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ABSTRACT

The corrosion of the drinking water distribution system is a serious problem in the United
States. The annual cost to repair damages related to corrosion for public utilities in the
United States are estimated at $22 billion. Polyurethane can be used as an in situ pipe
liner which reduces the overall cost to rehabilitate water mains. Polyurethane is gaining
popularity as a drinking water pipe liner. Not much is known about the effects of
polyurethane to reline potable pipes.

Polyurethane has only recently begun to be

approved by the U.S. Environmental Protection Agency for use in drinking water piping,
although it has been used in the United Kingdom since 1999.
The American National Standards Institute/National Sanitation Foundation 61 Drinking
Water System Components – Health Effects (ANSI/NSF 61) for pipe and pipe liners was
used to investigate changes in water quality in contact with polyurethane lining material.
In addition, the exposure time was extended to 30 days and odor analysis was performed.
Polyurethane coupons were placed in headspace free borosilicate glass vessels with a
surface area to volume ratio of 0.39. The water was pH 8 and comprised of salts: MgSO4,
NaHCO3, CaSO4, CaC12, Na2SiO3 and KNO3 in a ratio typical of standard drinking water.
Three types of disinfectant were used: no disinfectant, chlorine and monochloramine.
The water was removed, sampled and replaced on days 1, 2, 4, 9, 11, 14, 15, 19, 21 and
30. The sample water was tested for pH, temperature, total organic carbon concentration
(TOC), disinfectant residual, ammonia concentration as N-NH3, hardness as combined Ca
and Mg concentrations, alkalinity and temperature on days when the sample water was

changed. Total solids (TS), odor, trihalomethanes (THMs), haloacetic acids (HAAs), and
semivolatile organic carbons (SVOCs) were tested on days 1, 4, 9, and 14.
The polyurethane lining had major impacts on pH, odor and haloacetic acids throughout
the 30 day experiment. A 2-3 pH unit decrease to pH 6 was constant for all conditions
tested. Odor panelists described the odor for both chlorinated and monochloraminated
waters as “chlorinous” and either pleasant as “sweet chemical” or putrid as “locker room”.
Haloacetic acids were formed and increased in concentration (by approximately 30 μg/L,
which is half the US EPA regulated value of 60 μg/L). Trihalomethane formation was
not seen. Total organic carbon leached from the polyurethane liners reached 0.65 mg/L
above background on day 1 but by day 15 was only >0.1 mg/L above background.
Chlorine and monochloramine were consumed by the polyurethane and increased
exposure time leads to decreased disinfectant residual.
It is important for water utilities to know how a lining material will affect the water
quality. It has been shown that other polymeric lining materials have impacted the
disinfection by-products as well as producing odor.

Water treatment facilities are

responsible for the water quality throughout the infrastructure and with Environmental
Protection Agency regulations becoming stricter they cannot afford to not know the
impact of polymeric lining materials in their system.
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1. CHAPTER I
1.1

LITERATURE REVIEW

1.1.1 IN SITU LINING OF DRINKING WATER PIPE
The corrosion of the drinking water distribution system is a serious problem worldwide.
The annual cost to repair damages related to corrosion for public utilities in the United
States are estimated at $22 billion (Brongers, 2002). One solution would be to reline
leaking pipes through in situ relining. For polyurethane this involves surface preparation
through abrasive blast cleaning then applying the polyurethane coating to coat and seal
the interior of the pipe (USA Corp of Engineers, 2001). Epoxy lining is the most
common polymer lining material used to coat in situ piping especially the relining of
copper piping (Heim, 2007). Epoxy was first used as a coating for pipes 40 years ago to
prevent corrosion in Japanese industrial factories. Epoxy lining is used in a variety of
applications such as shipboard pipe remediation by the navy (USA Corp of Engineers,
2001).
Polyurethane (100% solids) is gaining popularity as a potable water pipe lining material
due to its low application costs (faster application and lower labor costs) and lack of
solvents (Guan, 2001). Solvent based epoxies were a common lining material; however,
due to VOC pollution as a result of the solvents used epoxy was no longer a solution
(Guan, 2001). The leaching of the endocrine disruptor, bisphenol A, from epoxy lining
materials to water is an example of the health effects of this material (Yeo and Kang,
2006). By using solventless materials or 100% solid polyurethanes these health effects
can be reduced (Guan, 2001). For the last 17 years polyurethane (100% solids) has been
developed for optimum properties when in contact with drinking water (Guan, 2001).
Polyurethane (100% solids) is smoother and more abrasive resistant than cement mortar.
Therefore, the pipe will have increased efficiency and lower operational costs associated
with the pipe (Guan, 2001). Polyurethane has also been shown to keep metal piping from
further corrosion while maintaining resistance to chemicals, degradation, and impact
(Guan, 2001).
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Lining materials for potable water must be certified under protocol American National
Standards Institute/National Sanitation Foundation 61 Drinking Water System
Components – Health Effects (ANSI/NSF 61) for use as a lining material and United
States Food and Drug Administration (USFDA) 21 177.1680 for contact with
consumable goods.

Polyurethane is used in Australia, Great Britain and Canada;

however, it has not made a significant transition to the United States.

Not much is

known about the use of polyurethane in the application of relining potable pipes.
1.1.2 FORMATION CHEMISTRY FOR POLYURETHANES AND RELATED
POLYMERS
1.1.2.1

History of Polyurethane

Polyurethane was first developed at the beginning of World War II but not used in
commercial applications until the early 1950s. One of the first urethane polymers was
developed by Otto Bayer (Figure 1-1) (Frisch and Reegen, 1973). The reaction involves
1-5 naphthalene diisocyanate and poly(ethylene adipate) with 1,4 butane diol acting as a
chain extender, to produce the polyurethane. The extender allows a chain to form beyond
the copolymer product shown in the reaction below (Figure 1-1). The polyurethane
segment shown was not used commercially and thus does not have a specified use
(Figure 1-1). Bayer and his team noticed the particular nature of polyurethane and its
lightweight fibrous nature. The group found that with subtle alterations polyurethanes
could be used in airplane and nautical construction, thermal insulation, toys, artificial
limbs and shoe soles. Polyurethane has been used in foams (polyurethane foam) as an
insulator and can be recycled to be used as carpet underlay (Frisch and Reegen, 1978).
Polyurethane has also been used as fabric (Suen et al., 2008), adhesives (Dilik et al.,
2007), chairs, “synthetic wood,” and as a replacement for aluminum castings (Frisch and
Reegen, 1973).
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Figure 1-1. First recorded reaction for polyurethane (Frisch and Reegen, 1973).
1.1.2.2

Basic Chemistry of Polyurethane

Polyurethanes, like most polymers, are used in conjunction with anti-plasticizers (which
harden the polymer) and plasticizers (which make the polymer more moldable). These
compounds can heavily influence the characteristics of the polymer. However, they will
not be discussed greatly within this literature review due to their abundance and
numerous characteristics. In the water industry, the addition of antioxidants to a polymer
to resist oxidation from disinfectants is commonly used (Frisch and Reegen, 1973). The
chemical resistance or the leaching of these compounds could be detected when
analyzing the polymer’s interaction with an aqueous solution.
NH
R

N

C

Isocyanate

O

+

O

R
R'

OH

Alcohol

OR'
Urethane

Figure 1-2. General reaction for a urethane linkage (Oertel and Abele, 1985).
Polyurethanes are typically formed using an isocyanate (-N=C=O) and any compound
with an acidic hydrogen (Figure 1-2). The term urethane was originally given to the
compound ethyl carbamate but then was extended to the whole class of compounds
(Oertel and Abele, 1985). Polyurethanes can be formed without the use of isocyanates;
however, isocyanates are the most common reagent due to the simplicity of the reaction.
The reaction shown is a primary isocyanate and a primary alcohol forming a urethane
linkage rather than a true polyurethane (Figure 1-2).
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In order to form chains or chain

branching two or more functional groups for both alcohol and isocyanate ligands would
be needed.
Polyurethanes can have several properties due to the variety of the reactants that can be
used to form them. Polyurethanes can both be flexible (e.g. polyurethane foam) as well
as rigid (used in structural materials as previously described).

The polymeric

characteristics can also be altered using different R group combinations (refer to Figure
1-2). If either of the R groups are a long carbon-hydrogen chain then the polymer will
have van der Waals forces interacting between the chains and therefore be more
amorphous.

Amorphous regions or “soft segments” are not rigid and have chain

movement at lower temperatures. The temperature at which the polymer begins to
“flow” is referred to as the glass transition temperature, Tg (Oertel and Abele, 1985).
“Hard segments” can be incorporated into the polymer by choosing R groups that have
stronger interactions between the chains.

This can be accomplished with several

techniques. Chains that have charges associated with atoms in the chain can form
polyelectrolytes and ionomers. Polyelectrolytes contain several ionic centered atoms that
are evenly distributed throughout the chain. Ionomers contain ionic centers as well but
are characterized by long nonpolar regions separating them (Kebir et al., 2007). Both of
these polymers have ionic interactions between the chains and have coulumbic forces
associated with them. Coulumbic forces are much stronger than van der Waals forces
forming stronger interactions and “hard” segments. The ionic centers and long C-H
chains form both “hard” and “soft” regions, respectively, within the polymer. Their
structure can be thought of as a rigid structure surrounded by mobile flowing chains,
similar to a skeleton surrounded by soft tissue. The morphology just described can be
varied based on the ratios and amounts of “hard” and “soft” segments (Oertel and Abele,
1985).
Hydrogen bonding can also be used to strengthen the interactions between the chains of
the polyurethane (Ding et al., 2008).

This is normally accomplished using several

functional groups or short side chains. Any electron rich oxygen, nitrogen and less

14

commonly fluorine can be on the chain and interact with hydrogens to strengthen the
“bond” between the chains (Oertel and Abele, 1985).
All of the above interactions consist of linear chains with no cross-linking. The general
reaction given for urethane illustrated a monoisocyanate and monoalcohol (Figure 1-2). If
a compound has at least 3 reactive functional groups (tri-) and is paired with a compound
with at least 2 functional groups (di-) then cross-linking will occur. Cross-linking is an
important aspect of polymers because it can often be, but not always, linked to the
rigidity of the polymer. The cross-linking often restricts the movement of the polymer
increasing the Tg and decreasing its amorphous characteristics. The length of the chains
and hence the amount of amorphous characteristics of the polymer can alter the rigidity
of the structure which makes a cross-linked polymer more amorphous. Therefore, crosslinking does not always lead to increased rigidity (Dolmaire et al., 2006). It is also
important to note that if there are other acidic hydrogens on the polymer, not just an
alcohol group, the polymer can further react to form a more extensive lattice structure.
The reactivity decreases as the cross-linking increases due to the steric hindrance as the
chain branching forms. The steric hindrance restricts chain movement and lowers the
probability that the remaining functional groups will interact with each other (Shafee and
Naguib, 2003).
1.1.2.3
Foam

Differences in Chemistry of Polyurea and Polyurethane

Polyurethane is a general term that is often given to polyurethane, polyureas (Figure 1-3)
or a combination of the two polymers with “sections” or domains containing either
(Figure 1-4) (Oertel and Abele, 1985). The reactions to form polyurethane and polyureas
are very similar; polyureas form through a reaction with an amine rather than an alcohol.
Thus the chemistry of the two polymers can be vastly different as a result. Unlike the
polyurethanes, polyureas have an additional acidic hydrogen from the amine group and
can react further with an isocyanate. The reaction below is a single urea segment were
the R groups can contain additional segments forming a polyurea (Oertel and Abele,
1985).
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Isocyanate
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Figure 1-3. Basic polyurea reaction (Oertel and Abele, 1985).
Polyurethane foam is formed similarly to polyurethane but with the addition of water and
typically carbamic acid is used to react with an isocyanate (Figure 1-5) (Oertel and
Abele, 1985). All of the previously discussed chemistry can be applied to polyurethane
foam as well. However, there is an important product formed in this reaction. Carbon
dioxide, which is formed during the reaction, conglomerates to form “pockets” of empty
space in polyurethane to give a very large surface area to volume ratio. This increase in
surface area to volume ratio enables a greater chemical interaction between polyurethane
and whatever comes into contact with it. The increase in interaction exaggerates the
absorptive properties of polyurethane. This is studied heavily as a means of removing
contaminants from food (Lemos et al., 2007b, Meligi, 2008, Zoran et al., 2007), water
(Farag et al., 2007, Kuz’mina et al., 2008, Kocincova et al., 2007, T. V. Nguyen, 2006)
and air (Lemos et al., 2007b, Oertel and Abele, 1985). Polyurethane foam can have
moldable and flexible characteristics as well as a rigid structure (Dolmaire et al., 2006)
giving a wide range of uses and forms.
NH

O

+

NH
R

OR'

Carbamic acid

O

N
R

R
O

N

C
O

R

Isocyanate

OR'

Urea and Urethane

Figure 1-4. A polymer with polyurethane and polyurea domains (Oertel and
Abele, 1985).
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Figure 1-5. Basic Polyurethane foam reaction (Oertel and Abele, 1985).
1.1.2.4

Health Concerns of Isocyanate

Isocyanates are very toxic and can lead to respiratory illnesses and skin irritation which
has led the Environmental Protection Agency (EPA) to fund several initiatives to better
understand health concerns as well as methods of prevention (EPA, 1997). Polyurethane
is extremely common in several mass produced goods and is also heavily regulated by the
U.S. Department of Labor under Occupational Safety & Health Administration (OSHA)
(OSHA, 2006). Elastic, paint, foam-blowing, foam mattresses and under-carpet padding
are just a few examples of materials with varying forms of polyurethane. All require
isocyanates in their production therefore it is very common for isocyanates to be present
in these factories. Isocyanates have been shown to be carcinogenic in animals and a
possible human carcinogen, as well as a skin, throat, eye and lung irritant. OSHA
Section 5(a)(1) regards isocyanates as a hazard and requires employers to provide "a
place of employment which are free from recognized hazards that are likely…to cause
death or serious physical harm to his employees".
Concerns of unreacted isocyanates leaching from polyurethane as it degrades can be
avoided by forcing the polyurethane reaction to go to completion. Therefore there are no
unreacted isocyanates present to leach out of the polyurethane. It is also possible to use
another reactant, other than an isocyanate, with fewer health concerns. These techniques
are most popular in the biomedical field where polyurethane is being investigated as a
material in organ and joint replacement. The biomedical studies are concerned primarily
with blood clots forming around the implant. The degradation of polyurethane can
potentially form amides that are very toxic (Spaans et al., 1998).
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Though isocyanates are dangerous to work with and should be handled with extreme
caution, they are more hazardous in the air or in small particulates than through ingestion.
OSHA only discusses the inhalation hazards of isocyanates and not through ingestion.
Once isocyanates react to form polyurethane, a large network of the polymer is formed
and is therefore not as hazardous. If there was some isocyanate within the polymer that
then migrated to an aqueous solution there are no health warnings to suggest that it would
have the same health effects given by OSHA. In fact polyurethane has even been used in
car air filters with no reported health effects (Oertel and Abele, 1985).
1.1.2.5

Biomedical Applications of Polyurethane

Polyurethane has been found to be an excellent material to use for joint replacement as
well as regeneration of biomaterials in the human body (Spaans et al., 1998). When the
polyurethane is carefully synthesized and fully reacted it can be used in the body without
harmful reactants, such as isocyanates leaching from the polyurethane. The diversity of
chemistry allows polyurethane to be used in applications ranging from an artificial knee
cap to a biomaterial for tissue scaffolding.
Spaans et al. discovered a new approach to synthesize polyurethane through a reaction of
ε-caprolactone and 1,4-butanediisocyanate with hard segments, giving it enough
mechanical strength to serve as joint replacement (Spaans et al., 1998). The polyurethane
is also produced as a foam to act as a scaffolding for biological material to grow.
Degradation of the polyurethane was analyzed to determine the products formed as well
as its interactions in an aqueous solution. Ester linkages in the polyurethane are generally
thought to be more susceptible to hydrolytic scission than urethane linkages (Spaans et
al., 1998). Spaans et al. found carboxylic end groups were also shown to hydrolyze the
ester linkages. However, by the calculation of reaction mechanism rates, the urethane
linkages react through hydrolysis as well and therefore degrade more quickly than
previously reported. Soft segments were confirmed to be the main source of degradation
as is typically predicted in polymer chemistry. The degradation of polyurethane could be
analyzed to determine its degradation in an aqueous solution using the same techniques.
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Mooney, D. J. et al. synthesized a polyurethane porous sponge using poly(lactic-coglycolic acid) without using organic solvents (Mooney et al., 1996). The synthesis of
polyurethane is readily performed in an organic solvent. Organic solvents are toxic to
cells and decrease factors needed to grow tissue. Thus it is vital to form a porous
polyurethane to be used as a biomaterial scaffolding without the use of organic solvents.
The porous structure was synthesized using a gaseous technique with a pore diameter of
up to 100 µm (Mooney et al., 1996).

It was hypothesized that by increasing the

crystalline material used to form the polyurethane a larger structure could be produced.
The new chemistry involved in the synthesis would increase the possibilities in the
chemistry of polyurethanes.
Kébir, N. et al. developed antibacterial ionic polyurethanes from the reaction of cis-1,4polyisoprene cationomers with ammonium groups and isophorone diisocyanate (Kebir et
al., 2007). In joint replacement resulting infections are resistant to antibiotics and can
lead to the removal of the implant. Many techniques can be used to reduce the likelihood
of bacteria spreading on the implant such as decreasing surface friction to reduce bacteria
adhesion and decrease the affinity of bacteria to the polyurethane to decrease sorption of
bacteria into the polymer. Pseudomonas aeruginosa in an aqueous solution was used to
determine the disinfectant capabilities of the polyurethane (Kebir et al., 2007).

It was

theorized that the weak cross-linking density released bactericidal moieties formed from
ammonium, hydroxide and carboxylic acids functionalities.

The stability of the

polyurethane in water was determined by the amount of water sorbed after a 2 week
immersion.

The surface chemistry was varied using different telechelic oligomer

reagents and characterized by surface polarity, surface charges, density and hard and soft
segments. Scanning electronic microscopy (SEM), atomic force microscopy (AFM),
Fourier transform infrared spectroscopy (FTIR) and dynamic mechanical thermal
analysis (DMA) were performed to determine these characteristics. Kébir et al. (2007)
illustrated the flexibility in the surface chemistry by small alterations in the reactants
used. The surface could be made hydrophilic or hydrophobic as well as alter the thermal
properties of the polyurethane.
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1.1.2.6
Food Industry and Air Quality Applications of
Polyurethane
Polyurethane foam has a large surface area to volume ratio which is associated with
increased ability to sorb compounds into the polymer. By varying the surface chemistry
the foam can target specific compounds with a high affinity to sorb into the polyurethane
foam. The large sorption potential of metals into polyurethane foam has led to the
sorption of metals and then removal to determine the concentration of metals in liquid
and solid foods as well as air quality (Lee and Lee, 2008, Lemos et al., 2007b, Lemos et
al., 2007a, Farag et al., 2007).
Lemos et al. summarized the use of polyurethane foam as a means to extract compounds
from solution for analysis of the concentration in liquids and gases (Lemos et al., 2007b).
1.1.2.7
Drinking Water Industry and Possible Impacts from
Polyurethane
Epoxy lining material was the first polymer lining material to be used commonly
(Warren, 2000). However, the discovery of bisphenol A and TOC leaching from the
epoxy into the drinking water forced utilities to look for an alternative (Warren, 2000).
In 1999, polyurethane was used for its fast cure time and thus the reduction of nonoperational time (Warren, 2000). Polyurethane is just recently having the research
performed in other fields applied to problems associated with drinking water (Farag et
al., 2007, T. V. Nguyen, 2006).
Nguyen, T.V. et al. analyzed techniques to remove arsenic from drinking water. An iron
coated polyurethane foam was used to successfully extract arsenic from drinking water
(T. V. Nguyen, 2006).
Farag et al. (2007) used polyurethane foams to separate gold (I and III) from silver and
other base metals by investigating the sorption properties of such metals to the
polyurethane foam. Ion exchange polyurethane foams (IEPUFs), commercial unloaded
polyurethane foams (PUFs) and first order reaction rates were used to characterize the
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sorption rate of the gold ions. Gold ions were removed from polyurethane columns using
1.0 M perchloric acid. The IEPUFs were more effective at sorbing the gold ions from the
ionized water. 95% separation of gold from other base metals (Ag, Fe, Ni, Cu and Zn)
from wastewater was achieved. Farag et al. illustrate the extent to which polyurethane
surface chemistry can be altered to remove specific metals in aqueous solutions.
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2. CHAPTER II
2.1

POLYURETHANE LINING AND ITS INFLUENCE ON WATER QUALITY

2.1.1 ABSTRACT
Polyurethane is gaining popularity over epoxy as a drinking water pipe liner in lieu of
costly repairs to old or damaged pipe. Due to the leaching of the endocrine disruptor,
bisphenol A, from epoxy lining materials and high application costs, polyurethane has
become the practical solution. Polyurethane has been used in other countries (such as
Canada) and has recently been approved by the US EPA for use in drinking water piping.
The methodology in this study was expanded and based on “American National
Standards Institute/National Sanitation Foundation 61 Drinking Water System
Components – Health Effects” (ANSI/NSF 61) for pipe and pipe liners were used. The
exposure time was extended from 19 to 30 days and odor analysis was performed. The
short term impacts of polyurethane lining on drinking water quality and aesthetics were
measured by assessing changes in pH, nitrogen-ammonia, alkalinity, total organic carbon
(TOC), disinfectant residual (chlorine and monochloramine), hardness (as calcium and
magnesium), total solids, odor, trihalomethanes (THMs), haloacetic acids (HAAs), semivolatile organic compounds (SVOCs) and elemental analysis were measured.
Polyurethane coupons were placed in contact with a standard water in a head-space free
glass apparatus. Water was extracted and water quality parameters measured on testing
days; the water was replaced with fresh water on testing days. The polyurethane lining
had a significant impact on pH, odor and haloacetic acids throughout the 30 day
experiment. A 2-3 pH unit decrease to pH 6 was constant for all conditions tested. Odor
panelists described the odor for both chlorinated and monochloraminated waters as
“chlorinous” and either pleasant as “sweet chemical” or putrid as “locker room”.
Haloacetic acids were formed and increased in concentration (by approximately 30 μg/L,
EPA regulated at 60 μg/L). THM formation was not seen. Total organic carbon leached
from the polyurethane liners and reached 0.65 mg/L above background on day 1 but by
day 15 was only >0.1 mg/L above background. Chlorine and monochloramine were
consumed by the polyurethane where increased exposure time leads to decreased
22

disinfectant residual.

Polyurethane impacted water quality; however, all parameters

measured (except those mentioned above) had a minimum impact and returned to
background levels within the 30 day time period.
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2.1.2 Introduction
The corrosion of the drinking water distribution system is a serious problem worldwide.
The annual cost to repair damages related to corrosion for public utilities in the United
States are estimated at $22 billion (Brongers, 2002). A solution would be to reline
leaking pipes through in situ relining.

In situ relining involves surface preparation

through abrasive blast cleaning and then applying lining material to coat and seal the
interior of the pipe (USA Corp of Engineers, 2001). Epoxy lining is the most common
polymer lining material used to coat in situ piping especially in copper piping (Heim,
2007). Epoxy was first used as a coating for pipes 40 years ago to prevent corrosion in
Japanese industrial factories. Epoxy lining is used in a variety of applications including
shipboard pipe remediation by the navy (USA Corp of Engineers, 2001).
Polyurethane (100% solids) is gaining popularity as a potable water pipe lining material
due to its low application costs (faster application and lower labor costs) and lack of
solvents (Guan, 2001). Solvent based epoxies were a common lining material for steel
pipe; however, due to VOC pollution as a result of the solvents used epoxy was no longer
a solution (Guan, 2001). The leaching of the endocrine disruptor, bisphenol A, from
epoxy lining materials to water is an example of the health effects of this material (Yeo
and Kang, 2006). By using solventless materials or 100% solid polyurethanes can reduce
these health effects (Guan, 2001). For the last 17 years polyurethane (100% solids) has
been developed for optimum properties when in contact with drinking water (Guan,
2001). 100% solids polyurethane is smoother and better abrasive resistance than cement
mortar therefore, the pipe will have increased efficiency and lower operational costs
(Guan, 2001). Polyurethane has also been shown to keep metal piping from further
corrosion while maintaining resistance to chemicals, degradation, and impact (Guan,
2001).
Lining materials for potable water must be certified under protocol American National
Standards Institute/National Sanitation Foundation 61 Drinking Water System
Components – Health Effects (ANSI/NSF 61) for use as a lining material and United
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States Food and Drug Administration (USFDA) 21 177.1680 for contact with
consumable goods.

Polyurethane is used in Australia, Great Britain and Canada;

however, it has not made a significant transition to the United States. Polyurethane is
similar to epoxy in that two compounds are mixed to form a strong, durable, cross-linked
polymer (Dekker, 1988, Frisch and Reegen, 1973). Cement can also be used as a potable
pipe lining material. It is not a polymer and therefore has very different characteristics
from polyurethane and epoxy. Limited data are available for use of polyurethane to
reline potable pipes, although it has been used for consumer products for decades (Frisch
and Reegen, 1973).
NH
R

N

C

Isocyanate

O

+

O

R
R'

OH

Alcohol

OR'
Urethane

Figure 2-1. General reaction for a urethane linkage (Oertel and Abele, 1985).

Polyurethanes are typically formed using an isocyanate (-N=C=O) and any compound
with an acidic hydrogen (Figure 2-1). The term urethane was originally given to the
compound ethyl carbamate but then was extended to the whole class of compounds
(Oertel and Abele, 1985). Polyurethanes can be formed without the use of isocyanates,
however; isocyanates are the most common reagent due to the simplicity of the reaction.
The reaction is shown as a single urethane linkage forming from a primary isocyanate
and a primary alcohol and thus is not a true polyurethane (Figure 1-2). In order to form
chains or chain branching a tertiary reagent reacting with a secondary reagent would be
needed to form a lattice structure. This can be accomplished through the alterations of R
groups (refer to Figure 2-1).
Polyurethanes, like most polymers, are used in conjunction with anti-plasticizers (which
harden the polymer) and plasticizers (which make the polymer more moldable). These
compounds can heavily influence the characteristics of the polymer.

There are an

abundance of plasticizers and anti-plasticizers used to form polyurethanes. They are
often proprietary, and thus their specific identities are unavailable. In the water industry
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it is most likely that antioxidants would be added to the polymer to resist oxidation from
disinfectants and are commonly used in other polymeric piping materials (Frisch and
Reegen, 1973). Therefore the chemical resistance or the leaching of these compounds
could be detected in analyzing the polymer’s interaction with an aqueous solution.
Polyurethanes can have a variety of properties due to the variety of the chemistry that can
be used to form them. Polyurethanes can be very hard and used in the structural materials
previously described, as well as soft materials as in polyurethane foam. The polymeric
characteristics can also be altered using different R group combinations. If either of the
R groups is a long carbon-hydrogen chain then the polymer will have van der Waals
forces interacting between the chains and therefore be more amorphous. Amorphous
regions, or “soft segments”, are not rigid and have chain movement at lower
temperatures. The temperature at which the polymer begins to flow is referred to as the
glass transition temperature, Tg (Oertel and Abele, 1985).
NH
R

N

C

Isocyanate

O

+

O

R
R'

NH2
NHR'

Amine

Urea

Figure 2-2. Basic urea reaction (Oertel and Abele, 1985).
Polyurethane is a general term that is often given to polyurethane, polyureas (Figure 2-2)
or a combination of the two polymers with “sections” or domains containing either
(Figure 2-3) (Oertel and Abele, 1985). The reactions are very similar and can have
similar reactants; however, polyureas contain amine groups and can have vastly different
chemistry as a result. Unlike the polyurethanes, polyureas have an acidic hydrogen on
the additional secondary amine group and therefore are able to react further, similarly to
the reaction seen with the polyurethane and polyurea copolymer. The reaction below is
again a single urea segment, and combining these segments into chains and branching
units will form polyureas (Oertel and Abele, 1985).
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Urea and Urethane

Figure 2-3. A polymer with polyurethane and polyurea domains (Oertel and
Abele, 1985).
Isocyanates are used in the production of polyurethane. They are very toxic and can lead
to respiratory illnesses and skin irritation which has led the Environmental Protection
Agency (EPA) to fund several initiatives to better understand health concerns as well as
methods of prevention (EPA, 1997). Polyurethane is extremely common in several mass
produced goods and is also heavily regulated by the U.S. Department of Labor under the
Occupational Safety & Health Administration (OSHA) (OSHA, 2006). Elastic, paint,
foam-blowing, foam mattresses and under-carpet padding are just of the few examples of
materials, varying forms of polyurethane, that require isocyanates in their production;
therefore it is very common for isocyanates to be present in these factories. Isocyanates
have been shown to be carcinogenic in animals and a possible human carcinogen, as well
as a skin, throat, eye and lung irritant. OSHA Section 5(a)(1) regards isocyanates as a
hazard and requires employers to provide "a place of employment which [is] free from
recognized hazards that are likely…to cause death or serious physical harm to his
employees".
Concerns about unreacted isocyanates leaching from polyurethane as it degrades can be
avoided by forcing the polyurethane reaction to go to completion. Therefore there are no
unreacted isocyanates left to leach out of the polyurethane. It is also possible to use
another reactant with fewer health concerns. These techniques are most popular in the
biomedical field where polyurethane is being investigated as a material in organ and joint
replacement. The biomedical studies are concerned primarily with blood clots forming
around the implant. The degradation of polyurethane can potentially form amides that
are very toxic (Spaans et al., 1998).
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Though isocyanates are dangerous to work with and should be handled with extreme
precaution they are more hazardous in the air or in small particulates. All of the hazards
and warnings were for their inhalation and not in the ingestion as would occur in a
drinking water system. If there was some isocyanate within the polymer that then
migrated to an aqueous solution there are no health warnings to suggest that it would
have the same health effects given by OSHA. In fact polyurethane has even been used in
car air filters with no reported health effects (Oertel and Abele, 1985).
Polyurethane has been found to be an excellent material to use for joint replacement as
well as regeneration of biomaterials in the human body when using the appropriate
reactants and methods (Spaans et al., 1998).

When the polyurethane is carefully

synthesized and fully reacted it can be used in the body without harmful reactants, such
as isocyanates, leaching from the polyurethane.

The diversity of characteristics allows

polyurethane to be synthesized to have the appropriate characteristics for each use.
Polyurethane is just recently having the research performed in other fields applied to
problems associated with drinking water (Farag et al., 2007, T. V. Nguyen, 2006).
Nguyen, T.V. et al. analyzed techniques to remove arsenic from drinking water (T. V.
Nguyen, 2006). Iron coated polyurethane foam was used to successfully extract arsenic
from drinking water.
It is important for water utilities to know how a lining material will affect the water
quality of their influent before it is used. It has been shown that other polymeric lining
materials have impacted the disinfection by-products as well as odor (Heim, 2007).
Water treatment facilities are responsible for the water quality throughout the
infrastructure, and with EPA regulations becoming stricter they cannot afford to not
know the impact of polymeric lining materials in their system.
2.1.3 Objectives
The objective of this research was to measure the short term impact of polyurethane
lining on drinking water quality and aesthetics by assessing changes in pH, nitrogen28

ammonia, alkalinity, total organic carbon (TOC), disinfectant residual, hardness (as
calcium and magnesium), total solids, odor, trihalomethanes (THMs), haloacetic acids
(HAAs), semi-volatile organic compounds (SVOCs) and elemental analysis.
2.1.4 Materials and Methods
2.1.4.1

Polyurethane Preparation

A single polyurethane was tested. Coating of the glass coupons with polyurethane was
achieved and performed through the cooperation and coordination of Madison Chemical
(Madison Chemical Industries Inc., 490 McGeachie Drive, Milton, Ontario L9T 3Y5).
Clean sand-blasted 8cm x 8cm glass coupons were coated on all sides with polyurethane
in accordance with procedures recommended by the manufacturer. This polyurethane
consists of two components in a 1:1 mixture that was applied using heated airless plural
spray equipment. After the recommended 48 hour curing time, the polyurethane-coated
coupons were washed and prepared as specified in NSF 61. The coupons were exposed to
a 200 mg/L Cl2 dose of chlorine for 30 minutes and rinsed, then the leaching tests for the
polyurethane-coated coupons began.

Figure 2-4. Immersion test apparatus with coupons. (Photo by Heather Johnson)
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2.1.4.2

Test Waters for Leaching of Lining Materials

Three water types were tested so as to investigate the different disinfectants that are
typical of USA drinking waters. The composition of the pH 8, low alkalinity/low
hardness reference water was prepared by adding salts to Nanopure® reagent water
(Table 2-1).
Eleven liters of each water type were prepared for each water change/sampling date.
Chlorinated test water was prepared by adding NaOCl. Chloraminated test water was
prepared by first adding NH4OH while being continuously stirred. After 5 minutes of
mixing, NaOCl was quickly added and the water was shaken vigorously for 30 seconds.
pH was adjusted as necessary by adding hydrochloric acid. The chloraminated water pH
fluctuated between 8 and 9 depending on the amount of pH adjustment after addition of
ammonium hydroxide.
The three water types were:
•

pH = 8.0, low alkalinity/hardness, no disinfectant.

•

pH = 8.0, low alkalinity/hardness, 2.0 mg/L chlorine.

•

pH = 8.0, low alkalinity/hardness, 4.0-6.0 mg/L monochloramine.
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Table 1. Reference Water Composition.
Chemical

Molarity

Concentration
(mg/L)

MgSO4*

0.0003292

39.64

NaHCO3

0.000677

56.89

CaSO4*

0.0001452

19.78

CaC12*

0.0001415

15.70

Na2SiO3*

9.1485*10-5

11.16

KNO3

9.8902*10-5

10.00

0.0002

7.29

Alkalinity

-

35

Hardness

-

61.67

HCl

*added as hydrates
2.1.4.3

Test Vessels for Leaching of Lining Materials

The prepared polyurethane coupons were placed in a fully enclosed container to simulate
contact with water in an enclosed pipe (Figure 2-4). Triplicate all glass immersion test
vessels of approximately 3 L volume containing coupons were prepared for each water
type. The ratio of lining material surface area to potable water mimicked a 4 inch
diameter pipe (0.40 cm2/mL). Coupons were held upright by perfluoroethylene support
racks. A control for each water type, that contained no coupons, was also prepared. All
vessels were maintained headspace free through the experiment.

Temperature was

between 21-23 ˚C. During the leaching procedure, all test vessels were stored in the dark.

31

2.1.4.4

Protocol for Water Changes and Analyses

Table 2. Typical Frequency and Quality Control for Chemical Water Quality Parameters
for Bench Scale Testing of Lining Materials.

Parameter
TOC

Measurement Frequency
(Day)
1, 2, 4, 9, 11, 14, 15

Disinfectant
Residual

1, 2, 4, 9, 11, 14, 15, 19, 21, 30

Ammonia

1, 2, 4, 9, 11, 14, 15

Hardness

1, 2, 4, 9, 11, 14, 15, 19, 21, 30

Alkalinity

1, 2, 4, 9, 11, 14, 15, 19, 21, 30

pH

1, 2, 4, 9, 11, 14, 15, 19, 21, 30

Temperature 1, 2, 4, 9, 11, 14, 15, 19, 21, 30

1

Total Solids

1, 4, 9, 14

Odor

1, 4, 9, 14

THMs

1, 4, 9, 14

HAA51

1, 4, 9, 14

SVOCs1

1, 4, 9, 14

Elements

1, 2, 4, 9, 14, 15

A single sample was analyzed that was a composite from the triplicate sample for each

water combination.

The leaching protocol was adapted from ANSI/NSF 61 which evaluates the leaching of
organic and inorganic components from materials in contact with drinking water. The
leaching test was performed for 30 days and the frequency for measuring different water
quality parameters are presented (Table 2-2). Water was changed on the days indicated
and sub-samples of the water were obtained to measure selected analytes as indicated
(Table 2-2).
The sample water was tested for pH, total organic carbon concentration (TOC),
disinfectant residual, ammonia concentration as N-NH3, hardness as combined Ca and
Mg concentrations, alkalinity (as CaCO3), temperature and pH on days when the sample
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water is changed. Total solids (TS), odor, trihalomethanes (THMs), haloacetic acids
(HAA5) and semi-volatile organic compounds (SVOCs) were determined on days 1, 4, 9,
and 14.
The specific sampling protocols and measurement methods used to determine the water
quality parameters are presented (Table 2-3).
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Table 3. Measurement Method and Sampling Procedures.

Parameter

Standard
Method1

Sample
Instrumentation

Container/

Preservation
/Storage

Replicates2

Maximum
Holding
Time

In dark,

TOC

SM 5310c

TOC analyzer

glass/3

4°C ± 2°C

28 days

SM 2350

HACH colorimeter

glass/3

4°C ± 2°C

< 24 hours

Disinfectant
Residual
Ammonia
Hardness

H2SO4 to pH<2,
SM 4500

HACH colorimeter

glass/3

4°C ± 2°C

7 days

HCl or H2SO4 to
SM 2340b

ICP-MS3

glass/3

pH<2, 4°C ± 2°C

6 months

Alkalinity

SM 2320

HACH colorimeter

glass/3

4°C ± 2°C

14 days

pH

SM 2310

pH meter

glass/3

N/A

immediately

Temperature

SM 2550

Thermometer

glass/3

N/A

immediately

Total Solids

SM 2540

Evaporation

glass/3

4°C ± 2°C

7 days

4°C ± 2°C

<2 days

Odor

odor free
SM 2170

FPA

glass/1

Ascorbic Acid
THMs

(20mg/ 40 mL),
SM 6232D

HAA5
SVOCs
Metals/Elements
1.
2

Purge & Trap

glass/3

4°C ± 2°C
Dechlorinate,

SM 6251
SM 6410

Extraction

glass/1

GC/MS

glass/1

4°C ± 2°C

9 days

Dechlorinate,

7 days until

4°C ± 2°C

extraction

HNO3 to pH<2,
SM 3125

ICP-MS

glass/3

4°C ± 2°C

6 months

SM = Standard Methods for the Examination of Water and Wastewater

Quantity of Samples is number of samples per triplicate lining material and water types;
3 = each replicate will be measured; 1 = composite of triplicates

3

7 days

Hardness = sum of calcium and magnesium concentrations

34

2.1.4.5
2.1.4.5.1

Methods

pH and Temperature

Temperature and pH were measured using Standard Method 4500-H+ using a Corning
315 pH/ion probe that was calibrated using standard pH solutions 4, 7 and 11 (BioWorld).
2.1.4.5.2

Total Alkalinity

Alkalinity was measured using Standard Method 2320. H2SO4 (CAS# 7664-93-9) at
0.0190 N concentration was titrated into 100 mL sample to pH 4.5.
2.1.4.5.3

Disinfectant Residual

Disinfectant Residual was measured using Standard Method 2350 with a HACH® kit
(HACH, free chlorine CAT# 21055-69, total chlorine CAT#21056-69) measuring free
and total chlorine. Free chlorine was used to measure the chlorinated sample water.
Monochloramine was calculated using free and total chlorine (Total – Free =
Monochloramine).
2.1.4.5.4

Nitrogen-Ammonia (N-NH3)

Nitrogen-Ammonia (N-NH3) was measured using Standard Method 4500 with a HACH®
kit using salicylate (HACH, CAT# 26522-99) and cyanurate reagents (HACH, CAT#
26531-99).
2.1.4.5.5

Solids

Total Solids (TS) were measured using Standard Method 2540B and a 0.5 μm filter was
used to separate a water sample into dissolved solids and suspended solids.
2.1.4.5.6

Elemental Analysis and Hardness

Selected trace metals (Sodium (Na), Magnesium (Mg), Aluminum (Al), Potassium (K),
Vanadium (V), Chromium (Cr), Iron (Fe), Manganese (Mn), Cobalt (Co), Nickel (Ni),
Copper (Cu), Zinc (Zn), Arsenic (As), Molybdenum (Mo), Cadmium (Cd), Tin (Sn),
Barium (Ba), and Lead (Pb)) , non-metals (Sulfur (S), Phosphorous (P), Chlorine (Cl),
and Silicon (Si, a semi-metal) were measured. Standard Method 3125 was used and the
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samples were analyzed on ThermoElectron Corporation inductively coupled plasma mass
spectrometer (ICP-MS) X-Series. Hardness, as the sum of calcium and magnesium
concentrations, was measured by using the elemental analysis results.
2.1.4.5.7

Total Organic Carbon (TOC)

Total organic carbon (TOC) was measured using Standard Method 5310C using a
Shimadzu TOC-V Total Organic Carbon Analyzer. The samples were acidified to < pH 2
using Nitric acid (CAS# 7697-37-2). Two measurements were taken from each replicate,
if the samples were not within 20% a third sample was taken and an average was
calculated to give the TOC concentration for that sample.
2.1.4.5.8

Trihalomethanes (THMs)

Trihalomethanes (THMs) were analyzed using Standard Method 6232D using Tre
Metrics 9001 gas chromatograph, Tracor 1000 Hall® Detector, Purge & Trap
Autosampler Tekmar 2016 and Purge & Trap Concetrator Tekmar 3000.

The column

used was a DB-624 with helium as the carrier gas with the initial oven temperature at 45
ºC and held for 3 minutes, increasing at 11 ºC/min with a maximum oven temperature of
200 ºC. Standard curve was performed for each run unless run sequentially (THM-521-1
Ultra 5000 μg/mL standard).
2.1.4.5.9

Haloacetic acids (HAA5)

The HAA5 extractions were performed following EPA Method 552.3 using liquid-liquid
extraction, derivitization, and gas chromatography with electron capture detection. The
standard (Methylated Haloacetic Acid Standard, Chem Service, West Chester, PA)
contained concentrations of HAA5 ranging from 20 μg/L-60 μg/L. The GC column used
was a DB-1701 (30 m length, 0.25 diam., 0.25 μm film) with helium as the carrier gas
and nitrogen as the makeup gas. Initial oven temperature was 35 ˚C, which was held for
10 min and increased at 5.7 ˚C/min to 75 ˚C and held for 5 min. Temperature was again
increased at 5 ˚C/min to 100 ˚C and held for 5 min, then increased at 20 ˚C/min to 140 ˚C
and held for 5 min. After being removed and equilibrating to room temperature, the
samples were identified and quantified using procedural standard calibration.
2.1.4.5.10

Semi-volatile organic compounds (SVOCs)
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Semi-volatile organic compounds (SVOCs) were measured using Standard Method
6410B which is a liquid-liquid extraction using methylene chloride followed by
concentration using a Kaderna-Danish apparatus at 75 ˚C water bath. The samples were
analyzed using a gas chromatograph-mass spectrometer (GC-MS) using a DB-5 column
(30.0 m x 250 µm x 0.30 µm). The initial oven temperature was 40 ºC and was held for
3 minutes then increased by 8 ºC/min to 200 ºC and held for one minute. The column
was then heated by 10 ºC/min to 300 ºC and held for 11 minutes.

The targeted

compounds were then identified using standard NIST mass spectra.

Non-targeted

compounds were tentatively identified based on library matching of mass spectra.

For

selected compounds, chemical standards were purchased and retention times and mass
spectra were compared to confirm their qualitative identity and measure quantitative
amounts.
2.1.4.5.11

Odor Analysis

Odor analysis was performed using the Flavor Profile Analysis (FPA) using Standard
Method 2170 where participants underwent a one day training session to learn the Flavor
Profile Analysis method. The study protocol was approved by the Institutional Review
Board for Research Involving Human Subjects at Virginia Tech (Appendix B). The FPA
intensity scale is 0: odor free (OF), 1:threshold, 2:very weak, 4:weak, 8:moderate,
10:strong, 12: very strong. The weak intensity corresponds to the sweetness of canned
fruit (for comparison, FPA taste intensity of 8 is moderate and corresponds to canned
soda while an FPA intensity of 12 is strong and corresponds to syrup or jelly).
2.1.4.5.12

Trihalomethane Sorption/Formation Experiment

An issue for leaching tests, including those described in NSF-61, is that DBPs can form
in the water during leaching and then be re-sorbed into the lining material and
consequently not measured.

This phenomenon was investigated for selected

trihalomethanes. The formation of trihalomethanes from the reaction of TOC leached
from the lining material and added chlorine used for disinfection was investigated by
placing coated coupons in reference water with no disinfectant and allowing TOC
leaching to occur over a 72 hour period under headspace free conditions at room
temperature. The TOC was then measured from aliquots of the leached water that were
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placed in headspace free VOA vials with the addition of free chlorine. The surface area
to volume ratio of the polyurethane coupons to test water was 408.8 cm2/L. At 0, 24, and
72 hour time intervals, 0.0250 N sodium thiosulfate solution (VWR, CAS #7737-18-5)
solution was added to quench the THM formation reaction. The samples were then
analyzed for TOC, disinfectant residual and THMs.
To investigate if THMs could sorb into the lining material, coated coupons were
immersed headspace free for up to 72 hours in reference water containing 100 µg/L
standard THM solution (THM-521-1 Ultra 5000 μg/mL standard) with no free chlorine.
Lining material coupons were placed in the test apparatus with the standard water without
disinfectant for 96 hours under headspace free conditions.

The sorption of

trihalomethanes into the lining material was tested by determining the concentration of
THMs in the water over time.
2.1.4.5.13

Statistical Analysis

Statistical analysis was performed using both a linear and logarithmic regression analysis
and 2-way ANOVA using the using the statistical program R version 2.6.2, where an α =
0.05. A p value was generated where if p > 0.05 the data are statistically significant and
p < 0.05 the data are not statistically significant. Logarithmic analysis could not always
be used due to the negative values which cannot be analyzed logarithmically and
therefore decreased the data points available.
2.1.5 QA/QC Procedures
Quality control (QC) samples were collected/analyzed. Method Blanks (MB), Check
Sample (CS), Matrix Spike (MS) and Surrogate Standards (SS) were performed for each
batch of samples for every 20 (or less) samples received.
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2.1.6 Results
2.1.6.1

Introduction

pH, total alkalinity, hardness (as calcium and magnesium), elemental analysis, total solids,
disinfectant residual, ammonia, total organic carbon (TOC), trihalomethanes (THMs),
haloacetic acids (HAAs), semi-volatile organic compounds (SVOCs), odor and leaching
tests were perform to analyze the impact of polyurethane in-situ lining on the drinking
water quality. These tests were conducted over the course of 30 days and analyzed
according the NSF 61 standards.
2.1.6.2
2.1.6.2.1

Part 1: Inorganic Water Quality Parameters

pH

Regardless of the disinfectant type, the presence of polyurethane caused the leachate pH
to decrease 2-3 pH units to approximately pH 6. Because pH is a log scale, a 2-3 unit
change in pH corresponds to a 100-1000 fold change in [H+]. Values near pH 6 persisted
throughout the 30 day exposure period to polyurethane with very small standard
deviations in pH measurement (Figure 2-5). To provide evidence of sample variation, the
data (Figure 2-5) contain error bars but are covered by the data point symbols. All of the
initial water conditions began with a pH of 8 for no disinfectant and chlorine or pH 9 for
monochloramine. The controls with no polyurethane were able to maintain their target
pH values throughout the 30 day test period (Figure 2-5).
The waters were changed and pH measured on days: 1, 2, 4, 9, 11, 14, 15, 19, 21, and 30.
The initial pH for monochloramine-containing water was 9, which dropped to about pH 6
in the presence of polyurethane making the polyurethane-induced change in pH more
dramatic for monochloramine than for chlorine or no disinfectant.
Statistical analysis was performed using linear regression where only exposure time
statistically impacted the change in pH (p = 0.013). The type of disinfectant used,
chlorine or monochloramine, had no impact on the change of pH (p = 0.879 and 0.083,
respectively).
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Figure 2-5. pH as a function of time as measured by test day and water change.
Control waters did not contain polyurethane coupons.
2.1.6.2.2

Total Alkalinity

The total alkalinity was not significantly different in the presence of polyurethane
compared to the corresponding control water with no polyurethane (Figure 2-6).
Statistical analysis was performed using linear regression where the presence of
monochloramine held no statistical impact (p = 0.121). The presence of chlorine (p =
0.014) and exposure time (p = 0.004) had a decreasing slope over time when corrected
for the controls. However, the change in alkalinity was ~3 mg CaCO3/L and therefore a
minor impact to the water quality.
The measured alkalinity was slightly higher for the monochloraminated test water and pH
control due to addition of ammonium hydroxide. No major impact to alkalinity in the
presence of polyurethanes for the no disinfectant, chlorine or monochloramine containing
waters was seen. On day 30 the control for the chloraminated water is noticeably lower
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than in previous days. There was no measured change in the dissolved salts in the test
water. The decrease is most likely due to random error.
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Figure 2-6. Alkalinity as a function of time for the three sample waters and their
controls.
2.1.6.2.3

Hardness

Similar to alkalinity, the presence of polyurethane did not affect water hardness (Figure
2-7).

The concentrations of calcium and magnesium, which constitute hardness, in

leachate water were not statistically different from their corresponding control waters
without polyurethane for no disinfectant, chlorinated or monochloraminated water types
(p = 0.264, 0.721 and 0.329, respectively). The hardness did not change over the 30 day
exposure time (p = 0.127).
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Figure 2-7. Calcium and Magnesium concentrations for test waters in contact
with polyurethane and their controls as a function of time (Test Day). Error bars
represent standard deviations.
2.1.6.2.4

Elemental Analyses

Metals and non-metals were measured by ICP-MS. There was no substantial change
(change < 10% wt/wt) in the concentration of Ba, Sn, Na, Si, K, Cd, V, Co, As and Mo in
any test water containing polyurethane coupons compared to its corresponding control
water without polyurethane.
Selected trace metals and non-metals, in the µg/L range, are shown to depict the data
collected for the elemental analysis in the samples compared to those of the respective
control. An element was considered to leach from the polymer if its concentration was
higher than the control and adsorbed into the polymer if the concentration was lower than
the control. Five elements, two non-metals (sulfur and phosphorous) and three metals
(aluminum, iron, and zinc) were the most vaired in all three disinfectant treatments of the
polyurethane and were used for comparison (Figures 2-8, 2-9 and 2-10).

Standard

deviation bars were placed on the graphs to give an indication of how meaningful the
differences between the control and the sample water. Most of the changes seen in the
data at within the standard deviation; therefore, this data falls within measuring error and

42

therefore are not significant changes. The sorption or leaching of zinc does seem to be
significant from the control water.

Change in Element
Concentration (μg/L)
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Figure 2-8. Concentrations of selected elements in no disinfectant water in
contact with polyurethane coupons. The element concentrations in the control
water (without polyurethane coupons) were subtracted from the test data.
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Figure 2-9. Concentrations of selected elements in 2 mg/L Cl2 water in contact
with polyurethane coupons. The element concentrations in the control water
(without polyurethane coupons) were subtracted from the test data.
The data indicate that the three water types had different trends in the decrease or
increase of selected elements. Overall there was no consistent change within the metals
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and the differences are within statistical error and therefore are not significant. Other
elements that were leached from the polymer (> 10% wt/wt change), in this water were
Pb and Cu with Cl, Cr, Mn and Ni and showed no significant change in concentration

Change in Element Concentration
(μg/L)

(data not shown).
100.0

Al
Fe
P
S
Zn

80.0
60.0
40.0
20.0
0.0
-20.0
-40.0
-60.0
1

2

4
Test Day

9

14

Figure 2-10. Concentrations of selected elements in 5-6 mg/L NH2Cl water in
contact with polyurethane coupons. The element concentrations in the control
water (without polyurethane coupons) were subtracted from the test data.

The chlorinated water both increased and decreased element concentrations with respect
to the controls throughout the testing period (Figure 2-9). The elements did not have
general trends but the elements that were both “leached” and “sorbed” from the polymer
(> 10% wt/wt change) were Al, Cr, Fe, Ni, P, S, Cu and Zn.

The water with

monochloramine both increased and decreased elemental concentrations but to a lesser
extent than the chlorinated water (Figure 2-10). Again there was not a trend in all of the
elements thus both “sorbed” and “leached” (> 10% wt/wt change), and include: P, Cr, Fe,
Ni, S, Al and Zn.
Of the metals measured, several had USEPA regulatory limits, as MCLs or Action Levels,
or guidelines through secondary maximum contaminant levels (Table 2-4). No measured
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values for any metal in any test water with polyurethane exceeded USEPA regulated or
guideline limits.
Table 4. Elements with Maximum Contaminant Level (MCL), Secondary
Maximum Contaminant Level (SMCL) and Action Level (AL) Regulated by the
EPA (EPA, 2003).
Element

Symbol

AL

SMCL

MCL

(mg/L)

(mg/L)

(mg/L)

0.05-0.2

0.2

Aluminum

Al

Chromium

Cr

Iron

Fe

0.3

Manganese

Mn

0.05

Copper

Cu

Zinc

Zn

Arsenic

As

0.05

Cadmium

Cd

0.005

Nickel (EPA, 1995)

Ni

Lead

Pb

2.1.6.2.5

0.1

1.3

1.0
5

0.1
0.015

Total and Dissolved Solids

The presence of polyurethane did not add or remove measurable amounts of solids (data
not shown). The values for total solids and dissolved solids were similar indicating that
only dissolved solids were present in the control waters or waters containing
polyurethane coupons. Linear regression analysis was performed and water with no
disinfectant, chlorine and chloramine (p = 0.059, 0.632 and 0.655, respectively) as well
as exposure time (p = 0.350) had no significant impact on the total solids.

2.1.6.2.6

Disinfectant Residual
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Data for chlorine and monochloramine disinfectant loss in mg/L as Cl2 are shown
(Figures 2-11 and 2-12). The water with no disinfectant is not shown as there was no
change in the disinfectant concentration. The data are shown as disinfectant residual in
mg/L Cl2 for both chlorine and monochloramine disinfectant as well as the control
concentrations. The residuals in the controls were higher than the test water residuals,
indicating that the polyurethane is causing the disinfectant to degrade more quickly than
it would otherwise. As expected, free chlorine decayed to a greater extent than
monochloramine.

Statistical analysis was performed where monochloramine and

chlorine were statistically different with respect to the controls over time (p < 0.001 for

Disinfectant Residual (mg/L as Cl2)

both).
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Figure 2-11. Chlorine decay, showing residual disinfectant, and consumed
disinfectant, as a function of time without the correction for the controls.
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Figure 2-12. Monochloramine decay, showing residual disinfectant, and
consumed disinfectant, as a function of time, without the correction for controls.

When the disinfectant consumed per day exposed (mg as Cl2/L/exposure time) is graphed,
the reaction rate of the chlorine with polyurethane decreases with time (Figure 2-13). For
chlorine, the rate of decay is variable but overall shows a significant decreasing trend
over time (p < 0.001). The decay rate was the highest in the first few days, then leveled
off by day 9 (Figure 2-13). Therefore, within a few weeks after lining, the chlorine
consumption by the polyurethane will lessen.

With monochloramine there was more

variation but with an overall downward trend with respect to time (p < 0.001). There was
a high residual on day 2 where the control decreased dramatically after one day. The
decrease in the sample chloramine decay was slightly lower than what was seen on day 1.
Once this outlier point is taken into account, a trend can be seen, where there is a slight
decrease over time. It is also important to note that the chlorinated water had the greatest
percent decay when compared to the monochloraminated water. This statement will be
discussed further in the discussion section.
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Figure 2-13. Chlorine and Monochloramine decay corrected for the controls
(mg/cm2/time of exposure) function of time.
2.1.6.2.7

Ammonia

Only the chloraminated water and its control contained measurable ammonia, which was
formed by the decay of monochloramine (Figure 2-14). The test and control waters had
similar concentrations of ammonia. From statistical analysis it is shown that the presence
of polyurethane and the length of time the water was exposed to the coupons had no
effect on ammonia production (p = 0.945 and 0.903). These data are consistent with
chloramine residual which indicate that the rate of monochloramine decay was fairly
stable (Figure 2-13).
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Figure 2-14. Ammonia (mg/L as N), with water: pH 8, 5-6 mg/L NH2Cl, as a
function of time (Test Day).
2.1.6.3
2.1.6.3.1

Part 2: Organic Water Quality Parameters

Total Organic Carbon

Data for TOC are shown below (Figure 2-15). The TOC in test waters are all higher than
their controls especially after polyurethane exposure times exceeding 1 day.

It is

important to note that the TOC in the controls decrease from ~0.5 mg/L to ~0.2 mg/L
over 15 days, likely due to changes in TOC in Nanopure® water used to prepare the
reference water. Comparison to the controls seems to illustrate that the test water TOC
notably increases when exposed to the polyurethane coupons for longer time periods. Yet,
when statistical analysis was performed it was found that the increase was not statistically
significant (p = 0.130). The large variation in the data most likely led to the lack of
statistical confirmation. Over 15 days and six water changes the TOC levels in waters
with polyurethane coupons decreased but were still above the controls for no disinfectant,
chlorinated and chloraminated (concentration above control = 0.0381, 0.0872 and 0.0854
mg/L TOC, respectively) (Figure 2-15). The convergence of TOC leaching over 15 days
is significant using regression on a linear scale (p = 0.028). Disinfectant (chlorine and
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monochloramine) did not have a significant impact on TOC leached (p = 0.189 and
0.997).

Total Organic Carbon (mg/L)
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Figure 2-15. Total Organic Carbon (TOC, mg/L) as a function of time for all three
water types with controls. Error bars represent standard deviation.
A trend in the leaching of TOC with disinfectant type was noted with the most TOC
leached in the presence of chlorine, then in the presence of monochloramine, and the least
TOC leached in the presence of no disinfectant. Although this relative amount of TOC
leaching is apparent it is not statistically significant due to the moderate variability
between replicates (Figure 2-15). The convergence of the TOC leached to the
concentration found in the controls shows that the decrease in leached TOC was not
likely due to the decay of the polymer from disinfectant but to leachable TOC in the
polymer.
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Figure 2-16. The rate of Total Organic Carbon leachate (TOC, mg/cm2/day) as a
function of time for all three waters and corrected for TOC measured in controls.

When plotted as a rate of TOC leaching, the data indicate that the rate of TOC leaching
during the initial four days of contact with water is higher than the rate after four days
(Figure 2-16).
2.1.6.3.2

Trihalomethanes

THM formation did not occur within the first 14 days of the polyurethane leaching test
for any of the test water conditions. As expected, THMs were not detected in the water
which had no disinfectant or the water which contained monochloramine.

The

chlorinated waters contained only < 2 μg/L chloroform in both the chlorine test water and
its control. As was stated previously, about 0.2 mg/L TOC was in the reference water and
therefore, some formation of THMs could occur in the control.

Additional experiments were performed to determine if THMs could be formed from the
leached TOC and possibly sorb into the polyurethane. TOC was extracted from the
polyurethane coupons with disinfectant-free water, then chlorine was added to this water
in glass VOA vials and the THM formation was monitored. Although the TOC was
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about 1 mg/L and the free chlorine was not detectable after 24 hours, no THMs were
detected. Thus, THM formation does not occur for TOC leached from this polyurethane
lining.
Table 5. Sorption of THMs from aqueous solution and into polyurethane after a 72 hour
contact time; initial THM concentration was 100 µg/L (0.245 µg/cm2).
Aqueous Concentration, µg/cm2
CHCl2Br
CHClBr2
CHBr3

Replicate

CHCl3

1

0.16

0.13

0.12

0.12

14.0

2

0.21

0.18

0.17

0.15

16.6

3

0.20

0.17

0.16

0.18

16.6

MEAN ± SD

0.19 ± 0.028 0.16 ± 0.028 0.15 ± 0.027 0.15 ± 0.029

TOC

15.8 ± 1.50

The absorption of THMs into polyurethane was also investigated. Reference water
without disinfectant and containing 100 μg/L THMs was exposed to the polyurethane
coupons for 3 days, after which THMs were measured in triplicate samples. The THMs
decreased by 21.3, 34.8, 38.6 and 40.2% for CHCl3, CHCl2Br, CHClBr2 and CHBr3,
respectively (Table 2-5). Interestingly, as the number of bromines in the THM molecule
increased, so did the amount of absorption of that THM into the polyurethane. The
structure of the polyurethane is unknown and therefore it is difficult to speculate why the
presence of bromine increases sorption into the polyurethane. Bromine has a larger
electron field and would interact with a large electron field on the surface of the
polyurethane. This is one possible explanation. A One-way ANOVA test was performed
(α = 0.05) on the data where the analytes measured were statistically different from one
another (p < 0.001).
During the leaching study approximately 15.8 µg/cm2 or 6.44 mg/L TOC was leached
from the coupons. This was a much larger concentration than was seen during the study
(1.75 mg/L maximum). During the 30 testing period, water changes were performed
frequently in the first few days. The frequent water changes would minimize changes
seen in the maximum amount of TOC leached from the polyurethane. Therefore, the
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increase in TOC seen during the leaching test is indicative of the TOC levels if the
coupons were in contact with the potable water for three days.
2.1.6.3.3

Haloacetic Acids (HAA5)

The HAA5 are comprised of monochloroacetic acid (MCAA), dichloroacetic acid
(DCAA),

trichloroacetic

acid

(TCAA),

monobromoacetic

acid

(MBAA)

and

dibromoacetic acid (DBAA). The EPA regulates total HAA5 species concentration to 60
μg/L (EPA, 2003).

The major HAA species that formed was MCAA, with lesser

amounts of DCAA and TCAA. There was no bromide added to the water therefore it is
logical that none of the species containing bromine were detected. The amount of HAA5
was minimal and the same for both the no disinfectant test water with polyurethane
coupons

and

its

control;

thus,

polyurethane

does

not

leach

HAA5.

The

monochloraminated test water formed approximately 5 μg/L more HAA5 than its
corresponding control; this would be due to the presence of free chlorine in equilibrium
with the ammonia and monochloramine. Limited HAA5 formed in the disinfected control
waters due to the background level of TOC in the reference water.
Substantial amounts of HAA5 formed (approximately 30 μg/L) in the chlorinated water
in the presence of the polyurethane coupons when compared to the controls (Figure 2-17).
When the data were plotted as a rate of HAA5 formation in terms of μg/cm3/day HAA5
(Figure 2-18), the chlorinated water had the highest rate between days 1 and 4 and then
decreased. This is consistent with the TOC data that indicated that the rate of TOC
leaching was the greatest in the initial contact of polyurethane with test water. It is also
consistent with the higher rate of chlorine decay in the first days of the test. MCAA
comprised most of the HAA5 (85%) that were present which is to be expected in
chlorinated waters if haloacetic acids are formed (Bayless, 2008). Day 9 also formed
large amounts of HAA5 compounds (approximately 30 μg/L) which is most likely due to
the high TOC leached on this day as well as the long contact time (5 days).
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Figure 2-17. HAA5 concentrations as a function of exposure time for all three
water types and corrected for controls.
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Figure 2-18. HAA5 rate of leaching over time, as μg/cm3/exposure time for all
three water types.
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2.1.6.3.4

Semi-Volatile Organic Chemicals (SVOCs)

SVOCs are a specific group of organic compounds that are extractable using methylene
chloride liquid-liquid extraction and detectable by gas chromatograph-mass spectrometry
(GC-MS). An organic compound found in the test waters in contact with polyurethane
coupons and not found in the corresponding control is chlorophenylisoscyanate (Table 26).

This compound was detected in all the chlorinated samples and the day 1

chloraminated sample; it was not detected in the no disinfecatant water. The compound
2,4,-di-t-butyphenol was also detected and confirmed with a standard. This compound
was present in both samples and controls and therefore not related to th the presence of
polyurethane.

Properties of these compounds are presented in Table 2-7.

The

compounds were not found in all of the waters or found in both the samples and controls
and therefore it cannot be conclusively stated that these compounds are leached from the
polyurethane.
Table 6. Summary of organic chemicals found in the GC-MS Chromatograms of
the leachate water with polyurethane coupons and corresponding controls. A
numerical value indicates a measured concentration and confirmation of
identification with a chemical standard. A check mark indicates that the
compound was detected and tentatively identified based on > 90% library
matching with NIST mass spectra.
Sample ID
No Disinfectant
(CAS #)
(µg/L)
1
1d
4d
9 d 14 d
Sampling Day
Chlorophenyl Sample
isocyanate
Control
(3320-83-0)
2,4-Di-,tertSample 3.27 5.70
2
butylphenol
0.63
0.76
(96-76-4)
Control
1
Sampling Day
2

1d

Cl2
(µg/L)
4d
9d

0.79
3.80

14 d

1d

NH2Cl
(µg/L)
4d
9d

3.85

1.79

1.85

2.08

Identification confirmed by GC/MS retention time and mass spectrum match that of a

purchased standard.
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14 d

2.80

Table 7. Properties of organic compounds detected by GC-MS.
Compound Name
Odor
Acute Oral Acute Dermal
Irritant?
Color
(CAS #)
Descriptor
LD50
LD50
Chlorophenyl isocyanate
(2004)
slight corn
pale
4977
>2000
1
2
(3320-83-0)
oil
yellow
mg/kg
mg/kg3
no3
2,4-Di-,tert-butylphenol
(2005)
pale
700
2200
(96-76-4)
N/A5
yellow
mg/kg4
mg/kg3
possible
1
Identification tentative based on match of mass spectrum of sample and NIST library.
Toxicology test animal: 2rat; 3rabbit; 4mouse
5

N/A = Not Available

2.1.6.3.5

Odor

Water samples from all treatments were evaluated for odor by 3-6 members of a human
panel trained in Flavor Profile Analysis (Standard Method 2170). The FPA intensity scale
is: 0 is odor free (OF), 4 is weak and 8 is moderate. Many drinking water customers
begin to complain when a non-chlorinous odor intensity reaches 2 or above (Burlingame
and Mackey, 2007).
There were distinct odors associated with the polyurethane coupons. To some of the
panelists there was a “putrid” smell which was also described as a “smelly locker room”,
“wet socks” and “organic”. Another set of panelists described the odor as “pleasant” or
“sweet chemical” and “vegetative”. These descriptors were found in all of the samples;
yet, the prominence of the odors varied in each water type. The chlorine smell was also
seen in both the water with chlorine and chloramines. In fact several of the samples
(most notably day 1, 9 and 30) had concentrations of chlorine < 0.10 mg/L Cl2 and
therefore were not likely to be the source of such a strong odor. The controls samples
were only described as “chlorinous”. Therefore, the increase in odor intensity comes
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from the interaction of the test water and the polyurethane. The odors did not exceed an
odor intensity of 8 in the odor panel or a “moderate” intensity.
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Cl2, control
NH2Cl, control
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Figure 2-19. Odor intensity with controls, for “chlorinous” odor, as a function of
time.
The presence of the pleasant smell was what separated the water odors most appreciably
(Figures 2-20). With no disinfectant present the “pleasant odor” was detected on the first
day. The chlorinated test water did not detect the “pleasant” odor until day 4, and not
until day 9 in the presence of monochloramine (Figure 2-20). The pleasant odor was also
the most difficult to characterize and to detect and was described as: organic, vegetative,
pleasant, sweet, sweet chemical, beets and burning meat (still described as a pleasant
odor). The panelists often took several “sniffs” to be able to describe the odor accurately.
Over the course of the tests there was not a decrease in the average intensity of the
waters; therefore it is not possible to determine how long these odors will be present in
the water.
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Figure 2-20. Odor intensity, for “pleasant” odor, as a function of time.

The odors detected in the FPA test cannot be directly related to the SVOC identified.
Additionally, perception of odor is related to the composite of all compounds present, and
many odorants are detectable by the human nose at ng/L concentrations (Burlingame and
Mackey, 2007), which is lower than the detection limit of the SVOC method used. The
extraction process used to measure SVOCs would not have extracted smaller chained
molecules (volatile organic compounds) that could be responsible for these odors; more
tests should be performed to confirm this.
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Figure 2-21. Odor intensity, for “putrid” odor, as a function of time.
2.1.6.3.6

Physical Changes to Polyurethane Coupons

A color change was noted after the polyurethane was exposed to the test waters (Figure
2-22).

The chlorine-exposed polyurethane coupons had the most noticeable change

followed by those exposed to monochloramine (which is always in equilibrium with free
chlorine). The change was a “graying” and darkening of the purplish color of the
unexposed polyurethane. Though no physical or chemical analyses were preformed on
the polyurethane material, the color change strongly supports the idea that chlorine
reacted with the polyurethane. This could be the source of an increased leaching of TOC
and odors.
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1

2

3

Figure 2-22. Polyurethane coupons after exposed to no disinfectant (1),
monochloramine (2) and chlorine (3). (Photo by Heather Johnson)
2.1.6.4

Discussion

In the presence of polyurethane lining, the aqueous pH decreased to 6 regardless of
disinfectant used. It is possible that short chained carboxylic acids are leached from the
polymer. Larger chained carboxylic acids were found to leach from other polyurethanes
(Kebir et al., 2007). While larger chained carboxylic acids were not found, the liquidliquid extraction method used does not extract smaller more volatile compounds and
therefore would not be detected. Parallel studies were conducted using the same test
waters with epoxy and cement lining materials. Epoxy coupons did not impact pH, while
cement (due to the leaching of calcium carbonate) increased the pH to 11 until day 9.
TOC was leached from polyurethane; however by day 15, the TOC leached decreased to
background levels. On day 14 the leachate was exposed to the coupons for 3 days and
there was an increase in TOC leached. It is possible that polyurethane could still leach
TOC with extended exposure times. Alkalinity was not altered and if the TOC leached
contained acidic compounds there should be a respective decrease in alkalinity, which
was not seen.

Therefore, when the TOC leachate is fully characterized a better

assessment could be made. Similarly to polyurethane, epoxy leached TOC, and reached
background level at 14 exposure days as well. Most of the TOC was leached from the
epoxy by the second exposure day unlike polyurethane that had the most TOC leached on
the ninth exposure day. The epoxy has more soft segments (shown by its “spongy”
texture) than polyurethane. Therefore the most logical result is that the epoxy would
leach more TOC over a longer period of time. However, the data illustrate the contrary.
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This is an excellent example of how polymer chemistry does not always follow what one
would “expect”. Cement had increased TOC that did not go to background until day 9.
Cement used to line potable water piping still contains organic material and therefore
when in contact with water the organic material is leached into the water.
Chlorine residual was decreased to <0.10 mg/L Cl2 for the first 9 days as well as
extended exposure times (> 2 days). Monochloramine residual was also decreased on
extended exposure times as seen on days 4, 9, 14, 19 and 30. Chloramines (product) are
formed from the reaction of chlorine and ammonium (reactants) to form an equilibrium.
Typically, free chlorine composes 10% of disinfectant residual for monochloramine. It is
possible that chloramine degrades through the degradation of chlorine. The degradation
of chlorine would shift the equilibrium and reduce chloramine and form more chlorine.
Epoxy, again, reacted similarly to polyurethane by decreasing the amount of chlorine
residual which, with both polymers, is decreased by reaction, in part, to form disinfection
by-products (DBPs). Cement also had decreased levels of chlorine; but, its cause is most
likely due to the large amount of inorganic particulate matter in the water.
Nitrogen-ammonia was only found in chloraminated water. For monochloramine, there
was no trend in the disinfectant degradation and ammonia measured. Humar et al.
studied the impact of water quality on the extraction of metals from wood treated with
chromated copper borate (Humar et al., 2004). An increase in ammonia concentration
increased the amount of copper and chromate in the leachate. In this experiment, copper
and chromate were found within 0.1% of the EPA limit. However, for the future research
of polyurethane in the presence of chloramine, it is an important note. A decrease in
chloramine residual implies an increase in ammonia concentration. Although, it is not a
strong correlation, polyurethane has many different types of surface chemistry, it could
impact the future polyurethane research.

Epoxy and cement-mortar, along with

polyurethane, showed little impact on ammonia concentrations.
Alkalinity had little variation; this variation was not dependant on pH, disinfectant used
or exposure time.

Polyurethane had no impact on water quality when alkalinity is
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considered. The large impact to pH and the lack of impact on alkalinity is conflicting.
Yet, it has been reported in previous polymer lining studies where pH changed and
alkalinity did not (Whelton and Dietrich, 2008).

Epoxy did not impact the alkalinity.

Cement mortar, which had a large amount of lime leached from the coupons to exceed
500 mg/L as CaCO3, but by the fifteenth exposure day the alkalinity was to background
level.
Polyurethane was shown to not impact hardness or any other elements or metals that
would impact health.

No trends within the elements leached or sorbed into the

polyurethane were found. Polyurethane foam has been used to sorb toxins, especially
elements, from liquid food products to determine their concentration (Haugen et al.,
2004, Klein, 1985, T. V. Nguyen, 2006). Desorption of elements from the polyurethane
foam is difficult and has been studied extensively to optimize desorption and typically
uses organic solvents and extreme conditions, such as pH < 2. Desorbed compounds and
elements would need to be analyzed for each polyurethane but will most likely require
specific solvents and extreme conditions as well. Epoxy also held no trends in the
elemental analysis. Cement increased the hardness due to the CaCO3 dissolving into the
water, as mentioned previously.
Total solids were comprised of dissolved solids, and did not have a statistically
significant change due to the polyurethane coupons in the water. Hardness, as calcium
and magnesium, was also not shown to significantly change in the presence of the
polyurethane coupons. Elemental analysis had some variation but no metal or element
exceeded EPA regulated levels. Epoxy did not show any impacts to total solids. Cement
mortar would increase the pH and therefore decrease the solubility of the calcium
carbonate leached from the coupons. The leachate was supersaturated which resulted in a
hazy translucent appearance. On the thirtieth exposure day the hardness was still above
background level; however, the hazy appearance of the water was no longer noticeable.
Epoxy did not have a significant impact on total solids. It is important to note that
polyurethane and epoxy both did not impact elemental analysis as well as total solids.

62

Cement mortar coupons leached a large amount of metals which resulted in a large
increase in elemental analysis, specifically calcium and magnesium.
Trihalomethanes were not detected in chlorinated water in the presence of polyurethane
coupons. Formation of THMs from TOC extracted from the polyurethane was also
shown not to form any THMs. This supports the lack of THMs in the presence of
polyurethane and chlorine. It is also hard to say they leach out; however, in the short
term polyurethane could potentially decrease the THMs to improve water quality.
Trihalomethanes were formed in the presence of cement mortar coupons as well as epoxy
coupons, where both coupons increased TOC. Both of these formations occurred at pH >
8, which are more favorable conditions for THM formation, and not what is seen in the
polyurethane coupons.

The analysis has not be finalized and therefore cannot be

discussed quantitatively.
Haloacetic acids were formed, mainly as monochloroacetic acid (MCAA), to the
concentration of 30 µg/L in chlorinated water, where HAA5 are regulated to 60 µg/L
(EPA, 2003). The test waters with chloramine and no disinfectant formed HAAs at or
below the 10 µg/L level. Therefore, the HAAs formed under these conditions represent
50% of the total HAA5 allotment for the water treatment facilities and could cause a
water treatment plant to exceed the EPA regulated levels. HAA5 concentration did not
decrease within 15 days, therefore, it cannot be stated from this research when and how
much the HAA formation concentration would decrease. Previous research determined
TOC to leach from phenolic based polyurethanes for 46 days (Yokoyama et al., 2007).
The presence of TOC leaching from the polyurethane leaves the ability of chlorine in the
water to react to form HAAs. HAAs were present in epoxy coupons as well but less than
in polyurethane coupons, which due to the pH conditions most likely. Polyurethane
coupons only formed HAAs where epoxy coupons formed both THMs and HAAs. The
combination of pH and the composition of TOC in the leachate will impact the quantity
and quality of the formation of DBPs.
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The odor from the polyurethane coupons with both chlorinated and monochloraminated
waters had an odor descriptor of “chlorinous” and either pleasant as “sweet chemical” or
putrid as “locker room”. If the panelist detected the chorine odor then the other odors
were masked. The controls samples were only described as “chlorinous”. Therefore, the
increase in odor intensity comes from the interaction of the test water and the
polyurethane. The panelists are most likely detecting different odorous compounds.
There was no correlation between the organic found in the leachate and the odors
described by the panelists. Strong odors were also associated with epoxy and cement
mortar, “burning plastic” and “wet cement” respectively. By the fourteenth exposure day
these odors were minimal.

2.1.6.5

Conclusions

In the presence of polyurethane, the test water pH was reduced from pH 8 to
approximately pH 6. The pH drop was observed within 24 hours and persisted for
30 days. The source of the pH drop is not known. Changes in concentrations of
metals and non metals, or SVOCs measured cannot account for the 2-3 pH unit
decrease. Analytes that were not measured in this study, such as strong acid
anions, carbon dioxide, or volatile organic acids, should be investigated. If metal
piping is not coated further in the piping infrastructure, the pH of 6 would
increase the rate of corrosion of that pipe (Edwards and Dudi, 2004). The US
EPA suggests that the pH to be within 6.5-8.5 where the polyurethane reduces the
pH to below the required limit (EPA, 2003).
Free chlorine was consumed in the presence of polyurethane and its consumption
was greater than that for monochloramine. The rate of chlorine decay was greater
during days 1-4 than in later exposure times.
Organic carbon was leached from polyurethane, with a greater amount leached in
the presence of chlorine than for no disinfectant or monochloramine. However,
due to the large standard deviation this increase was not statistically different and
more replicates should be performed to confirm or reject this. TOC leached to
approximately 1 mg/L in the first 24 hour contact period; afterwards, the rate of
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TOC leaching declined over time for all disinfectant treatment types. The TOC
leached has the potential to promote biofilm growth. After 15 days of exposure
TOC leached to approximately 0.1 mg/L above background indicating that the
TOC leached will lessen after 2 weeks of use. Leached TOC reacted with free
chlorine to form up to 30 ug/L HAAs but no THMs were detected. The low pH of
6 would favor HAA formation over THM formation.
Weak to moderate odor intensities were released from the polyurethane and
persisted for the 30 days of this study.

These odor intensities would be

objectionable to consumers. The odor was described as “pleasant” or “putrid” by
different people on the odor panel. While the presence of a disinfectant caused a
“chlorinous” odor, the disinfectant did not substantially alter the intensity or
descriptors of the polyurethane odors. The identity of the odorants was not
determined.
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4. APPENDIX A – DATA FOR HENRY’S
LAW CONSTANTS
Percent decrease of Henry’s law constant with TOC (n=3)
Geosmin
Trichloromethane
Compounds,
Temp.,
25 ºC
40 ºC
40 ºC
and
conc. 100ng/L * 122μg/L 100ng/L 122μg/L
80μg/L
TOC (mg/L)
0
0
0
0
0
0
1
22.2
13.2
17.5
19.7
-2.0
2
29.6
16.9
31.4
21.8
9.0
5
29.6
21.6
26.5
11.8
10.3
* Result from previous study by Pinar Omür-Ozbek and Dietrich 2005
Summary of Conditions for Henry’s Law Constant of Geosmin versus TOC Trial 1
Vol of Vial
0.575 L
Vol of Headspace
0.375 L
Vol of Liquid
0.2 L
Vol of Std Added
2.00E-05 L
[Std added]
1.00E+06 ng/L
Mass in flask
2.00E+01 ng/L
Temp
40 °C
Conc
100 ng/L
Chart Summarizing Results y of Data and Conditions for Henry’s Law Constant Trial 1
[TOC]
m
Std Dev
mg/L
0
0.00705
0.00056
1
0.00572
0.00118
2
0.00484
0.00175
5
0.00518
0.00045

70

Graph Summarizing Results y of Data and Conditions for Henry’s Law Constant Trial 1
[TOC] vs m
0.00800
0.00700
0.00600

m

0.00500
0.00400
0.00300
0.00200
0.00100
0.00000
0

1

2

3

4

5

6

[TOC] (mg/L)

Chart Summarizing Anova statistical test on Results for Henry’s Law Constant Trial 1
SUMMARY
Groups
Count
Sum
Average
Variance
Column 1
3 0.021 0.00705
3.1223E-07
Column 2
3 0.017 0.00581 1.40374E-06
Column 3
3 0.015 0.00484 3.06207E-06
Column 4
2
0.01 0.00518 2.06625E-07
ANOVA
Source of
Variation
SS
df
MS
F
P-value
F crit
Between Groups
8.2E-06
3
2.7E-06 1.960134185
0.2086 4.3468
Within Groups
9.76E-06
7
1.4E-06
Total

1.8E-05

10

Summary of Conditions for Henry’s Law Constant of Geosmin versus TOC Trial 2
Vol of Vial
0.043 L
Vol of Headspace
0.033 L
Vol of Liquid
0.01 L
Vol of Std Added
2.45E-05 L
[Std added]
5.00E+04 μg/L
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Mass in flask
1.23E+00 μg/L
Temp
40 °C
Conc
122 μg/L
Chart Summarizing Results y of Data and Conditions for Henry’s Law Constant Trial 2
[TOC]
m
Std Dev
mg/L
0
0.02507
0.00167
1
0.02013
0.00160
2
0.01960
0.00161
5
0.02370
0.00157
Graph Summarizing Results y of Data and Conditions for Henry’s Law Constant Trial 2
[TOC] vs m
0.03000
0.02500

m

0.02000
0.01500
0.01000
0.00500
0.00000
0

1

2

3
[TOC] (mg/L)

72

4

5

6

Chart Summarizing Anova statistical test on Results for Henry’s Law Constant Trial 2
SUMMARY
Groups
Count
Sum
Average
Variance
Column 1
3 0.0752
0.0251
2.79E-6
Column 2
3 0.0604
0.0201
2.57E-6
Column 3
3 0.0888
0.0296 0.0003022
Column 4
3 0.0663
0.0221
8.80E-6
ANOVA
Source of
Variation
SS
df
MS
F
P-value F crit
Between Groups
0.000153
3
5.10E-5
0.645
0.608
4.07
Within Groups
0.000633
8
7.91E-5
Total
0.000786
11
Summary of Conditions for Henry’s Law Constant of Geosmin versus TOC Trial 3
Vol of Vial
0.043 L
Vol of Headspace
0.033 L
Vol of Liquid
0.01 L
Vol of Std Added
2.45E-05 L
[Std added]
5.00E+04 μg/L
Mass in flask
1.23E+00 μg/L
Temp
25 °C
Conc
122 μg/L
Chart Summarizing Results y of Data and Conditions for Henry’s Law Constant Trial 3
[TOC]
m
Std Dev
mg/L
0
0.00529
0.00048
1
0.00459
0.00031
2
0.00440
0.00011
5
0.00415
0.00026
Graph Summarizing Results y of Data and Conditions for Henry’s Law Constant Trial 3
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[TOC] vs m
0.00700
0.00600
0.00500

m

0.00400
0.00300
0.00200
0.00100
0.00000
0

1

2

3

4

5

6

[TOC] (mg/L)

Chart Summarizing Anova statistical test on Results for Henry’s Law Constant Trial 3
SUMMARY
Groups
Count
Sum
Average
Variance
Column 1
3 0.01587 0.005291
2.33E-7
Column 2
3 0.01378 0.004594
9.73E-8
Column 3
3 0.01319 0.004396 1.168E-8
Column 4
3 0.01244 0.004147
6.54E-8
ANOVA
Source of
Variation
SS
df
MS
F
P-value F crit
Between Groups
2.17E-6
3
7.23E-7
7.111 0.01204 4.066
Within Groups
8.14E-7
8 1.017E-7
Total
2.98E-6
11
Total
2.98E-6
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5. IRB APPROVAL FOR HUMAN
SUBJECTS
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6. CARBON DIOXIDE AND PH
DISCUSSION
CO2 concentration (mg/L) required to cause the decrease seen in pH in water in contact
with polyurethane coupons
300.00

No Disinfectant
Cl2
NH2Cl

250.00

[CO2] (mg/L)

200.00

150.00

100.00

50.00

0.00
0

5

10

15

20

25

30

Sample Day

The pH dropping while the alkalinity remained constant can only be explained by the
addition of CO2 to the system. If you recall a form of polyurethane is polyurethane foam
where the addition of water to the system yields CO2 to give a foam consistency. The
reaction is a 100% solids two component reaction therefore not a polyurethane foam.
The CO2 would form in a 1:1 molar ratio with the number of polyurethane linkages
formed. The polyurethane analyzed was polyurethane and not polyurethane foam and
therefore hydrolysis would not be the mechanism to produce CO2. Therefore, the source
of the carbon dioxide cannot be known without further analysis of the structure of the
polyurethane. Carbon dioxide was not analyzed for by ANSI/NSF 61. However, the
concentration of CO2 that would have given such pH decreases were calculated (Figure
above). At most 300 mg/L CO2 would be needed; CO2 is soluble to the 2000 mg/L
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(Oldenburg and Lewicki, 2005). Therefore, CO2 is soluble to this level but where did the
CO2 come from.

However, there were no visual changes to the surface of the

polyurethane (not including discoloration). Surface analysis would need to be performed
to confirm or reject this hypothesis.
Calculations:
CALCULATIONS:
1g
1molCO2
2molH +
⎛ mgCaCO3 ⎞
− pKa
− 10 − pH FIN • Alkalinity ⎜ as
•
•
• 10 CO 2
⎟•
L
⎝
⎠ 1000mg 100 gCaCO3 1molCaCO3
where pKaCO2 = 6.35

[CO2 ] = 10− pH

INI

Calculations for CO2 produced in water with no disinfectant
No Disinfectant
pH
Alkalinity [CO2]
Test Day Average Control Initial Average
mg/L
1
5.80
7.71
7.85
36.58 112.21
2
6.07
8.07
8.03
35.94 59.56
4
4.55
5.52
7.99
9
5.50
7.74
6.94
37.53 226.61
11
5.96
8.04
8.03
35.15 74.82
14
5.80
7.75
8.02
36.73 114.53
15
6.31
7.91
8.01
34.99 33.06
19
5.98
7.72
8.02
33.09 67.02
21
6.32
7.61
8.03
33.09 30.64
30
5.68
7.67
8.04
32.93 134.96

Calculations for CO2 produced in chlorinated water
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Chlorine
Test Day
1
2
4
9
11
14
15
19
21
30

Average
5.87
6.07
5.83
5.46
6.06
5.88
6.38
6.00
6.36
5.75

pH
Alkalinity [CO2]
Control Initial Average
mg/L
8.16
8.04
37.53 99.58
7.72
8.01
37.53 61.62
8.03
8.01
35.78 104.22
7.86
7.98
34.99 237.39
7.84
8.02
37.53 64.18
8.89
7.93
38.32 99.38
8.00
8.00
36.42 29.19
7.93
8.00
35.47 69.11
7.50
8.00
36.73 30.81
7.68
8.02
35.78 125.16

Calculations for CO2 produced in monochloraminated water
Monochloramine
pH
Alkalinity [CO2]
Test Day Average Control Initial Average
mg/L
1
5.901
9.142
8.04
42.43 104.16
2
6.258
9.394
8.03
46.87 50.07
4
5.993
9.032
8.03
39.58 78.46
9
5.505
8.991 8.743
45.13 277.53
11
6.113
9.152
8
41.80 62.66
14
5.228
9.699 8.031
15
6.360
8.036 7.999
35.78 30.09
19
6.100
9.085
7.97
41.01 63.26
21
6.439
8.705 7.963
40.53 28.17
30
5.800
8.907 7.988
41.64 129.08
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