, a wastewater utility experiencing problems with
meeting effluent standards may need to investigate the issue of
particle associated microbes and adjust their upstream processes to
minimize formation of microbe-associated particles. Finally,
although the use of free chlorine/chloramines sequential
disinfection in a dynamic chloramination mode by a wastewater
treatment plant could enhance the overall removal of bacteria and
viruses with extended contact times, this scenario may not be
capable of disinfecting C. parvum oocysts. Therefore, for some
wastewater utilities that are particularly susceptible to
Cryptosporidium oocyst contamination, addition of a UV
disinfection process would be a prudent step to protect downstream
users from the risk of Cryptosporidium exposure.

SUMMARY
The results from these studies demonstrate that Cryptosporidium
occurs commonly in all types of wastewater matrices. Whether
derived from wastewater, urban, or agricultural runoff, the
percentage of wastewater samples positive for oocysts is high: 30%
for raw sewage, 46% for primary influent, 59% for secondary
effluent, and 19% for tertiary effluent. While occurrence is common,
a critical question for risk assessment is whether or not the oocysts
recovered are able to cause infection in humans or animals. This
research did not answer this question, as the ability to detect
infectious oocysts in wastewater samples is fraught with analytical
difficulties. However, the research moved a step beyond to
demonstrate that Cryptosporidium is easily inactivated in wastewater
effluents using UV disinfection, with no evidence of DNA repair.
UV wavelengths emitted from low and medium pressure lamps
were equally effective for inactivation of C. parvum oocysts. That
UV will play an important role in the future of wastewater
disinfection for improved public health protection, is clear.
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ABSTRACT

THE REGULATORY INCENTIVE

Ultraviolet radiation is accepted and widely applied for the
disinfection of treated wastewaters, including reuse waters.
Although the technology was discovered more than a century ago,
its practical development is more recent, driven by regulatory
demands to seek alternates to chlorination. The application of UV to
treated wastewaters has seen rapid growth over the past 25 years,
with the number of plants today numbering more than four
thousand. The unique design considerations for wastewater
applications have led to today's conventional configurations of
open-channel, gravity flow, modular systems, with current and
future research focusing on the impact of water quality, and the
optimization of reactor design using biodosimetry and hydraulic
modeling techniques. This paper explores the history of the
technology and the system design and research activities
surrounding its application to treated wastewaters.

One can speculate that UV would not have developed to any
significant degree without the regulatory pushes with regard to the
environmental impacts of the use of chlorine and the increased
precautions relating to its safe handling, storage and transport.
Chlorination is very effective, so without these issues, none of
which reflect on disinfection performance, it is likely that chlorine
would have remained the disinfectant of choice.

Keywords: Ultraviolet radiation; wastewater disinfection; reuse
water disinfection; biodosimetry; UV process modeling; history;
photoreactivation; open-channel; low-pressure lamps; mediumpressure lamps; CFD; dose-distribution

INTRODUCTION
The use of ultraviolet (UV) radiation to disinfect wastewaters has an
interesting and relatively new history. This paper reviews the
practice of UV disinfection of wastewater from its inception in the
late 1970’s up to the present time. The authors do this from the
perspective of three drivers that influenced the technology's growth:
(1) regulatory interest, (2) effective and efficient technology
development for wastewater applications, and (3) research that
showed that UV light will reliably disinfect wastewater. Certainly,
an undertaking of this kind will likely leave out some key points and
may overly reflect the authors’ own experiences, but it is interesting
to reflect on the growth of a new technology in an application that
was already well established and effective. One can say that the
ongoing interest and growth of UV in the water industry has strong
similarities to its development for wastewaters.

Removing Halogen and Disinfection By-Products
from the Environment
The practice of wastewater disinfection is rooted in two basic and
complementary principles: the protection of human health, and the
maintenance of a natural, healthy environment. Inactivation or
destruction of pathogenic microorganisms at municipal treatment
plants can reduce the dissemination of pathogens to the environment
and break the potential cycles of pathogen-associated infections.
Chlorination became the standard process for disinfecting treated
wastewaters, and was the key to the great public health successes of
the 20th century. But, as we became aware of the environmental
impacts associated with disinfection practices in the 1960’s and
1970’s, regulators determined that the ongoing need to effectively
destroy pathogenic microorganisms must be balanced against the
effects of a disinfected wastewater on the biota in receiving water
and the creation of by-products that in themselves had serious
public-health consequences. The deleterious effects of halogens on
the environment have been well documented along with the longterm effects of halogenated hydrocarbons. In the 1970’s this
prompted governments throughout North America (USEPA 1976;
Environment Canada 1978) to reduce the levels of chlorine and its
by-products from disinfected wastewater (Riordan 1979). More
restrictive limits began to be placed on chlorine residuals, often
requiring dechlorination before discharge. The investigation and
implementation of alternative disinfection methods was
encouraged, prompting a considerable amount of research and
demonstration efforts with ozone, bromine chloride, chlorine
dioxide and UV.
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Addressing Safety Issues Relating to Chlorination
In the late 1980’s and 1990’s, as legislation and regulations were
passed to strengthen the control of hazardous chemicals and
community right-to-know protocols, the hazards of transporting and
storing gaseous chlorine (and sulfur dioxide in cases where
dechlorination was practiced) received greater attention. This gave
an economic incentive for finding effective alternatives to
chlorination. National and statewide fire codes require secondary
containment for gaseous chlorine releases, and local emergency
response protocols and community awareness add costs to the
maintenance of chlorination activities.
Rather than being driven by the potential, but largely unknown,
technological and economic advantages of UV, it is evident that the
first influence in the development of UV was from the regulatory
side – the need for an alternative technology that would do as well
as chlorination, but mitigate peripheral, but serious, issues relating
to the use of chlorine. UV was new to the industry, and probably the
least understood when compared to the alternative chemical
oxidants such as ozone. But the interest in UV was heightened by its
sometime unique advantages, as shown in Table 1. Probably the
most important was that using UV light to disinfect wastewater does
not produce any toxic by-products during or after the disinfection
process.
Table 1: The advantages of UV light for disinfecting wastewater.
• UV light kills viruses, vegetative and spore-forming
bacteria, Cryptosporidium, Giardia, algae and yeasts,
• no chemicals are added to the wastewater to change the pH,
conductivity, odour, taste or create possible toxic
compounds,
• impossible to irradiate the water with too much UV light,
• freedom from handling and storing dangerous toxic
chemicals such as chlorine or other related compounds,
• Uniform Fire Code in the United States,
• shorter retention time for disinfection eliminates the need
for large contact chambers,
• relatively simple equipment and operation, and
• possible capital and operating cost savings.

UV EQUIPMENT DEVELOPMENT
Addressing UV Equipment Design for Wastewater Applications
In the latter part of the 19th Century, it was shown that UV light
inactivates microorganisms (Downes and Blunt 1878–1879). The
subsequent development of UV equipment became dependent on
people integrating the latest developments in the fields of lamps,
ballasts and sensor technologies. Table 2 shows some of the major
events and trends that affected the development of effective UV
disinfection systems. UV light was used to disinfect drinking water
as early as 1906 (von Recklinghausen 1914). At that time no one
disinfected wastewater. The introduction of chlorination essentially
eliminated the use of UV for disinfecting drinking water in North
America, but not Europe. The experience with chlorine and drinking
water was transferred to wastewater in North America and UV was
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never adopted as a conventional disinfectant agent for water or
wastewater applications. In the late 1970’s the United States
Environmental Protection Agency (USEPA) started to discourage
the use of chlorine for disinfecting wastewater and provided
research money and construction grants for UV disinfection. The
USEPA’s Innovative and Alternative (I&A) Technology program
was responsible for securing the installation of several full-scale UV
systems throughout the country. These installations, although not
without problems, enabled the industry to demonstrate UV’s
effectiveness and to support developments that improved its design.
Clearly, UV disinfection of wastewaters can be considered a success
for the I&A program.
Table 2: Important milestones in the advancement of UV
disinfection
• Downes and Blunt in 1878 discovered that sunlight kills
microbes in broth.
• Bernard and Morgan in 1903 and Bang in 1905 found
that the most sensitive wavelengths were around 250 nm
(Lorch 1987)
• Kuch in 1904 developed the first quartz lamp (Lorch 1987).
• Henri, Helbronner and Recklinghausen in 1910 put a
UV system into the water supply for Marseille, France
(Lorch 1987).
• Ignition of the lamps was a problem for the next 25 years.
• Advances in the production and use of chlorine gas after
1910 stopped the use of UV in North America.
• Westinghouse Electric first demonstrated the fluorescent gas
discharge lamp in 1938.
• Lamps and ballasts were perfected in the 1940’s, providing
the resources for the future development of many of today’s
UV companies in North America and Europe.
• UV became an accepted process and it was widely used in
Europe for disinfecting drinking water. Thousands of such
UV systems are in operation today.
• In the late 1970’s the USEPA began to discourage the use of
chlorine for disinfecting wastewater and provided research
money and construction grants for UV disinfection.
• In 1978, a full-scale innovative UV system was successfully
demonstrated at the NW Bergen wastewater treatment plant,
Waldwick, NJ (Scheible and Bassell 1981).
• In 1982 a modular UV system that fits in a gravity-fed,
open channel with lamps parallel to the flow was introduced
for the disinfection of wastewater (Whitby et al. 1984).
Most of the early UV systems that were installed were adapted from
pressurized vessels that were used for disinfecting drinking water.
Prompted by the relatively poor quality (low UV transmittance) and
limited available hydraulic head typical of wastewater plants, new,
and relatively small companies began to develop systems that would
accommodate such specific characteristics associated with
wastewaters. The rapid development of these various “firstgeneration” systems and their subsidized installation at full-scale
facilities certainly helped to bring attention to UV but this also

created difficulties. Basic design flaws in most of these systems
reflected poorly on the UV industry and raised cautions with
government agencies, operators, and consultants.
The reasons that these earlier systems did not work reliably were:
• Replacement of lamps, quartz sleeves and ballasts required
the shut down of the entire UV system.
• Cleaning systems failed to perform, and in some cases
damaged the lamp battery upon mechanical failure.
• Poorly understood and inadequate hydraulics, whereby shortcircuiting occurred and caused performance failures.
• Improper cooling of the ballasts, led to failure of the ballasts.
• Ballasts and UV lamps were not matched, leading to failure
of the lamps.
• Difficulties in maintenance led to the failure of components
such as Teflon® and/or quartz tubes, lamps, and ballasts.
• Lack of scientific information or protocols to adequately size
a UV system for specific wastewater applications.
Most of these problems were eventually overcome. More rigorous
attention to engineering design, fabrication quality, and the
development of reliable lamp/ballast controls and configurations
helped. Attention to understanding the hydraulic and water quality
aspects of design moved the industry to its “second-generation”
systems. These advanced open-channel, gravity flow, modular
design concepts, soon convinced owners and regulators of UV’s
reliability, and these systems began to dominate the wastewater
disinfection market.
UV Design Advances – A Look Through Patent History
In 1972, US Patent 3634025 was issued to A. Landry for a UV
system whereby water flowed by gravity through the inside of
Teflon® tubes, and lamps surrounded the tube, as shown in Figure 1.
The Teflon® was transparent to UV light and, in theory, suspended
solids, oils and greases would not adhere to it. The UV system had
very good hydraulics because of the long tubes and the many bends
in the tubes. Studies showed, however, that as the Teflon® aged, it
became worn and less transparent to the UV light (USEPA 1986).
This system was very successful up until the middle of the 1980’s
when it could not be scaled up for very large flows. It is still sold in
Australia and was popular in the United Kingdom where coating of
the quartz sleeves was a problem.
A US Patent 4103167 was issued to S. Ellner in 1978 for a UV
system that used a large rectangular, gravity-flow chamber with
lamps situated perpendicular to the flow (Figure 2). The UV system
also used an in-place chemical cleaning system and UV sensors to
determine the UV fluence. This UV system required 100 percent
backup if a quartz sleeve had to be replaced or the quartz sleeves
had to be cleaned. This was one of the first full-scale, gravity-flow
UV systems of this size for wastewater within North America and it
is still in use at the Suffern Wastewater Plant in Suffern, New York.
A second US Patent 4767932 was issued to S. Ellner in August 1988
for a semi-pressurized (Figure 3a) and open-channel UV system
(Figure 3b). The semi-pressurized, gravity flow UV system was
installed in Madison, Wisconsin and treated over 50 mgd (8,000
m3/h), which was the largest UV system in the world at that time.
The open-channel UV system with vertical lamps is still sold today.

Figure 1. A Teflon® tube UV system for wastewater.

Figure 2. A semi-pressurized UV system where the UV lamps are
perpendicular to the flow and the quartz sleeves are cleaned by
circulating acid through the tank.

(a)

(b)
Figure 3. (a) A semi-pressurized gravity flow UV system;
(b) An open channel UV system with vertical lamps.
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A US Patent 4367410 was issued to M.D. Wood in 1983 for a
gravity-flow, “thin-film,” open-channel UV system with a
mechanical cleaning system, where the lamps were horizontal in the
channel and perpendicular to the flow (Figure 4). The lamps in this
UV system were very close together to overcome the problems with
UV transmission. The system was first demonstrated at the NW
Bergen Wastewater Treatment Plant (WWTP) in New Jersey
(Scheible and Bassell 1981), and then again at the Port Richmond
WWTP in New York (Scheible et al. 1983). These studies showed
good performance, although the UV system was somewhat
inefficient in its use of light. With the lamps perpendicular to the
flow they tended to capture debris from the effluent, which would
affect the cleaning system and put the wiper out of alignment and
break lamps and quartz sleeves. The complete shutdown of the UV
system was required to remove a quartz sleeve and this necessitated
the need for 100 percent backup. Electrical difficulties plagued the
system, primarily because of the lamp ends having to be positioned
at the steel bulkheads holding the lamp/quartz assemblies, which
caused overheating and premature failure of the electrodes.
Although several full-scale systems were installed in the early
1980’s (e.g., Pella, IA and Northfield MN), the system configuration
was eventually discontinued.

Figure 4. An open channel UV system where the UV lamps are
perpendicular to the flow and the quartz sleeves are automatically
cleaned.
A very important advancement in the development of effective UV
equipment for disinfecting wastewater in North America was US
Patent 4482809 in 1984 for a gravity-flow, open-channel, horizontal
lamp, parallel-flow, modular UV system by J. Maarschalkerweerd
(Figure 5). This UV system eliminated the need for pumps and
could easily be retrofitted into an existing channel in a wastewater
treatment plant (such as chlorine contact tanks and secondary
effluent channels). The racks holding the lamps were modular so
that each one could be removed individually for servicing while the
rest of the UV system continued to function. This resulted in a lower
cost UV system and made UV disinfection more cost-competitive
with chlorination. The lamps were parallel to the flow so that debris
only accumulated on the front and backs of the racks containing the
lamps and not on the lamps themselves. The major difficulty with
this UV system was if one seal or quartz sleeve broke all of the
lamps in a single rack would be flooded out. This and similar UV
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systems were improved in the late 1980’s by the addition of single
ended quartz sleeves, reducing the number of seals by 50 percent.
An improved sealing system that prevented all of the lamps in a rack
from being flooded if one seal or quartz sleeve broke was granted to
J. Maarschalkerweerd in 1989 as US Patent 4872980.

Figure 5. The open channel, parallel flow, horizontal lamp, modular
UV system.
All of the previous designs of UV equipment for wastewater had
problems associated with the cooling of the ballasts. The
introduction of energy efficient electronic ballasts reduced the size
of cabinets but it did not solve the problem of heat management.
When fans were used to cool the ballasts; dust, insects and moisture
were blown into the cabinets. When filters were added to the
cabinets they were easily clogged and the ballasts overheated. A US
Patent 4872980 was issued to J. Maarschalkerweerd in 1989 that
described the incorporation of ballasts into the rack of the UV
system (Figure 6) that had been described in US Patent 4482809
(Figure 5). This resolved, in large part, the difficulties with ballast
cooling.

Figure 6. Open channel, parallel flow, horizontal lamp, modular
UV system with the ballast incorporated in the rack for disinfecting
fluids.
In hot climates, however, this system still required some form of sun
protection and the ballasts were subject to moisture during flooding
conditions due to the number of seals in the ballast enclosure. The
solution to the cooling and moisture problems was the submerged

ballasts as described by H. Kozlowski in US Patent 6193939 in
2001. The use of this submerged ballast technology in an openchannel, parallel-flow UV system is shown in Figure 7.

Figure 8. Semi-pressurized UV system with in-place chemical and
mechanical cleaning.
Wipers and Scrapers: All of the patents on scrapers or wipers
involve some form of felt, rubber, metal, plastic or Teflonâ that is
pushed or pulled down the length or around the circumference of a
quartz tube. All of the patents describe different ways of carrying
out this process.

Figure 7. The use of a submerged ballast to eliminate the cooling
and flooding problems associated with open-channel, parallel-flow
UV systems.

The first reference to a scraper that the authors could find is in US
Patent 1998076 issued to H.M. Creighton et al. in 1935 and is
shown in Figure 9. The scraper or wiper (72) is pressed against a
quartz sleeve and it is driven by a set of gears with the lamp in the
centre (53).

Since then the open-channel, parallel-flow UV system has been
improved by the use of higher output UV lamps and the
incorporation of various cleaning systems.
In 1995 J. Maarschalkerweerd was granted US Patent 5418370 for
a semi-pressurized UV system with medium-pressure lamps and
automatic chemical and mechanical cleaning (Figure 8). The racks
of UV lamps were moved in and out of a restriction in the channel;
this eliminated the problem of controlling the level of the water over
the lamps that was encountered in previous open-channel UV
systems. The chemical and mechanical cleaning system was a
stimulus in the market for UV systems with automatic cleaning.
Virtually all the latest UV systems for wastewater are now sold with
some form of automatic cleaning.
Cleaning Systems for UV Equipment
Von Recklinghausen noted that UV lamps were coated by
compounds in the water in 1914. This prompted him to place the
UV lamps out of the water. Since then cleaning of the quartz tubes
around the lamps has been a major challenge. Inventors have come
up with scrapers, brushes, ultrasonics, in-place acid cleaning, and
chemicals along with scrapers. Unfortunately there are no
independent scientific studies to show that any of these systems
actually works better than another. Protocols have been
constructed to verify a particular cleaning system’s performance
claims through the National Water Research Institute (NWRI
2003) and the EPA Environmental Technology Verification
Program (USEPA 2003).

Figure 9. A UV system with a scraper (72) driven by a set of gears
with the lamp in the centre (53).
As shown in Figure 4, M. D. Wood in US Patent 4367410 expanded
on the idea of a wiper when he cleaned the entire UV array with one
assembly. This system was not successful due to tolerance problems
that resulted in breakage of the quartz sleeves. Modern UV systems
have the array of lamps broken up into a number of individual
modules or racks. Wipers using Teflon®, rubber and metal are still
used to clean quartz sleeves but these modules have their own
independent wiping mechanisms. If one wiper fails it does not affect
all of the other cleaning systems.
Ultrasonics: Patents have been issued for using ultrasonics for
cleaning quartz sleeves in pressurized UV systems (R.M.G.
Boucher US Patent 3672823, E.A. Pedziwiatr US Patent 4728368,
and J.M. Maarschalkerweerd US Patent 5539209); semi-pressurized
UV systems (S. Ellner US Patent 4358204); and UV probes (J.M.
Maarschalkerweerd US Patent 5539210). Ultrasonic systems that
were used to clean UV systems for wastewater were not effective
(USEPA 1986).
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Acid Cleaning: S. Ellner was issued US Patents 4103167, 4899056
and Re34513 in 1978, 1990, and 1994 respectively for using an acid
to clean quartz sleeves either in-place with a recirculation system or
after lifting the UV modules out of a channel. All of these methods
required that the UV system be taken out of service. P. Binot was
issued a US Patent in 1998 for using an acid and air injection system
for cleaning a pressurized UV system.
Air Scouring: P. Schuerch et al. was issued a US Patent 5332388 in
1994 for an air scouring system for a vertical lamp UV system for
disinfecting wastewater.
Chemical and Mechanical Cleaning: J.M. Maarschalkerweerd was
issued US Patent 5418370 in 1995 for a chemical and mechanical
method for cleaning the quartz sleeves in a semi-pressurized UV
system. As shown in Figure 8 the quartz sleeve contracts into a
sleeve and the acid inside the sleeve dissolves any minerals and the
seals at the front of the sleeve scrape off any deposits. This cleaning
system was modified so that the sleeve moved along the quartz
sleeve.
E. Ishiyama invented a chemical and mechanical method for
cleaning the quartz sleeves in an open channel parallel flow UV
system with horizontal lamps as shown in Figure 10 and was issued
US Patent 5874740 in 1999 (Figure 10). The acid cleaner is
continually replenished.

Figure 10. A chemical mechanical wiper system for cleaning the
quartz sleeves in an open channel modular parallel flow UV system
with horizontal lamps.

RESEARCH ON THE UV
DISINFECTION OF WASTEWATER
This review cannot possibly cover all the papers on the UV
disinfection of wastewater. Instead, the authors have selected some
that pointed to new developments in understanding UV or advances
in the design of UV systems. Annual reviews are published in the
Journal “Water Research” by the Water Environment Federation,
from which one can develop a more complete bibliography.
In 1975, Oliver and Carey hung a light fixture with UV lamps over
the outfall of a tank of secondary effluent and showed that UV light
could disinfect the effluent. They prepared a cost estimate on UV
and concluded it was more expensive then chlorination but should
be examined further. The effluent was not toxic to rainbow trout but
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the chlorinated effluent was toxic (Oliver and Carey 1975). A
second study by Oliver and Carey showed that the bacterial kill was
independent of the UV intensity and that sonicating suspended
solids increased the microbial kill. The research also showed that as
the water depth increased, the fluence rate required to get a 2 log kill
increased (Oliver and Carey 1976).
In 1977, Venosa et al. presented a paper on the ultraviolet
disinfection of municipal effluent in Dallas Texas with a pressurized
UV system (Venosa et al. 1977). An attenuated Type 1 strain of the
polio virus and fecal coliforms were equally sensitive to UV light.
The bacteriophage f2 was less sensitive to UV light. The authors
concluded that UV light is a feasible disinfectant as long as the
quality of the effluent is reasonably good. Dr. Albert Venosa of the
USEPA became a strong proponent of UV disinfection and was
instrumental in implementing USEPA-supported research and
demonstration projects that advanced the industry’s understanding
of the technology.
Three papers were presented at a conference in Cincinnati in 1978
on the UV disinfection of wastewater. A more detailed description
of the above-cited pilot testing in Dallas, Texas was presented by
Wolf et al. (1979). In parallel with the pressurized UV unit an open
channel UV unit was used where the lamps hung over the water. The
iso-intensity patterns of the UV intensity within the pressurized UV
unit were described. This is one of the first descriptions of the UV
intensity within a UV unit and an attempt to correlate the values
with disinfection. A second paper by Johnson et al. (1979)
introduced actinometry, residence time distributions and the concept
of a bioassay to verify the fluence of a flow-through UV system.
The bioassay approach became an important element in UV design,
although controversy still surrounds its proper use and application
to design practices. A third paper by Scheible and his coworkers
(1979) showed the evaluation and costing for an open-channel UV
system with a wiper and UV lamps perpendicular to the flow
(Figure 4). This paper also presented information on how
photoreactivation resulted in approximately a one-log increase in
coliform density after UV exposure. The issue of photoreactivation
has never been completely addressed in relation to what happens to
the pathogens and its impact on disinfection performance.
Tonelli et al. (1978) published a very extensive review and a
summary of research done by the Ontario Ministry of the
Environment. This was the start of the Ontario Ministry of the
Environment’s extensive involvement in the UV disinfection of
wastewater.
The USEPA published its first large scale report on the UV
disinfection of a municipal wastewater effluent in Dallas, Texas in
August 1980 (Petrasek et al. 1980). All personnel associated with
the project felt that UV was a viable disinfection process for
secondary effluents. The UV system that had a shallow tray with
lamps above the wastewater was not practical for large flows and it
was susceptible to settling of the suspended solids. The full power
of the lamps was not utilized. The authors found that suspended
solids from 5 to 50 mg/L did not effect the UV transmission. UV
light was very effective against the polio virus and the f2 coliphage

was a good indicator of the kill of viruses. UV systems with
submerged lamps were more efficient than those with lamps out of
the water. The authors felt that monitoring of the UV intensity was
very important for process control. This is still one of the weakest
points of UV disinfection. The researchers found that cleaning of
the quartz sleeves was very important and that a schedule should be
set-up so that the sleeves are kept clean. A nitrified effluent was
easier to disinfect then a non-nitrified effluent and they felt that this
was due to the increased quality of the effluent and UV
transmission.
Severin (1980) looked at the UV disinfection of primary clarifier
effluent, settled activated sludge effluent, activated sludge effluent
with waste activated solids added, tertiary sand filtered effluent,
mixed media filtration effluent, and trickling (roughing) filter
effluent. The results showed that the effluents with the highest UV
transmission and lowest solids had the greatest inactivation of the
fecal coliforms. The author also proposed one of the first models for
the UV disinfection of wastewater. Dye studies showed that
decreasing the flow rate can lead to possible channelized flow
within a UV reactor and this in conjunction with a non-uniform UV
intensity profile can result in decreased inactivation rates. Even
though this UV unit was meant for potable water the costs and
operation indicated that the UV disinfection of wastewater was a
viable alternative.
Ho and Bohm (1981) in Ontario, Canada showed that a UV unit that
was used in fish hatcheries could meet a total coliform limit of 2500
per 100 mL even during plant upsets. The lamps in this unit were
horizontal and perpendicular to the flow (Figure 11). The closed
vessel used baffles along the top of the unit to prevent short
circuiting. Several very extensive reports were published on the data
(Ho 1982; Bohm 1982). This commitment of the Ontario Ministry
of the Environment to UV disinfection of wastewater ultimately led
to the extensive involvement of the Ministry in the full scale UV
testing at the wastewater treatment plant in Tillsonburg, Ontario that
began in February 1982 (Whitby et al. 1984). A final report was
issued by Ho and Bohm in 1984. This report showed
photoreactivation of the total coliforms of approximately 0.6 logs
after six hours of artificial sunlight. Ho and Bohm looked at the
reduction in T-bacteriophages and they went from 40 to 300 per 100
mL to a geometric mean of 2 per 100 mL. Mixtures of 4, 10 and 20
percent primary effluent with secondary effluent were disinfected to
less than 1000 total coliforms per 100 mL. The UV transmission
was 28.5 percent and the suspended solids were 48.7 mg/L with a
20 percent addition of primary effluent.
The USEPA published work conducted at the NW Bergen WWTP in
New Jersey (Scheible and Bassell 1981). This was the first
extensive large-scale testing of a UV system that was designed for
wastewater. The UV unit used the “thin film” configuration cited
earlier, and was designed to treat up to 30,000 m3/day and had 400
UV lamps. The study looked at cost, photoreactivation, effluent
quality, calculation of UV dose, operation and maintenance, and
sizing of UV systems.

Figure 11. The UV system used by Ho and Bohm showing the
baffles to prevent short circuiting along the top surface of the UV
unit.
In 1981 the USEPA published the extensive work of Johnson and
Qualls on the use of a bioassay, collimated beam, and tracer studies
for characterizing a flow through UV system and this was followed
up by other studies by the authors on the same subjects (Qualls and
Johnson 1983; Johnson et al. 1981; Qualls and Johnson 1985). The
design of the collimated beam has been the basis of all subsequent
units. This bioassay used Bacillus subtilis. A method was developed
to account for the scattering of UV light by suspended solids in a
spectrophotometer. The authors also looked at the effect of
suspended solids on the log survival of the total coliforms and
showed that the solids protect the microorganisms (Qualls et al.
1983). In 1989 Qualls et al. followed this up with another study of
a flow-through UV system using a bioassay and tracers to
characterize the hydraulics.
A review of the UV disinfection of wastewater by Albert Venosa in
the Journal of the Water Pollution Control Federation in 1983
showed that there were still a lot of unanswered questions but UV
was an acceptable alternative to chlorine. These questions were:
• What are the effects of suspended solids and UV
transmission?
• What is the optimum system size and configuration?
• Can UV disinfect combined sewer overflow (CSO)?
• What is the best cleaning method?
• What is the best method to measure UV dose?
• Should photoreactivation be accounted for?
Most of these questions are still being debated today.
Severin et al. (1983, 1984a, 1984b) proposed a series event model
to describe the behavior of microorganisms in a batch and a flow
through completely mixed reactor.
In 1984 Whitby et al. published their long-term, side-by-side
comparison of chlorination and a full-scale, open channel UV
system with horizontal lamps that are parallel to the flow. This study
looked at the coliforms, fecal streptococci, Clostridium perfringens,
Pseudomonas aeruginosa, and bacteriophage to Eschericia coli C.
The study reported that UV disinfection was as cost effective as
chlorination, the effluent disinfected with UV light was not toxic to
Rainbow trout, and UV disinfection was as effective as chlorination
in eliminating bacteria but more effective with bacteriophages and
therefore more likely to inactivate human viruses. There was a oneSEPTEMBER 2004 | 21

log increase in the coliforms after photoreactivation but a follow-up
study showed that in the receiving stream no photoreactivation
could be detected (Whitby et al. 1985). This follow-up study also
showed that the UV output of the lamps after one year was below
65% but the curve flattened out for another year.
Scheible et al. (1983) published the findings of a major large-scale
pilot study at New York City’s Port Richmond WWTP. Three large
scale systems were specified and each one was capable of treating
up to 1 mgd of secondary effluent or CSO. This major research and
demonstration project focused on the development of a rational
design protocol for the UV process, incorporating the hydraulic
characteristics of a system, the calculation of the intensity in a
complex reactor, and the effect of wastewater quality. The study
quantified the effect of suspended solids on system performance,
related inactivation kinetics to system intensity, and reported on the
ability of UV to disinfect CSO-type wastewaters.
A survey by White et al. (1986) identified 52 UV systems that were
operating in Canada and the United States. Inspections of six of the
systems showed that most of the problems were electrical,
mechanical and hydraulic and not due to the UV process itself. The
authors recommended that designers become more involved in the
design of the UV equipment and its installation. This was one of the
objectives of the USEPA Design Manual Municipal Wastewater
Disinfection.
In October 1986 the USEPA published the Design Manual:
Municipal Wastewater Disinfection (USEPA 1986). This was the
first major design publication that gave UV equal footing to
chlorination and other alternatives. Chapter 7, authored by Karl
Scheible, was devoted to ultraviolet disinfection, and represented
the outcome of several years of research and demonstration projects
conducted by Scheible and others. (Scheible et al. 1983; Scheible
and Bassell 1981; Scheible 1985; Scheible et al. 1979). It is an
excellent review of all the UV knowledge with regard to wastewater
at that time and presents the findings of very extensive UV pilot
testing. This chapter was written with the idea that it would give the
person designing a wastewater treatment plant the knowledge of
how to specify the number of lamps in a UV unit and how to install
the UV unit. It addressed critical considerations with respect to
hydraulic design, wastewater characteristics, the importance of UV
transmittance, and the impact of particles on ultimate performance
levels. Much of the discussion contained in the Design Manual is
still relevant to today’s design problems.
The USEPA Design Manual reported a UV process design (Scheible
et al. 1986) developed from the Port Richmond pilot studies that
took into account the UV equipment and its hydraulics, flow, UV
transmission, suspended solids, influent and effluent indicator
organisms. This model, embodied in the UVDIS software
developed by HydroQual, Mawah, NJ is used by many major UV
companies around the world to size UV equipment. The model also
showed when the disinfection limit could not be met. When this
model is being used it is important to remember that the coefficients
are supposed to be developed with data from the wastewater
treatment plant where the equipment is being installed.

22 | IUVA NEWS, Vol. 6, No. 3

Throughout the 1980’s and 90’s Arie Havelaar in collaboration with
other scientists (Nieuwstad and Havelaar 1994; Sommer et al. 1995;
Havelaar et al. 1991; Havelaar and Hogeboom 1984; Nieuwstad et
al. 1991; Mooijman et al. 2001; Havelaar et al. 1987; Havelaar et al.
1990; Havelaar 1993; Havelaar and IAWPRC Study Group on
Health Related Water Microbiology 1991) started working with Fspecific coliphages in wastewater before and after UV disinfection
as a model for human pathogenic viruses. Havelaar and his coworkers also showed that the MS2 coliphage could be used to
measure the UV fluence in batch and flow-through reactors with
low and medium pressure lamps. This work led to the adoption of
the MS2 coliphage for bioassays of UV equipment for water and
wastewater in North America, supplanting the common use of
spores of B. subtilis.
In 1991 Snider et al. showed that UV disinfection could be used to
meet the California Title 22 requirement of 2.2 total coliforms per
100 mL. This opened up an entirely new market for UV equipment
in wastewater treatment plants. It also broadened the entire
controversy over how to do a bioassay and qualify for California
Title 22. This resulted in the publication of “UV Disinfection
Guidelines for Wastewater Reclamation in California and UV
Disinfection Research Needs Identification” in 1993 by the National
Water Research Institute. This document was followed up in 2000
and 2003 by a joint effort between the National Water Research
Institute and American Waterworks Association Research
Foundation to address new equipment and the use of a bioassay to
determine the UV fluence. The document also defined as many of
the UV terms as possible.
In 1992 a survey was published of the UV systems in wastewater
treatment plants in North America by the US EPA (Scheible et al.
1992). The report recommended that additional information should
be collected on how to design UV systems for alternate indicator
organisms such as E. coli and enterococci. It recommended the use
of the open-channel, modular, gravity flow UV systems. The
authors recommended that more research be done on the use of high
intensity lamps. More research should be done on photoreactivation
but it should be done in comparison to chlorination/dechlorination.
The Water Environment Research Foundation (WERF) published a
comparison between UV irradiation and chlorination along with a
new model to size UV systems (Darby et al. 1995). This model has
not seen widespread use but the authors felt that it better represented
UV disinfection when it was being used for water reuse.
Although the effects of particles had been studied in the 1980’s,
Jeannie Darby’s research group extended this work in the 1990’s by
looking at what upstream processes effect the presence of indicator
organisms in and on particles (Loge et al. 2002; Darby et al. 1999;
Loge et al. 2001; Parker and Darby 1995; Loge et al. 1997; Emerick
et al. 1998; Loge et al. 1999; Emerick et al. 1999; Emerick et al.
1999a; and Emerick et al. 2000). The upstream processes are very
important if the effluent must meet the standards for water reuse.
The report has guidelines for selecting the upstream processes that
match the UV system to the disinfection limit. They also did more
research on the effect of particle size. It is becoming a routine
practice to do particle sizing on a wastewater during the design

phase of a UV system. The research showed that the longer a
particle remains in a wastewater treatment plant the fewer coliforms
are associated with it.
A major demonstration project was reported on the application of
alternative UV technologies for primary and secondary effluents
(Scheible 1999). Five large-scale UV systems (0.5 to 1.5 mgd) were
installed and operated with secondary and primary effluents. These
systems included advanced low-pressure high-output and mediumpressure lamp systems, and a benchmark conventional lamp system.
Performance was evaluated over a range of hydraulic loadings, and
monitored via fecal coliform, total suspended solids (TSS), and
transmittance analyses. The USEPA UV disinfection model was
calibrated with the data, and used to size the various configurations
for alternative wastewater applications. Costs were generated,
which formed the basis for a subsequent WERF analysis of costs
versus chlorination/dechlorination. The study further developed the
impact of suspended solids on disinfection performance.
Subsequent efforts (Scheible 1999a) were directed to raw
wastewaters that were drawn after the plant bar screens and fed to a
continuous-deflection (CDS) screen, with 1200- and 600-micron
apertures, for TSS and trash removals. A fuzzy filter (FF) was
placed downstream of the CDS; this fiber-based media filter was
found to effectively remove TSS at particle sizes greater than 50micron, which is similar to that of primary sedimentation. Three
different high-output UV systems were tested downstream of the
CDS with and without fuzzy-filter pretreatment. Collimated beam
measurements on fractionated samples demonstrated that dose
improvements beyond that accomplished with FF filtration would
require TSS removals to less than 1 micron. Fecal coliform
reductions of 2 to 3 logs were demonstrated with UV after removal
of gross TSS.
Bioassays (or biodosimetry) have been developed as a standard
method to quantify the fluence delivered by a UV reactor, and they
rely primarily on MS2 coliphage as the challenge organism
(Scheible 2000; HydroQual and NSF International 2002). The
NWRI/AwwaRF guidance for UV disinfection of reuse and drinking
waters present protocols for such tests, and the USEPA
Environmental Technology Verification program has protocols for
reuse, secondary effluent and wet weather flow applications.
Extensive work has been reported on the use of such methods in the
USEPA’s draft UV Design Guidance Manual (USEPA 2003).
Alternative challenge organisms are also being investigated that
more closely represent the UV sensitivity of targeted organisms.
Facilities have been established worldwide to provide such testing
for full-scale commercial UV reactors.
A bioassay only provides the average values of the UV fluence of a
flow through UV system. The studies with a hydraulic tracer do not
give any indication of how or where short circuiting may be taking
place. Ernest Blatchley and his co-workers (Do-Quang et al. 1997;
Lyn et al. 1997; Blatchley 1998a; Chiu et al. 1999a; Lyn et al.
1999a; Chiu et al. 1999b; Chiu et al. 1998; Blatchley et al. 1998;
Blatchley 2000; Lin and Blatchley 2001; Lyn et al. 1999; Lyn et al.
1999b; Blatchley 1997; Blatchley et al. 1993; Blatchley 1998b;
Blatchley et al. 1994; Lin and Blatchley 2000) established an

alternative to the bioassay and tracer studies by using computational
fluid dynamics (CFD). When combined with fluence-rate models
within a reactor, CFD has allowed UV companies, researchers and
designers of wastewater treatment plants to get a better
understanding of the dose-distribution within a UV system. CFD is
being embraced for drinking water applications. The modeling
approach allows a UV system to be optimized before it is built.
When combined with biodosimetry, it becomes a powerful tool for
verifying the performance of a reactor over its operating range. CFD
and dose-distribution modeling have not been fully accepted,
largely due to the newness of the technique, and to the uncertainties
surrounding calibration and validation of such modeling
approaches.
A survey in 2003 by the Water Environment Federation showed that
of all the respondents 24 percent used UV disinfection in their
wastewater treatment plants and 66 percent were planning to switch
to UV (Water Environment Federation 2004). There are
approximately 18,000 wastewater treatment plants in North
America and there could be at least 4,000 UV systems. UV
disinfection of wastewater is an accepted disinfection technique for
wastewater. Its application to CSO and Sanitary Sewer Overflow
(SSO) type wastewaters has been successfully demonstrated as well
as water reuse. More work needs to be done to understand the limits
of UV when it is used for such high level disinfection as water
reuse, including the need for effective upstream processes and
rigorous maintenance of the UV equipment.
Biodosimetry is an effective tool in quantifying and validating the
performance of a system. Although there are protocols for such
testing, an effort needs to be made to apply these on a consistent
basis, a role that can be played by the regulatory community.
Biodosimetry and CFD-based dose-distribution modeling should be
expanded for use in wastewater applications, addressing dose
requirements and the proper selection of challenge organisms to
validate various performance levels. Standard protocols are needed
for determining the UV output of a lamp, and, in particular the end
of lamp life output.
Effective O&M is critical to the successful application of UV to
wastewaters. A survey should be taken of UV systems in wastewater
and water treatment plants to determine their strengths and
weaknesses, and to define effective procedures for preventative
maintenance. This is all the more important as UV is used in more
plants that are producing water for reuse.
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ABSTRACT

LAWS OF PHOTOCHEMISTRY

The fundamentals of UV light from the nature of light, light sources
to targets, light absorption and transmission and UV reactor design
are presented along with recommended terms and definitions.

Photochemical reactions are unique in that they are driven by light
absorption. For example, UV disinfection is a process that is
initiated by the absorption of UV photons by nucleic acid bases in
the DNA of bacteria and protozoa and by either DNA or RNA in
viruses. There are at least three “Laws of Photochemistry” that
apply:

INTRODUCTION
The fundamentals of ultraviolet (UV) light and its absorption are the
same for any medium (air, water or surface) In this paper, I will
assume that the reader has limited knowledge of UV; thus terms and
definitions will be carefully defined.1 It is important to understand
these fundamental terms to prevent errors, misinterpretations and
misunderstandings.

LIGHT – PARTICLES OR A WAVES?
Light or electromagnetic radiation encompasses wavelengths that
span at least 15 orders of magnitude from gamma rays to radio
waves. In the 19th century, light was considered to have only
“wave-like” properties; however, in the late 19th and early 20th
century it became clear from the work of Planck, Einstein and others
that light also has “particle-like” properties. This characteristic is
most apparent in the “photoelectric effect”, where Einstein was able
to explain the results in terms of the concept of light as a stream of
particles called “photons”. Earlier Planck was able to explain the
properties of “blackbody” radiation by assuming that light is
composed of discrete particles with an energy inversely
proportional to the wavelength. These two characteristics of light
are linked together in the famous “Planck Law of Radiation” as
shown in the equations below
[1a]

u = hν = hc/λ

[1b]

U = NAhν = hcNA/λ

where u is the energy (J) of one photon, ν is the frequency (Hz =
s–1), λ is the wavelength (m), c is the speed of light (2.9979 x 108
m s–1) in a vacuum, h is the Planck constant (6.6261 x 10–34 J s), NA
is the Avogadro number (6.02214 x 1023 mol–1) and U is the energy
of one mole or einstein of photons. The units here have been given
in the standard SI forms; however, for applications in ultraviolet
light and photochemistry, λ is usually given in nanometers (nm),
with appropriate numerical factors to make the left-hand side of the
equations come out to joules (J).

First Law of Photochemistry
Only the light that is absorbed by a molecule can be effective in
producing photochemical change in the molecule.
If light (i.e., a stream of photons) is not absorbed as it passes
through a medium, nothing can happen, and no photochemical
reaction can be induced. This Law is sometimes called the GrotthusDraper Law after the works of Grotthus in 1817 and Draper in 1843.
An illustrative example is the hydrogen peroxide (H2O2) molecule.
Photons with wavelengths out to 560 nm have enough energy to
dissociate the O–O bond in H2O2; however, no photochemical
reaction occurs until light below about 300 nm is absorbed. This is
because the absorbance of H2O2 becomes vanishingly small above
300 nm.
Second Law of Photochemistry
Each molecule taking part in a photochemical reaction absorbs one
quantum of radiation (photon), which causes the reaction.
This is a consequence of the particle nature of light. This is
sometimes called the reciprocity rule. It means that the
photochemical yield is dependent only on the number of photons
absorbed. This is also sometimes called the Stark-Einstein Law after
the works of Stark and of Einstein around 1912. Thus the amount of
product formed or the reagent consumed will be independent of the
fluence rate as long as the fluence (product of the fluence rate and
the exposure time) is constant. Note that not all molecules that
absorb a photon necessarily proceed to a photochemical reaction.
The fraction of stimulated molecules that do react is called the
quantum yield. There is an exception to this law at very high light
levels (e.g., such as in a powerful laser beam), where multi-photon
absorption can take place.
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Third Law of Photochemistry
The energy of an absorbed photon must be equal to or greater than
the energy of the weakest bond in the molecule.
This is a consequence of the Law of Conservation of Energy. A
chemical reaction generally requires one or more bond ruptures, so
if the energy of the absorbed photon is less than the energy of the
weakest bond, no photochemical reaction is possible. An example is
NO2, a brown gas found in “photochemical smog”. NO2 absorbs
light out to about 550 nm; however, only light absorbed below 395
nm has enough energy to dissociate the N–O bond. Thus light
absorbed above 395 nm can only be converted to heat.

SPECTRAL WAVELENGTH
RANGES OF INTEREST
Figure 1 shows that the range of ultraviolet is from 100 – 400 nm [a
nanometer (nm) is 10–9 meters (m)]. “Ultraviolet” means beyond the
“violet” limit (400 nm) of the visible range that extends out to 700
nm. The ultraviolet range is divided up into four sub-bands:

relevant definitions into those related to the light source and those
related to a target being illuminated.
Source Definitions
Radiant Power (PΦ) [W] is the total radiant power emitted in all
directions from a light source.
Radiant Energy (Q) [J] is the total radiant energy emitted in all
directions from a light source. It is the integral of the radiant
power over time.
Radiant Emittance (M) [W m–2] is the radiant power emitted in
all forward directions from a tiny area (dA) on the surface of the
source divided by that area (see Fig. 2a). The Radiant Emittance
is a measure of the “brightness” of a source.
Radiant Intensity (I) [W sr–1] is the power emitted outward
from a source along a given direction about a tiny cone of solid
angle dΩ steradians (see Fig. 2b). The radiant intensity, in a nonabsorbing medium, is independent of the distance from the
source.

UVA – This sub-band extends from 315 – 400 nm. Light in this
range is absorbed by the skin and leads largely to “sun tanning”.
UVB – This sub-band extends from 280 – 315 nm. Light in this
range is also absorbed by the skin but leads largely to “sun
burning”.
UVC – This sub-band extends from 200 – 280 nm. Light in this
range is absorbed by DNA in the skin and is the primary cause of
skin cancer. This range also is absorbed by DNA and RNA in
microorganisms and leads to their inactivation by inhibiting the
ability of these organisms to replicate.
Vacuum Ultraviolet – This sub-band extends from 100 – 200
nm. It is called the “vacuum UV” since UV light in this range is
strongly absorbed by water or oxygen in the air. For example, a
low pressure UV lamp with a very pure quartz sleeve emits at
185 nm. This light is absorbed in a few cm by oxygen in the air
and leads to the generation of ozone (O3).

Figure 1. Spectral band of light. The scale on the bottom is
wavelength λ in nm, and the scale on the top is photon energy U in
kJ mol–1.

SOME TERMS AND DEFINITIONS
The Photochemistry Commission of the International Union of Pure
and Applied Chemistry (IUPAC) has developed a recommended set
of terms and definitions for ultraviolet disinfection and
photochemical applications (Bolton, 2000). This paper divides the
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Figure 2. (a) Radiant Emiitance, where the beams emerge from a
tiny element of surface dA; (b) Radiant Intensity, where the beams
emerge through a tiny cone of of solid angle dΩ.
Target Definitions
Irradiance (E) [W m–2] is the total radiant power of all
wavelengths passing from all incident directions onto an
infinitesimally small area dA, divided by dA. Often the units
mW cm–2 (= 10 W m–2) are used. Irradiance is measured by a
radiometer, and the term is appropriate for any situation where a
surface is being irradiated (e.g., in UV curing).
Fluence Rate (E′) [W m–2] is the total radiant power of all
wavelengths passing from all incident directions onto an
infinitesimally small sphere of cross-sectional area dA, divided
by dA. Often the units mW cm–2 (= 10 W m–2) are used. This is
the appropriate term for UV disinfection because a
microorganism in air or water can receive UV photons from
many different directions, particularly in situations where there
are several UV lamps. The fluence rate is the sum of the
irradiance contributions from each of the UV lamps.
Fluence rate and irradiance (see Figure 2) are often confused and
misused. Often the term UV intensity is used [as does the recently
released US EPA UV Disinfection Guidance Manual (USEPA,
2003)]. However, the term “UV intensity” does not distinguish
between “fluence rate” and “irradiance”; hence, its use is not
encouraged, unless one wishes to express a qualitative
assessment. For example, one can say that the UV intensity from
a medium pressure UV lamp is much greater than that from a low
pressure UV lamp at the same distance.

Figure 4. Transmission of a
light beam of wavelength λ
with an incident irradiance
Eo through a medium of
path length λ and emerging
with an irradiance El.
Figure 3. (a) Irradiance, where the beams impinge on a tiny element
of surface dA; (b) Fluence rate, where the beams pass through a tiny
sphere of cross-sectional area dA.
Radiant Exposure (H) [J m–2] is the total radiant energy of all
wavelengths passing from all incident directions onto an
infinitesimally small area dA, divided by dA. Often the units mJ
cm–2 (= 10 J m–2) are used. This term is appropriate for any
situation where a surface is being irradiated (e.g., in UV curing).
Fluence (H′) [J m–2] is the total radiant energy of all
wavelengths passing from all incident directions onto an
infinitesimally small sphere of cross-sectional area dA, divided
by dA. Often the units mJ cm–2 (= 10 J m–2) are used. The fluence
is the time integral of the fluence rate. If the fluence rate is
constant in time, the fluence (J m–2) is the product of the fluence
rate (W m–2) and the exposure time (s). In much of the current
literature, the term UV dose is used for fluence. “UV dose” is not
an appropriate term because the word “dose” implies complete
absorption, as in UV exposure of skin. However, a typical
microorganism absorbs less than 1% of the incident UV photons,
since it is so small. Nevertheless, the term “UV dose” is widely
used, particularly in North America. Perhaps the reason is that
engineers find the term “UV dose” more intuitive than “fluence”.

ABSORPTION AND TRANSMISSION
When light passes through an absorbing medium, it is apportioned
into three parts: the fraction absorbed, the fraction transmitted and
the fraction scattered. In most cases (where the turbidity is low),
scattering can be neglected, as we will do here.
Beer-Lambert Law, Transmittance, Absorption Coefficient
and Absorbance
Consider Figure 4, where a light beam of wavelength λ enters with
an irradiance E o into an absorbing medium with a path length l cm
and emerges with an irradiance El. These two irradiances are
connected by the Beer-Lambert Law:
El
[2a]
T = Eº = 10–A = 10–al
or
El
log(T) = log Eº = –A = –al
[2b]
where T is the transmittance, a [cm–1] is the (decadic) absorption
coefficient, A is the absorbance (unitless) and l is the path length [cm].
These can also be based on a meter (as they are in most parts of the
World except North America). Hence, the absorption coefficient is
then expressed in units of m–1. Note that 1 cm–1 = 100 m–1.

Note that equations 2 apply only for monochromatic beams with a
narrow distribution about a central wavelength λ.
The absorbance is a very important quantity because it is directly
proportional to concentrations of absorbing components, that is
[3]

A=

Σε c l
i

i i

where εi is the molar absorption coefficient (M–1 cm–1) of
component i and ci is the concentration (M = mol L–1) of component i.
Often the terms absorbance and absorption coefficient are
confused. For example, the USEPA Ultraviolet Disinfection
Guidance Manual (USEPA 2003, p. A-8) (UVDGM) defines
absorbance at 254 nm as follows:
A254 = UV absorbance at specified wavelength, based on 1 cm
path length (unitless; absorption as measured by Standard
Method 5910B)
This statement is incorrect. Apparently the UVDGM uses this
definition because this is how UV absorbance is typically defined in
water treatment and because in almost all cases 1 cm cell is used to
measure the UV absorbance. However, it is unfortunate that they did
not define A254 correctly as the absorption coefficient with units of
cm–1. As defined, A254 is certainly not unitless.
It is important to specify the path length for the transmittance, since
without that specification, the transmittance is undefined.
Sometimes the path length (in mm) is appended as a subscript, for
example, T10 means the transmittance for a path length of 10 mm
(1 cm).

FACTORS AFFECTING THE PERFORMANCE OF UV REACTORS
A UV reactor is a defined space that contains UV lamps. If used for
water treatment, the UV reactor can either be an enclosed space or
be an open-channel, where the top water surface is open to the air.
UV reactors for air treatment are almost exclusively enclosed space
reactors.
The performance of UV reactors can be expressed either as the
fluence (UV dose) delivered or as the ratio of the effluent to influent
concentration of a contaminant. The performance depends on
several factors:
1. The absorption coefficient or transmittance of the medium
(e.g., air or water) – this is probably the most important
factor. Generally, as the absorption coefficient (cm–1 or m–1)
increases (transmittance decreases) the fluence (UV dose)
that a reactor can deliver at a fixed flow rate decreases.
Figure 5 (taken from Bolton et al. 2001) illustrates how the
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performance deteriorates as the %T10 drops for an annular
UV reactor. This curve should apply equally well to more
complex reactors.

4. Mixing efficiency – this is defined as the ratio of the actual
fluence (UV dose) delivered at a given flow rate to the
maximum theoretical fluence (UV dose) assuming perfect
radial mixing as the air or water passes through the reactor.
The latter can be determined by calculating the volume
average fluence rate (using a suitable mathematical model)
and multiplying by the residence time in seconds.
5. Reflection – UV light (200–300 nm) reflected from the
reactor walls back into the reactor can significantly improve
performance, since not all this UV light is lost at the walls.
Aluminum has the best reflection coefficient (>95%)
whereas it is only about 25% for stainless steel and virtually
zero for wood.

CONCLUSIONS
Figure 5. Fluence (UV dose) in a UV reactor as a function of the
percent transmittance of the water. The dotted line corresponds to a
common minimum fluence standard for disinfection safety
The %T of the medium also is important in UV reactor design.
Figure 6 (taken from Bolton et al. 2001) illustrates how quickly
the UV fluence rate (irradiance) falls off with distance as a
function of the %T10 of the medium. For drinking water rectors,
where the %T10 is often >90%, the penetration depth is quite
large (8–12 cm), so reactors should be designed so that lamps are
relatively far apart and the walls are not too close to the outer
lamps. By contrast, wastewater has %T10 values that are 40–60%
or less. Here penetration depths are only 1–2 cm. Thus reactors
should be designed with lamps relatively close to each other and
the walls close to the outer lamps.

This paper has attempted to lay out the fundamentals of ultraviolet
light in its application to UV reactors for air and water treatment. It
is important to use properly-defined terms and units, so that readers
can have a clear view of the concepts being put forward.
A good source of UV references is the reference list maintained in
IUVA e-News, the online Newsletter of the International Ultraviolet
Association (IUVA) (go to http://www.iuva.org for details).

NOTES
1. For further background on the fundamentals of ultraviolet
applications see Bolton (2001). Also the recently released
USEPA Ultraviolet Disinfection Guidance Manual has an
excellent discussion of the Fundamentals of UV Disinfection
(USEPA 2003, Appendix A). Calvert and Pitts (1966) and
Wayne (1988) are good books on photochemistry.
2. The first two Laws of Photochemistry are very well laid out
by Calvert and Pitts (1966, p.20); the Third Law is my own
concept.
3. There is also a (naperian) absorption coefficient (symbol α)
that is used when “e” replaces the “10” in equation 2a.

Figure 6. UV penetration depth (out from the quartz sleeve) versus
percent transmittance (%T10). The red (solid) curve is for the
penetration depth at which the fluence rate has dropped by 99% of its
value at the quartz sleeve. The blue (dashed) curve is the
corresponding one for a 95% drop.
2. Number and power of the UV lamps – generally, the fluence
(UV dose) delivered increases linearly with the power
applied to the UV lamps, although this is not true when, for
example, a low pressure lamp is replaced by a medium
pressure lamp because the UVC efficiency of the latter is less
than half that of the former.
3. Flow Rate – generally, the fluence (UV dose) decreases as
the flow rate increases because the residence time in the
reactor is inversely proportional to the flow rate. However,
the dependence is often non-linear because at high flow rates,
the mixing efficiency improves.
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