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For conventional drinking water treatment facilities, particularly those treating 
surface water, disinfection by-products (DBPs) are created when chlorine combines 
with the natural organic matter (NOM) remaining in the water after treatment (i.e. 
þnished water).  Under the Stage 1 Disinfectants and Disinfectant By-Products 
(D/DBP) Rule, the U.S. Environmental Protection Agency (EPA) recommended 
removing NOM through enhanced coagulation as the best available technology 
(BAT) for controlling DBPs in þnished drinking water.  The Stage 2 D/DBP Rule 
retains the enhanced coagulation BAT.  

The intent of enhanced coagulation is to reduce total organic carbon (TOC) 
levels in raw water by increasing coagulant doses and adjusting pH.  Because 
measuring NOM is difþcult, time-consuming and expensive, TOC measurements 
are considered an acceptable approximation.  Enhanced coagulation can remove substantial amounts of NOM and thus has 
substantially lowered DBP levels in drinking water.  Yet, despite the conscientious best efforts of water plant operators using 
enhanced coagulation, DBP levels may still, periodically, exceed regulatory limits.  Some of you may be wondering how high 
DBP levels form even though you have met your TOC removal requirement.  For some facilities, a chief reason may be pre-
chlorination, which provides more time for chlorine and NOM to interact.  Another reason may lie in the nature of NOM and 
in the nature of the coagulants used to remove NOM.

Letõs start with a discussion of NOM.  The best understood aspect of NOM is that it is not well understood.  Natural organic 
matter is common, in varying amounts, in all surface water and results from the decay of living organisms, primarily plants, 
in the environment.  As precipitation passes through a watershed, organic compounds are leached from soil and carried into 
streams, lakes, and rivers.  The terrestrial portion of a water facilityõs watershed may be forests, agriculture, or urbanized and 
the NOM characteristics imparted to water by different vegetation and run-off conditions can vary considerably.  Once in a 
stream, the NOM mix begins to be affected by aquatic biological processes, primarily the growth and decay of algae and other 
organisms.  Lakes and reservoirs may be subject to thermal stratiþcation and seasonal òturnover,ó which adds other variables 
to the NOM mix.  Streams, rivers, and lakes are further affected by the mineral composition within a watershed.  For example, 
alkalinity and pH are important factors regarding water treatment.  This all leads to NOM being a very complex chemical mix 
of organic compounds.  

Scientists split the constituents of NOM into two broad categories: hydrophobic and hydrophilic.  All surface source waters 
will have some of both types of NOM.  The word hydrophobic comes from Greek and translates, roughly, as òwater fearing.ó  
Hydrophobic chemicals do not like to interact with water; they tend to repel water molecules.  For example, dew beads up on 
a blade of grass because the surface of the grass is hydrophobic.  The word hydrophilic translates as òwater friend.ó  Water 
molecules are attracted to hydrophilic chemicals.  

Coagulants such as alum, as it turns out, are better at removing hydrophobic substances.  Because hydrophobic NOM tends 
to be repelled by water, coagulants can remove it easier than the hydrophilic, water-friendly NOM.  This is fortunate because 
during the early days of DBP research, scientists studying some speciþc water sources determined that hydrophobic NOM is 
the chief precursor material for DBPs.  It was realized that hydrophilic material does react with chlorine to form DBPs, but 
hydrophobic material was considered to be the main contributor to DBPs.  Accordingly, if coagulants can remove the hydro-
phobic precursors of DBPs, then enhanced coagulation could do an even better job of controlling DBPs.  By removing more 
NOM, there is less of it to react with chlorine, and lower DBP levels would result.  Enhanced coagulation was a logical and 
correct recommendation.  The Stage 1 Ruleõs trihalomethane (THM) and haloacetic acid (HAA) maximum contaminant levels 
(MCLs) were based on the then-current (1998) performance of coagulants.  The THM and HAA MCLs under the Stage 2 Rule 
where expected to be lowered from the Stage 1 levels as coagulant performance improved.

The Nature of Natural 
Organic Matter: Implications 
for DBP Formation
by Hardin Yeuell (hdy104@psu.edu)

Continued on page 3
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However, many water facilities that have had elevated 
DBP levels in the past are still challenged by high DBPs, 
even with enhanced coagulation techniques (and the Stage 2 
DBP MCLs were kept at the Stage 1 levels).  Seemingly, the 
ability of coagulants to control DBPs reaches a limit.  This 
limit may be due to the role of hydrophilic NOM.  Continuing 
research into the nature of NOM is þnding that hydrophilic 
substances can be signiþcant contributors to DBP formation.  
As scientists have analyzed different source waters, the rela-
tive mix of various sub-components in the hydrophobic and 
hydrophilic categories has been found to be highly variable.  
For some source waters, the reactivity of hydrophilic material 
may be equal to, or more than, the reactivity of hydrophobic 
material.  Furthermore, coagulation, by reducing the relative 
amount of hydrophobic NOM, increases the relative amount 
of hydrophilic NOM.  Apparently, a better understanding of 
NOM has actually complicated the situation.  Perhaps, the only 
safe statement is that òall waters are different.ó

Nonetheless, to clarify these concepts, consider an ex-
ample where the source water is dominated by hydrophobic 
NOM that happens to be more reactive with chlorine than the 
waterõs hydrophilic NOM.  Now, letõs say that coagulation has 
removed a substantial amount of hydrophobic NOM as well 
as some hydrophilic NOM such that the relative proportion of 
the two is roughly equal.  When chlorine is added, it will tend 
to react þrst with the hydrophobic NOM.  As the hydrophobic 
NOM is depleted, more and more of the hydrophilic NOM will 
react with the chlorine.  The type of DBP that is created may 
change as well.  The NOM + chlorine reaction will continue 
until either all of the NOM or all of the chlorine is used up.  
If the chlorine is depleted þrst (i.e. the chlorine residual has 
dropped below an acceptable level), additional chlorine will 
allow more DBPs to form.  With enough time (e.g. a few days) 
all of the NOM capable of converting into a DBP, whether itõs 
hydrophobic or hydrophilic, will become a DBP.  

So é whatõs the solution to high DBPs?  Well, answer-
ing that question is not the intent of this article but several 
òhigh-endó technologies do exist.  The Stage 2 Rule includes 
membrane þltration and activated carbon as BATs for NOM 
reduction.  Alternatively, disinfection by ultraviolet (UV) light 
or the application of ozone, chloramines, or chlorine dioxide 
may be appropriate.  However, re-þtting an existing water 
plant for these treatments could be beyond the resources of 
small water systems.  Furthermore, because the above tech-
niques are designed to prevent DBPs from occurring in the 
þrst place, they are not applicable to consecutive systems that 
may receive water in which DBPs have already formed.  A 
companion article in this newsletter describes the current Penn 
State Harrisburg research of THM removal by aeration.  

Center Presentations 
at the CS/PA AWWA 
Conference

Four oral and three poster presentations 
were presented by center staff at the 2007 
Chesapeake/Pennsylvania Section American 
Water Works Association Annual Meeting in 
Hershey, Pa.  The event took place April 25 
though 27.

1. òDisinfection Byproduct Removal by 
Aerationó by Stephanie Sherant 

2. òDBP LRAA Comparisons Between 
Consecutive Systems and their Wholesalersó 
by Hardin Yeuell

3. òAdsorption of Nonionic Halogenated Mi-
cropollutants on Nanoþltration and Reverse 
Osmosis Membranesó by Tae-Uk Kim

4. òHaloacetic Acid Removal Using Biologically 
Active Carbonó by Yuefeng Xie 

1. òThe Effects of Iron and Manganese on 
Disinfection Byproductsó by Jing Chen

2. òDBP Precursor Removal by Membrane 
Bioreactorsó by Hao Tang

3. òFormation and Degradation of Disinfection 
By-products in Drinking Water Distribution 
Systemsó by Zhijian Tang

In addition, Hardin Yeuell received the 2007 
David A. Long Scholarship ($1,500) from the 
Pennsylvania Section American Water Works 
Association at the conference.    

For more information about these presentations, 
please contact Center Co-Director Alison Shuler 
at 717-948-6388 or ajs28@psu.edu. 

Continued from page 2
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Trihalomethanes (THMs) are the most common disinfection byproduct (DBP).  DBPs are formed when disinfectants, such as 
chlorine, react with natural organic matter (NOM) in water.  Chloroform is the most dominant THM formed in systems that have 
low bromide concentrations.  Water quality characteristics having the greatest inÿuence on the formation of DBPs include: con-
stituents and concentration of organic precursors (NOM), pH, temperature, and disinfectant type.  The disinfectant dose, point of 
addition, contact time, and residual concentration also inÿuence the formation of DBPs.  Furthermore, the use of prechlorination 
is one of the main reasons that many systems are experiencing high DBP levels even though they meet NOM reduction during 
the treatment process.  

A consecutive system buys treated water from another system.  Since consecutive systems do not treat their own water (though 
some do boost residual chlorine), they have no direct control over the initial quality of the water they receive.  Currently, hydraulic 
management is the U.S. EPA suggested best available technology (BAT) for consecutive systems controlling DBPs.  The intent of 
hydraulic management is to reduce water residence time within the distribution system by, for example, minimizing storage time 
within storage tanks.  But, better hydraulic management cannot reduce the THMs that are previously formed in the water received 
from their wholesaler.  If the received water is near or already exceeds the 80 g/L maximum contamination level (MCL) set by 
the EPA Stage 1 and Stage 2 Disinfectants and Disinfection Byproducts Rules, a consecutive system, practically has no means of 
reducing the THM level below the MCL.  However, consecutive systems are still required to comply with the MCL.  

Aeration, also known as òair stripping,ó is currently used by various industries to remove a variety of pollutants such as volatile 
organic compounds (VOCs).  Some drinking water facilities use aeration to remove contaminating VOCs before raw water enters 
their treatment plants.  THMs are one group of volatile organic compounds.  The key word here is òvolatile,ó which has to do 
with how easily a chemical compound will evaporate or how easily a compound can escape from aqueous to gaseous state.  The 
volatility of a compound is measured by a number known as its Henryõs Law constant; the higher the Henryõs Law constant, 
the easier the compound can be removed from water.  For THMs, chloroform has the highest Henryõs Law constant, followed 
by bromodichloromethane, dibromochloromethane, and bromoform, respectively.  Interestingly, the Henryõs Law constant of a 
substance increases as temperature increases.  Further, when water temperatures and THM levels are high (during the summer 
months), the Henryõs Law constants for the THMs are also higher.  Thus, aeration will likely be most effective during the times 
THMs are typically at their highest.  

The objective of this study was to evaluate aeration as a method for THMs removal from stored drinking water.  The results may 
help consecutive water systems better comply with the Stage 2 Disinfectants and Disinfection Byproducts Rule.  

Pilot Testing
Initial tests were conducted at the Penn State Harrisburg pilot lab to investigate the removal of both THMs and haloacetic acids 
(HAAs) by aeration.  The following conditions were used for each of the pilot studies:

Å 100 g/L of the THM4 compounds spiked into 200 gallons of tap water in a 250-gallon cylindrical cone NalgeneÈ 
tank.

Å 6 hours of aeration 
Å Temperatures ranged from 11ÁC to 20ÁC.  Temperature adjustment was dependent upon the water in the tank 

stabilizing to the current room temperature.
Å Air ÿows of 1.0, 3.0 and 5.0 ft3/min

Continued on page 5
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Field Testing
After the initial pilot tests, þeld testing was arranged with a consecutive system in western Pennsylvania during the month of 
January.  Field testing took place in a 70,000 gallon tank. A standard construction type air compressor (rented) supplied 25 ft3/min 
of compressed air to a simple diffuser system laid on the bottom of the tank.  The ôHõ shaped diffuser was constructed of PVC 
pipe.  Numerous 1/8 inch holes were drilled into each arm of the diffuser.  

Sampling and Analysis
For both studies (pilot and þeld), samples were collected every 30 minutes, stored at 4ÁC for up to 14 days, and analyzed using 
EPA methods 551.1 for THM samples.  

Pilot Testing
Pilot aeration studies indicated removals of 91%, 97% and 99% for chloroform at air ÿows of 1.0, 3.0 and 5.0 ft3/min, respectively 
(þgure 1).  As air ÿow increases, so does the removal for all THMs.  Chloroform being the most volatile compound and having the 
highest Henryõs Law constant, demonstrated the most removal at all air ÿow rates.  Removal of other THMs was not as effective 
due to lower Henryõs Law constants.  However, up to 99% of the total THMs were still removed within 6 hours of aeration.  As 
the temperature increases, the chloroform removal also increased (þgure 2).  

Field Testing
Field testing at the consecutive systemõs water tank followed a similar, but slower, removal rate to the pilot tests. The initial chloro-
form concentration (55 g/L) was reduced by 20% after 6 hours of aeration.  The initial total trihalomethane (TTHM) concentration 
(63 g/L) was removed by 19%; obtaining a þnal concentration of 51 g/L.  

Initial conclusions are:
Å A simple diffuse aerator can be placed in a storage tank for THM removal.  
Å Aeration works best with chloroform due to the higher Henryõs Law constants. 
Å The removal can be enhanced by increased air ÿow and higher temperatures.  

Future þeld studies will be performed in the warmer months when THMs and temperatures are at their highest.  An air blower, 
rather than a compressor, will provide higher air ÿows to help determine an optimum air-to-water ratio.  Additionally, commercially 
manufactured air diffusers will also be tested.

We would like to thank Mike Pisarcik from the Blacklick Municipal Water Authority, and Herbert Wilson Jr. from the PA-DEP 
Cambria District for their ongoing help with the this project.  

For more information on this study please contact Stephanie Sherant (srs357@psu.edu).  
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Long-term costs must be considered and displayed on budget 
sheets for 10 or maybe 20 years into the future.  Costs should be compared 
against expected revenue.  If increases in user rates are needed, they can 
be explained.  

Once a good asset management is in place, the system becomes what 
the industry calls òsustainable.ó  This is about running your system like 
a business. New ideas to save money can be tried in small ways.  Not all 
assets need to be analyzed right away. The most important thing is to get 
started. 

For the simplest of systems, a pencil and paper will get you started.  But 
using a computerized spreadsheet is surely appropriate in most cases.  The 
U.S. Environmental Protection Agency has several free tools to help manag-
ers get started. These include draft spreadsheets and computer programs 

to help format asset management documents. 
For more information, visit EPAõs website at 
http://www.epa.gov/waterinfrastructure/
toolkit.html#bettermanagement

EPA has several partners helping to pur-
sue better asset management practices.  The 
Pennsylvania Department of Environmental 
Protection (DEP) is becoming a national 
leader in asset management by using it to 
help prepare the stateõs Clean Water Needs 
Survey. Under the Clean Water Act, all states 

are required to submit an annual survey to EPA on 
how much funding they need to support drinking 
water and wastewater treatment programs.  

In the coming year, DEP plans to ask com-
munities to describe what they need to keep their 
systems operating and updated.  DEP will also 
request a forecast of expected local revenues.  This 
process will encourage all communities to use as-
set management, and help Pennsylvania and EPA 
develop a reliable database of what communities 
need to sustain their drinking water and wastewater 
systems.   

If Pennsylvaniaõs process is successful and ad-
opted by other states, it will create a more comprehensive way of planning 
and funding support for water treatment systems nationwide. Every level 
of government is considering what it takes to have sustainable systems. It 
all starts with smart asset management.  What a good idea! 

Lee Murphy, Special Assistant, Ofþce of the Director
Water Protection Division, EPA Region 3
215-814-5760

To receive more information on asset management, or if you would like 
to received assistance on creating your own asset management program 
please contact the ETC (Alison Shuler, 717 948 6388, ajs28@psu.edu)

As a community leader, you know the importance of your 
drinking water and wastewater systems. But do you know what needs to 
be done to keep those systems functioning 10 years from now or even 
50 years from now?  

The key starts with a process called asset management, which 
focuses on making good decisions based on a good process and good 
data.  In past decades, we had to be good at building things.  Now, our 
biggest management challenge is being experts at maintaining, þxing 
and replacing things.

The assets of your system ð treatment units, pipes, pumps, and 
tanks ð were likely constructed at least a generation ago.  Although 
they may work well now, critical components need to be upgraded or 
something will go wrong.  

When assets fail, there are costs and 
consequences.  For example, imagine a 
major pipe carrying pressurized water that 
has had repeated breaks over the past þve 
years.  Managers often resort to expensive 
emergency repairs that can wreak havoc on 
their annual budgets.  Each break causes 
residents to lose water pressure, compro-
mises fire protection, and threatens the 
environment.  Some of these breaks may 
ÿood homes and businesses, or even create 
monster-sized holes that swallow a car. Wow! 
These are real consequences. 

In addition to the obvious impacts, there 
are always less visible impacts to infrastructure 
problems.  New businesses might hesitate to locate 
in the area because of an unreliable water supply.  
The numerous òsmalló leaks caused millions of 
gallons of water to be treated but not sold to 
customers. The list could go on and on. 

Managers often decide to keep patching 
problem pipes, but they probably sense the need 
for long-term solutions.  What should they do? 
Should they rehabilitate the pipe? Replace it? 
When?  To make these decisions, they need reliable data and a means 
of organizing and presenting that data.  This is where asset management 
practices come in.

Asset management can be simple or complex based on the system 
and managerõs preference.  A basic asset management process begins 
with listing the most important assets, their condition, and age.  

Another important part of asset management involves conducting 
a thorough review of your assets and operations to determine details 
on the useful life of equipment and estimated costs for rehabilitation or 
replacement.  It is also important to ensure that appropriate operation 
and maintenance practices are in place. 

A Good Idea ð Relying on Asset Management to Keep 
Your Water Treatment Systems Working
by Lee Murphy, Special Assistant ð EPA Region 3 (Murphy.Lee@epamail.epa.gov)




