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ABSTRACT

Since the deletion of federally-mandated fecal coliform limits
from the definition of secondary wastewater treatment in 1976,
most states have been reviewing and modifying their
requirements concerning wastewater disinfection, particularly
with regard to the use of chlorine. One of the issues
involved ‘in this review of disinfection policies has been the
discharge of potentlally carc1nogen1c halogenated organic
compounds formed during chlorination and their effect on
aquatlc llfe and downstream water consumers. The research
described in this report examined the formatlon of
trihalomethanes (THMs) and total organic halides (TOX) during
wastewater chlorination at three wastewater treatment plants
in the central Piedmont of North Carolina. Secondary effluent
sanples were collected before and after the addition of
chlorine at each of the three treatment facilities:
chlorinated samples were taken from various locations within
the chlorine contact chambers and at the plant discharge.
Water samples were also collected upstream and downstream from
two of the plant outfalls to determine the increase and
persistence of THMs and TOX below each plant. TOX and THM
formation was evaluated in terms of effluent wastewater
quality (e.g. residual chemical oxygen demand, total organic
carbon and ammonia concentration), chlorine dose, chlorine
contacting system, method of chlorine addition, and chlorine-
to-ammonia ratio.

The results showed that TOX was present in the unchlorinated
wastewater and that additional TOX was formed immediately
after chlorine addition. Small to insignificant amounts of
THMS were detected. TOX formation did not increase with
1ncrea51ng contact time, due to the rapid depletlon of free
chlorine and the formation of combined chlorine in the
chlorine contact chamber. Even though the chlorine doses,
organic content, and ammonia concentrations were different at
the three facilities, the extent of TOX formation was similar.
The amount of TOX formed as a result of wastewater
chlorination ranged from about 50-150 ug/l at the three
plants. Mass balance calculations and in-stream measurements
demonstrated that TOX behaves conservatively in the respective
receiving streams.

Laboratory experlments were conducted on unchlorinated
secondary effluent in order to 1nvest1gate the 1nf1uence of
chlorine dose, chlorine contact time, initial mixing
intensity, and ammonia concentration on TOX and THM formation
to verify and assist in the interpretation of the field
results. At chlorine doses similar to those commonly
encountered during wastewater chlorination, TOX formed
immediately after chlorine addition, but no additional TOX



formation was detected with increasing contact time. TOX and
THM formation were sensitive to the ammonia concentration when
chlorine-ammonia ratios were greater than 1 mol/mol (beyond
the "hump" of the breakpoint curve), but not when excess
ammonia was present.
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SUMMARY AND CONCLUSIONS

Chlorine is used extensively for disinfection of wastewater in
the United States. However, desplte its effectiveness as a
disinfectant, the addition of chlorine to treated wastewater
may result in the formation of halogenated organic compounds
which can have an adverse impact on aguatic life in the
receiving water and on downstream water consumers. In recent
years, there has been slgnlflcant discussion in the drinking
water community about chlorination practlces during drinking
water treatment and the associated formation of
trihalomethanes (THMs) and other halogenated organic compounds
vhich may be harmful to human health. This concern has led to
the promulgation of standards for the THMs, and standards for
other halogenated by-products of chlorination are expected in
the near future. In the area of wastewater treatment,
concerns about organic halide formation, residual free and
combined chlorine in the effluent discharges from wastewater
treatment facilities, and the potential aquatlc toxicity and
rnutagenicity of chlorlnated wastewater is leadlng many state
regulatory agencies to re-evaluate their requirements for
wastewater disinfection.

In view of these considerations, this study was conducted to
examine the formation of halogenated organlc compounds
resulting from the chlorination of municipal wastewater, to
evaluate wastewater quality and treatment characteristics
contributing to thelr formatlon, and to assess the persistence
of these substances in the receiving waters. The research was
performed at three mun1c1pa1 wastewater treatment plants in
the central Piedmont region of North Carolina: the OWASA
Mason Farm Wastewater Treatment Plant, the Durham Northside
Treatment Plant, and the Greensboro North Buffalo Creek
Wastewater Treatment Plant. Each of the three facilities
employs trickling filters and activated sludge to biologically
treat its wastewater. Nitrification of the wastewater is
achieved to differing degrees at each of the three facilities.
Chlorine is applied for disinfection of the secondary effluent
wastewater immediately prior to discharge; at each of the
facilities, chlorine is typically applied at a Cl,/N ratio
below the breakpoint, i.e., at a ratio less than 1 onaa
ng/ng basis (less than 1:1 on a molar basis). From a water
supply standpoint, it is significant to note that the Durham
Northside Plant discharges its effluent into Ellerbee Creek
vhich drains into Falls Lake which serves as the water supply
for the Clty of Raleigh, NC. The OWASA plant discharges its
effluent into Morgan Creek which drains into Jordan Lake which
is under consideration as a drinking water source for several
surroundlng communities. The Greensboro North Buffalo Creek
Plant is also located in the Jordan Lake drainage basin.

Samples of secondary effluent prior to the addition of

chlorine, and chlorinated samples from various locations in
the chlorine contact chamber including the final effluent were

xii



collected and analyzed for trihalomethanes, total organic
halides (TOX), and free and combined chlorine. TOX is a
collective parameter which gives an overall measure of the
halogenated organic content of the sample. In drinking water,
TOX concentrations tend to be 3 to 4 times the concentration
of THMs, and increasing interest is being expressed in this
parameter in the water treatment field with regard to its use
as a surrogate parameter for harmful organic substances during
drinking water chlorination.

In addition to these parameters, the secondary effluent
wastewater prior to chlorinat-on was analyzed for total
organic carbon (TOC), chemical oxygen demand (COD), ammonia-
nitrogen, pH, and temperature. The applied chlorine dose at
the time of sample collection was determined from plant
operating records.

Samples were also collected upstream and downstream of the
OWASA and Durham treatment plants in Morgan Creek and Ellerbee
Creek, respectively, for THM and TOX analysis in order to
determine the increase in these parameters caused by the
wastewater discharges, and to assess their persistence in the
respective receiving waters. The THMs are volatile, while
65-75% of the TOX species are believed to be non-volatile in
nature.

The results indicate that approximately 50-150 ug/l of TOX was
produced as a result of wastewater chlorination. The
concentration of TOX in the secondary effluent prior to
chlorination ranged from 87-226 ug/l, arising principally as a
result of background TOX in the municipal drinking water.
Hence, the final effluent TOX concentration was approximately
150-300 ug/l1l, with less than 50% contributed by wastewater
chlorination. The extent of TOX formation was similar at all
three treatment facilities, regardless of the different
degrees of effluent quality and chlorine doses applied at each
of the wastewater plants. Trihalomethane production was small
to negligible in most cases.

It was noted that essentially all of the TOX was formed at the
head of the chlorine contact chamber, during the initial
mixing of chlorine into the wastewater. Once the chlorine was
fully dispersed throughout the wastewater, no additional TOX
was produced as the water passed through the chamber. This is
attributed to the rapid rate of consumption of free chlorine
and the corresponding formation of chloramines which are much
weaker chlorine-substituting oxidants than free chlorine. (In
each of the facilities, the Cl,/N ratio was typically less
than 5:1 on a ng/mg basis.)

Mass balance calculations and the corresponding measurements

of TOX in the receiving streams showed that TOX behaved
conservatively. Hence, TOX produced in chlorinated municipal
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wastewater can be expected to persist downstream of the
discharge and, as such, can be expected to be present in the
raw water of utilities drawing from this source for purposes
of water supply.

The instantaneous nature of the TOX reaction and its
relationship with the Cl_/N ratio was verified in separate
contreolled laboratory exfieriments in which various amounts of
chlorine were added to secondary effluent from one of the
utilities, after spiking the wastewater with different amounts
of ammonia. The extent of TOX formation was dependent upon
the applied Cl, dose for a given concentration of ammonia in
the wastewater? For a given dose of chlorine and varying
concentrations of ammonia, TOX formation was dependent upocon
the Cl,/N ratio and the corresponding breakpoint chlorination
curve.“ Below the breakpoint, where most of the chlorine
exists as a combined residual, TOX formation was essentially
constant and independent of the ammonia concentration for a
constant dose of chlorine. At Cl_/N ratios between the "hump"
and "dip" portions of the breakpognt curve (at C12/N ratios
between 5:1 and 10:1 on a mg/mg basis) and beyond;, TOX
production increased with increasing Cl,/N ratios.

xiv






1.0 INTRODUCTION

Over the past century, chlorination has evolved as the
most commonly used method of disinfecting both water and
wastewater. The extensive use of chlorine has come about as a
result of its powerful disinfecting capabilities, ease of
application, and relatively low cost. Numerous studies over
the past several decades have shown chlorine to be a very
powerful disinfectant especially when compared to many of its
alternatives. It has not been until the past decade, however,
that its possible detrimental effects have been considered.
Two of the most prevalent areas of concern pertain to the
toxic effects of chlorinated effluents on aquatic organisms
and the formation and discharge of potentially carcinogenic
halogenated organic compounds which may impact downstream
water users. It is for these and other reasons that the
indiscriminate practice of wastewater chlorination for the
purpose of disinfection is presently undergoing review in the
United States.

Prior to the 1970s, regulations governing wastewater
disinfection were at the discretion of the individual states.
The Federal Government, through the United States
Environmental Protection Agency (USEPA), assumed regulatory
control with the passage of Public Law 92-500, the Federal
Water Pollution Control Act (FWPCA) in 1972. To meet the
discharge standards set for fecal coliform bacteria, most
wastewater dischargers were forced to employ some form of
effluent disinfection. Being that chlorination was the only
disinfection technique available at that time for widespread
application, the USEPA had in effect mandated the chlorination
of all wastewater discharges in the United States.

Following the enactment of the FWPCA, concern over the impact
of chlorinated effluents on receiving waters led to the
initiation of considerable research. Much of the research
focused on the toxic effects of residual chlorine on a variety
of aquatic organisms including freshwater fish. Results from
these tests showed that residual chlorine, even at
concentrations as low as 0.01 mg/l can be extremely toxic to
agquatic life (Dundy, 1976). Consequently, damage to aquatic
organisms as a result of exposure to residual chlorine emerged
as one of the major concerns associated with wastewater
effluent chlorination in the mid-1970s.

Soon after concerns about the aquatic toxicity of chlorinated
effluents were raised came the fear that potentially
carcinogenic halogenated organic compounds were also being
formed during wastewater chlorination. This was confirmed by
the early research efforts of Jolley (1975) and Glaze and
Henderson (1975) which revealed that a wide variety of
chlorine-containing organic compounds are formed upon the
chlorination of secondary wastewater effluents. The effects



of these compounds on the aquatic environment or on downstream
water consumers was not well understood at that time.

A task force commissioned by the USEPA in 1974 to respond to
these growing concerns and to examine the existing policy
regarding wastewater disinfection and the use of chlorine
reached the following conclusions (USEPA, 1975):

- Disinfection of wastewaters with chlorine Ean result in
a residual chlorine level that is toxic to fish;

- Potentially toxic halogenated organic copounds are
formed in the reaction of chlorine with organic
compounds;

- The need for disinfection should more appropriately be
decided on a case-by-case basis taking into
consideration established beneficial uses and criteria.

On July 26, 1976, in response to this report, EPA deleted the
fecal coliform bacteria limitations from the definition of
secondary treatment (Venosa, 1983). Once again, the
individual states were allowed to set policy regarding water
quality criteria.

Concurrent with these concerns regarding wastewater
chlorination came the discovery of the ubiquitous presence of
halogenated organic compounds in drinking waters across the
United States (Symons et al., 1975). Considerable attention
was then, and continues today, to be focused on a particular
group of volatile halogenated organic compounds known as the
trihalomethanes (THMs). Concerns over possible adverse health
effects associated with the consumption of high levels of THMs
prompted the USEPA in 1979, to set a maximum contaminant level
(MCL) of 0.10 mg/l for THMs in drinking water. Many studies
have shown that THMs are generally absent from raw water
sources and are formed exclusively from the chlorination of
organic compounds present in the raw water.

Though the presence of THMs in drinking water has been a great
concern, recent work has shown that even greater
concentrations of nonvolatile halogenated organic compounds
(on the order of 3 to 4 times) can be formed during the
chlorination of natural waters. In a recent study (Coleman et
al., 1984), these compounds were shown to represent the
majority of the mutagenic activity in chlorinated drinking
water. Because of their diversity and the difficulty in
individually measuring the great number of these nonvolatile
organic compounds, the use of a group parameter, total organic
halogen (TOX), has been gaining popularity in water and
wastewater research (Stevens et al., 1985). In the TOX
procedure, a water sample is passed through an activated
carbon column, organic compounds are adsorbed onto the



activated carbon, inorganic halide is removed by a nitrate
wash, the activated carbon and the adsorbed organlcs are
burned in a pyrolysis furnace, and the liberated inorganic
halide is measured using microcoulometric titration with
silver. Accordingly, TOX is a collective measure of carbon-
adsorbable halogenated organic compounds (Standard Methods,
1985). Levels of TOX are not presently regulated in drinking
water.

Point source discharges, such as chlorinated wastewater
effluents, are a possible source of TOX in raw drinking water
sources. Several researchers, including Chow and Roberts
(1981), Fleischacker and Randtke (1983), Jekel and Roberts
(1980), and McCahill et al., (1980) have measured TOX
concentrations in the range of 200 to 400 ug/l upon the
chlorination of secondary effluents. Scientific work in the
area of halogenated organic formation during wastewater
chlorination has lagged behind that in drinking water. A need
still remains to quantify the extent of formatlon,
persistence, and impact of halogenated organic compounds in
wastewater treatment plant effluents on the environment, and,
in particular, on downstream water supplies.

The objectives of this research were to:

1. quantify the formation of trihalomethanes (THMs) and total
organic halides (TOX) resulting from the chlorination of
secondary effluent at wastewater treatment facilities;

2. examine the effect of chlorine contacting systen,
detention time, secondary effluent water quality
characteristics (specifically chemical oxygen demand
(coD), total organic carbon (TOC) concentration, ammonia
(NH ) concentration, and temperature), and chlorine to

mm3nia ratio on TOX and THM formation; and

3. quantify the impact of chlorinated wastewater on TOX and
THM concentrations in receiving streams and the downstream
persistence of TOX and THMs in these receiving waters.

The investigation involved both field studies and laboratory
studies. The field studies were conducted at three full-scale
wastewater treatment plants in the central Piedmont of North
Carolina. All three facilities practiced biological waste
treatment (trickling filters followed by activated sludge)
achieving various degrees of nitrification. Controlled
laboratory experiments were conducted to monitor the impact of
chlorine dose, contact time, mixing intensity (at the point of
chlorine application), and ammonia concentration on organic
halide formation in various samples of secondary effluent
collected from the full-scale facilities.



2.0 LITERATURE REVIEW AND THEORETICAL CONSIDERATIONS

The issues surrounding the current review of effluent
chlorination policies and regulations are focused in two
areas: (1) the toxicity of chlorine residuals to aquatic
life; and (2) the formation and discharge of halogenated
organic compounds and their potential impact on downstream
water consumers. For the most part, the aquatic toxicity of
chlorine residuals has been the primary concern for those
states that have amended their wastewater disinfection
requirements and for those whose requirements are presently
under review. The aquatic toxicity of chlorine residuals is
discussed in Section 2.3, and the recent regulatory trends in
three states are discussed in Section 2.5. Previous research
addressing the formation of halogenated organic compounds
during wastewater chlorination is reviewed in Section 2.4.
This chapter begins with brief discussions of the history of
wastewater chlorination and the aquatic chemistry of chlorine.

2.1 HISTORY OF WASTEWATER CHILORINATION

The use of chlorine in wastewater treatment dates back to the
late 1800's when chlorinated lime was used intermittently to
deodorize sewage and to treat fecal material from hospitals or
other sources known to contain pathogens. Though the
successful use of chlorinated lime was noted at several
treatment facilities, it failed to gain widespread acceptance
not only due to the inability to control its dosage, but it
was also difficult to handle, degraded with storage time, and
was quite costly. It was not until sometime after 1909 when
Wallace and Tiernan developed the first commercially available
chlorinating system for both water and wastewater that the
practice of wastewater chlorination spread rapidly throughout
the United States (Engelbrecht and Severin, 1983). With the
development of increasingly more economical and reliable
chlorine feeding equipment, the number of plants engaged in
effluent chlorination grew to over 2200 plants serving over 38
million people by 1958 (White, 1979).

Prior to 1973, the individual states were responsible for
setting their own water quality standards, including those
affecting discharges from municipal wastewater treatment
plants. Laubusch, in 1962, reported that at least three-
quarters of the states had adopted some policy regarding
wastewater chlorination; 31 of the states chose to require a
2.0 mg/1 chlorine residual as suggested by the 1952 Ten States
Standards (Engelbrecht and Severin, 1983). Regulations,
though, did vary from state to state; some required either
year-round disinfection or no disinfection, while others
allowed either seasonable disinfection or a case-by-case
evaluation.



The implementation of effluent disinfection drastically
changed, however, in August, 1973, with the promulgation of
regulations governing effluent fecal coliform levels by the
United States Environmental Protection Agency (USEPA) as
required by Public Law 92-500, the Federal Water Pollution
Control Act (FWPCA). As then operated, the vast majority of
wastewater treatment plants could not meet the imposed maximum
concentration of 200 fecal coliforms per 100 ml "and were thus
forced to employ a separate disinfection step in the treatment
process. Because of its low cost and proven effectiveness,
chlorination became the overwhelming method of choice.
Consequently, as a result of its action, the USEPA had in
effect mandated the chlorination of all municipal wastewater
discharges in the United Sates (Venosa, 1983).

In 1976, in response to concerns regarding the impact of
chlorine residuals on aquatic life in receiving streams, and
the formation and release of potentially harmful chlorinated
organic compounds and their impact on downstream water
consumers, the USEPA dropped the fecal coliform limitations
from the FWPCA. The states, therefore, reassumed the
responsibility for setting and enforcing their own water
quality regulations (Venosa, 1983). The recent actions taken
by three states to modify their existing water quality and
disinfection regulation are described in Section 2.5.

2.2 CHIORINE CHEMISTRY
2.2.1 INTRODUCTION

At ordinary temperature and pressure, chlorine is a poisonous,
yellow-green gas. Corrosive when wet, it is stored under
pressure as a dry, liquified gas in specially designed steel
containers. It is delivered as such in cylinders ranging in
size from 100 1lb. to one ton and in tank cars with capacities
ranging from 16 to 55 tons. Though chlorine gas is
nonflammable or exploséve, it will support combustion at
temperatures above 250°C. Chlorine gas is 2.5 times heavier
than air and 460 volumes of gas will be generated from the
vaporization of one volume of liquid (Water Pollution Control
Federation, 1977; Metcalf and Eddy, 1979).

In addition to its use as a disinfectant, chlorine is also
used in domestic wastewater treatment for odor control,
sulfide oxidation, and ammonia removal. Chlorine is most
commonly applied to wastewater as an aqueous solution; dry
liquid chlorine is vaporized, dissolved in water by means of a
chlorinator, then injected into the wastewater through
corrosion-resistant, rubber-lined or plastic piping (Metcalf
and Eddy, 1979). Some facilities inject chlorine gas directly
into the wastewater. The subsequent reactions which occur
between the added chlorine and the wide variety of



constituents in wastewater are discussed in the next several
sections.

2.2.2 CHEMISTRY OF FREE CHLORINE

Chlorine may be added to water and wastewater as chlorine gas
(le), sodium hypochlorite (NaoCl), or calcium hypochlorite

(CaTo0Cl),). When added to water, chlorine gas hydrolyzes
rapidly fo produce hypochlorous acid (HOC1):
Cl, + H,0 ---> HOCl + H' + cl1” (1)

At pHs greater than 6 and temperatures as low as 1°C, the
hydrolysis is complete in less than one second (White, 1979).

Hypochlorous acid is a weak acid which will partially
dissociate to form the hypochlorite ion (0OCl ):

Hocl ---> oc1~ + &' (2)

Chlorine, existing as either HOCl or OCl™, is referred to as
free chlorine or free available chlorine. At pH 7.5, HOCl and
OCl appear in equal concentrations; below_pH 7.5, HOCl is the
principal species, while above pH 7.5, OCl predominates.

This relationship is significant in light of studies showing
HOCl1l to be 80 to 100 times more effective than OCl at killing
E. coli (Snoeyink and Jenkins, 1980). HOC1l is also a stronger
oxidant than OCl .

In addition to its disinfecting action, chlorine will react
with various chemical species present in water and wastewater.
These include ammonia (NH,) and other reduced inorganic
species, organic carbon afd organic nitrogen compounds. Each
of these reactions compete for available chlorine and may
result in a reduced level of disinfecting effectiveness. The
following sections discuss these competing reactions.

2.2.3 REACTIONS WITH AMMONIA

In dilute ammonia solutions, hypochlorous acid reacts rapidly
with ammonia (NH,) to form monochloramine (NH.Cl),
dichloramine (NHél ), and nitrogen trichloridé (NCl1l,). These
species are referréd to collectively as combined chiorine and
are formed by the following reactions:

NH; + HOCl =---> NH,Cl + H,O0 (3)
NH,Cl + HOCl =---> NHCl, + H,0 (4)
NHCl, + HOCl =---> NCl; + H,0 (5)

(In waters containing organic nitrogen compounds, organic
chloramines formed by the reaction of chlorine with organic



nitrogen compounds are also considered as part of the combined
chlorine.) The above three reactions do not necessarily occur
in a step-wise manner; rather, each occurs simultanecusly and
they compete with each other. These reactions are dependent
upon pH, temperature, contact time, and the initial chlorine
to ammonia ratio. At pH between 7 and 8, essentially all the
free chlorine will be converted to monochloramine (NH,Cl) by
Eq. 3 when the chlorine to ammonia molar ratio is les& than or
equal to 1 (5:1 by weight). The rate of this reaction is pH-
sensitive and is most rapid at pH 8.3. Lower temperatures
will decrease the rate of reaction (White, 1972).

Dichloramine (NHCl,) will form between pH 7 and 8 by Eg. 4 as
the chlorine to amfionia ratio increases from 1 to 1.5. The
formation of NHCl, is favored at lower pHs where NHCl, is more
stable. The convérsion of NH.Cl to NHC1l, is essentiaily
complete at a chlorine to amn8nia ratio 8f 2:1 and pH values
below 9. This reaction is also temperature-~dependent (White,
1972).

Nitrogen trichloride (NCl.,) will form below pH 7.5 by Eq. 5
when the chlorine to ammofiia molar ratio is 3:1 (15:1 by
weight). NCl3 will also form at equimolar ratios of chlorine
to ammonia if“the pH is less than about 5. The reaction rate
of NHC1l, to NCl, is very slow and will occur only at lower pHs
(at lowér chlorine to ammonia ratios) where NHCl, is stable
enough to allow sufficient time for the reaction“to occur. At
higher pHs, the reaction rate for the conversion of NHCl, to
N_(g) is much faster than the reaction rate for the convérsion
of NHC1l, to NCl.,. Therefore, NCl, will not form at high pHs
except it high 2hlorine to ammonii ratios. In either case,
NCl, is unstable in water and will decompose.

When chlorine is added to water containing ammonia in the pH
range 6 to 9, the "breakpoint" reaction occurs (Jolley and
Carpenter, 1978), as illustrated in Figure 2-1.

- Region A - at chlorine to ammonia ratios of 0 to 1,
NH,Cl is formed (Eq. 3) and the combined chlorine
refidual reaches a maximum;

- Region B - at chlorine to ammonia ratios > 1, NHCl2 is
formed (Eg. 4):; however, NHCl, is unstable and
decomposes. The combined chl8rine residual decreases;

- Region C - the "breakpoint" chlorine dose (chlorine to
ammonia ratio of 1.5 to 1). All of the original NH,
has_been converted to N2' and small amounts, if any; of

NO3 ’ NH2C1, and NHC12:

- Region D - chlorine added after the "breakpoint"
appears as free chlorine.
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The formation of organic chloramines is further discussed in
the next section.

2.2.4 REACTIONS WITH ORGANIC NITROGEN COMPOUNDS

Chlorine reacts with nitrogen-containing organic compounds
(e.g. amino acids, proteins) to form organic chloramines. An
important characteristic of an organic chloramine is its rate
of formation. The reaction rate for these compounds will vary
according to their basicity; the higher the basicity, the
faster the rate of reaction (Jolley and Carpenter, 1978).

In the chlorination of wastewater, organic nitrogen compounds
compete with ammonia and other reduced material for available
chlorine. Given the relatively low doses of chlorine used in
domestic wastewater treatment, the impact that these compounds
have on the resulting effluent will depend upon the rapidity
of their reactiog with chlorine. Jolley and Carpenter (1978)
found that at 25°C and equimolar concentrations, N-
chloromethylamine formed 70 times faster than NH,Cl. In
contrast, the N-chloramide group reacted much slawer than
NH,Cl. Thus, a relatively small amount of fast-reacting
oraanic nitrogen compounds can consume a great deal of
chlorine despite the presence of a high concentration of NH,.

with regard to disinfection, most organic chloramines possess
little or no germicidal power although they titrate as
combined chlorine in the iodometric and DPD procedures (White,
1979). Hence, the actual disinfecting power of a measured
chlorine residual could be much less than anticipated. It has
also been shown that, with time, combined chlorine will
transfer chlorine to organic nitrogen compounds by hydrolysis
or by direct reaction (White, 1979). White (1972) states that
this may account for the commonly observed reduction in
germicidal power of a combined chlorine residual with time.
Thus, organic nitrogen compounds can consume a large portion
of available chlorine and present a formidable challenge to
the production of pathogen-free effluents.

2.2.5 REACTIONS WITH OTHER REDUCED INORGANIC SPECIES

Inorganic substances such as sulfide (HS ), sulfite (HSO, ),
nitrite (NO, ), iron (II), and manganese (II) exert a chlorine
demand in p%oportion to their concentration. It is thought
that much of the immediate chlorine demand of a wastewater, as
shown in the initial "lag" of the breakpoint curve (see Figure
2-2), is attributable to these species. In each case, HOCl is
reduced to the inert chloride ion (Jolley and Carpenter,
1978). Gordon (1985) states that the effect of these species
is reduced or eliminated in the presence of ammonia.



2.2.6 REACTIONS WITH ORGANIC COMPOUNDS

Chlorine reacts with organic compounds in solution by one or
more of three mechanisms (National Research Council, 1980):

1) Addition - chlorine atoms are added to a compound;

2) Substitution - chlorine atoms are substituted for some
other atom that is present in the organic compound; or,

3) Oxidation - the organic compound is oxidized and HOCl
is reduced to chloride.

In general, oxidation reactions comprise greater than 90
percent of the chlorine consumed as chlorine demand in natural
waters (Jolley and Carpenter, 1978). Addition and
substitution reactions account for the remainder of the
chlorine-demanding reactions and are responsible for the
formation of chlorinated organic compounds. 1In waters
containing bromide (Br ), aqueous chlorine will oxidize
bromide to HOBr which, in turn, will substitute into organic
compounds forming brominated organic compounds.

The benefits of chlorine for the purpose of disinfecting
drinking water were not questioned until 1974 when two studies
(Rook, 1974; Bellar, Lichtenberg and Kroner, 1974) showed that
chlorine reacts with organic compounds that are found in many
source waters to produce chloroform (CHCl,), a possible
carcinogen. This work prompted two natioaal surveys for the
presence of halogenated organic compounds in drinking water
(Symons, et al., 1975; Brass et al., 1977). As a result of
the database established by these two studies and related
health effects studies, the USEPA chose to set a limit of 100
ug/l for one group of volatile halogenated organic compounds,
the trihalomethanes (THMs) in 1979.

The amount of THMs formed by chlorination of organic material
in natural waters has been shown by many researchers to be
influenced by several environmental factors as follows:

1) pH - THM formation increases with increasing pH. A
variety of studies have shown increases ranging from 20
to 240 percent in going from pH 7 to 10 depending on
the source of organics and the conditions of
chlorination (Reckhow, 1984);

2) Temperature - THM formation increases with increasing
temperature. Studies have shown increases ranging from
35 to 80 percent per 10 C rise in temperature (Reckhow,
1984) ;
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3) Organic concentration - THM formation tends to follow a
linear relatlonshlp with TOC concentration as long as a
chlorine residual is maintained (Reckhow, 1984);

4) Chlorine Dose - THM formation increases with increasing
chlorine dose. The ratio of THMs to the total
concentration of halogenated organics formed increases
with increasing chlorine dose due to a greater
formation of organic oxidation and cleavage products
which ultimately form THMs (Johnson and Jensen, 1986):;
and

5) Contact Time - THM formation continues with increasing
contact time as long as a chlorine residual is
maintained. Studies have shown that the ratio of CHC1
to the total concentration of halogenated organics will
increase with time. It has been hypothesized that
other halogenated organics hydrolyze to CHCl3 with time
(Johnson and Jensen, 1986).

Though considerable attention has been focused over the years
on the formation of THMs, many studies have shown that even
greater concentrations of nonvolatile halogenated organic
compounds are formed upon chlorination (Johnson and Jensen,
1986; Fleischacker and Randtke, 1983; Reckhow and Singer,
1984). Many of these compounds, however, especially those of
high molecular weight, are not amenable to measurement by gas
chromatography or other avallable analytical techniques.
Others are detectable only by using very sophisticated and
expensive analytical procedures. As a result, total organic
halogen (TOX) has been gaining popularlty as a surrogate or
non-specific measure of the degree of incorporation of halogen
into organic molecules that are produced as a result of the
disinfection process (Stevens et al., 1985).

In the TOX procedure, a water sample (pH reduced to <2) is
passed through a carbon column onto which the halogenated
compounds in the sample are adsorbed. The carbon is then
burned in a pyrolysis furnace where the organically-bound
halogen is released. The liberated halogen is then measured
microcoulometrically. Any inorganic halogen present on the
carbon prior to introduction of the water sample is removed by
washing the carbon with a strong nitrate solution. TOX,
therefore, is a collective measure of the carbon-adsorable
halogenated organic content of a sample.

By definition, TOX measures both volatile and nonvolatile

- halogenated organic compounds. TOX is often separated along
these lines into purgeable (POX) and nonpurgeable (NPOX)
components. For the most part, POX can be estimated through a
THM analysis by converting the THM concentration into
chlorine-equivalent units. Stevens et al. (1985) state that
the most accurate TOX results are achieved when an estimation
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of POX from a THM analysis is combined with a separate
analysis for NPOX. NPOX is analyzed by purging all POX from a
sample with an inert gas and then proceeding with the standard
TOX measurement.

The influence of environmental factors on NPOX formation can
be quite different from that of THM formation as discussed
below: ;

1) pH - NPOX formation decreases as pH increases at a rate
which is substantially greater than the increase in THM
formation. TOX concentrations, therefore, will
decrease as pH increases (Johnson and Jensen, 1986);

2) Temperature - NPOX formation increases with increasing
temperature only at low pHs. No change in NPOX
formation is observed with increasing temperature at
neutral and high pHs (Stevens, et al., 1985):;

3) Organic Concentration - NPOX yield per mg of TOC is
relatively constant over a range of TOC concentrations
as long as a chlorine residual is maintained
(Fleischacker and Randtke, 1983);

4) Chlorine Dose - NPOX formation increases with
increasing chlorine dose. The ratio of NPOX to THMs
increases as chlorine dose decreases due to the
enhancement of substitution reactions and reduction of
oxidation and cleavage products (Johnson and Jensen,
1986; Fleischacker and Randtke, 1983); and

5) Contact Time - Several researchers have shown that the
NPOX to CHCl, ratio decreases with time, again, by the
hydrolysis o% NPOX compounds to CHCl., (Chow and
Roberts, 1981; Fleischacker and Randgke, 1983).

Humic substances derived from the structural components of
decomposing plants have been implicated as the most prevalent
source of THM and TOX organic precursors in natural waters.
Humic and fulvic acids constitute over 80 percent by weight of
all natural aquatic organic material and have been shown to
produce THMs and TOX in amounts similar to those produced by
the chlorination of natural waters (Fleischacker and Randtke,
1983; Reckhow, 1984; Babcock and Singer, 1979).

2.3 AQUATIC TOXICITY OF CHIORINE RESIDUALS

Prior to 1970, little consideration was given to any possible
deleterious effects that might accompany the discharge of
chlorine, in any form, to an aquatic system. Thereafter,
early investigators of chlorine toxicity focused their
attention on the relative toxicities of free and combined
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chlorine, paying little attention to the p0551b1e toxicity of
halogenated organic compounds generated during wastewater
chlorination. Merkens (1958), and Duodoroff and Katz (1950)
found that free chlorine was more toxic and acted more rapidly
than combined chlorine. However, they concluded that the
toxicity of each class was probably of the same order of
magnitude. Wolfe (1984) came to similar conclusions and
stated that a measure of total residual chlorineé would be
sufficient to express the relative toxicity of a water.
Brungs (1973) surmised that environmental variables do not
affect the toxicity of residual chlorine except that they
determine the amount and type of residual present.

A brief summary of a few selected laboratory and field studies
that investigated the aquatic toxicity of chlorinated
effluents is provided in the next two sections.

2.3. l LABORATORY INVESTIGATIONS

Many recent laboratory investigations have provided a wealth
of useful information regarding the toxicity of chlorinated
wastewater treatment plant effluents. Each of the studies
discussed here were conducted using the continuous-flow
biocassay technique.

Two studies (Merkens, 1958; Sprague and Drury, 1969) focusing
on rainbow trout, reported a 7-day TL value of 0.08 mg/l and
complete mortality at 0.01 mg/l total Qesidual chlorine,
respectively. Dandy (1976) noted a mortality rate for brook
trout of 67 percent after four days at 0.01 mg/l of total
residual chlorine. He also measured the mean survival time of
brook trout at several chlorine residual concentrations:

9 hours at 0.35 mg/l, 18 hours at 0.08 mg/l, and 48 hours at
0.04 mg/1l.

In 1976 and 1977, the USEPA released the results of two
projects dealing with the residual toxicity of several
wastewater disinfectants. The Grandville, Michigan study
(Ward et al., 1976) utilized an activated sludge effluent of
completely domestic origin to test a wide range of freshwater
fish. The results showed that the chlorinated effluent was
acutely toxic to all species tested; 96-hr. values ranged
from 0.045 mg/1l to 0.278 mg/l of total re51dua§ chlorine.
Little, if any, acute toxicity was observed in the
undisinfected and dechlorinated effluents as well as with the
alternate disinfectants, except for bromine chloride which did
exhibit significant toxicity in some tests, although
consistently at concentrations much less than that of
chlorine.

The second USEPA study took place at Wyoming, Michigan (Ward

et al., 1977) and utilized a trickling filter effluent
composed of approximately 40 percent industrial wastewater.
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Results similar to those of the Grandville study were obtained
using identical test procedures. Calculated 96-hr. TL

values ranged from 0.029 mg/l total residual chlorine Egr the
pugnose shiner to 0.519 mg/l for the goldfish, and included
values of 0.068 mg/l for the brook trout and 0.037 mg/l for
the rainbow trout.

.

2.3.2 FIELD INVESTIGATIONS

A number of field investigations have been published which
support the results obtained in the laboratory studies. A
study by the Michigan Department of Natural Resources (1971)
found a mortality rate of at least 50 percent for caged
rainbow trout exposed to total chlorine residuals ranging from
0.014 mg/l to 0.029 mg/l in several streams receiving
chlorinated effluents. During the course of a breakdown in
the chlorination system at one of the plants, no mortalities
were observed.

Arthur (1971-72) reported 7-day TL values ranging from 0.083
to 0.261 mg/l total residual chlor?ge for a variety of
freshwater fish during the field studies conducted in the
early 1970s. He also noted that many of the mortalities
occurred within the first 12 hours of the tests, indicating
the rapid action of the residual chlorine. Parallel tests
showed no mortalities of fish exposed to dechlorinated or
ozone-disinfected effluents.

In addition to inducing mortality, fish diversity and density
have been altered downstream from many chlorinated wastewater
discharges. Paller et al. (1983) found a great disparity in
fish diversity and density between stations upstream and
downstream of chlorinated discharges. Both fish diversity and
density were found to recover within 23 days of the cessation
of chlorination.

Tsai (1973) made an extensive study of fish below 156
wastewater treatment plant outfalls in three eastern states.
He encountered no fish in the proximity of outfalls carrying a
total chlorine residual of greater than 0.5 mg/l. Downstream,
he found no fish at total residual chlorine concentrations
greater than 0.25 mg/l and no brown trout or brook trout above
0.02 mg/l. At plants employing dechlorination, though, he
detected no difference between upstream and downstream fish
populations.

It should be noted that Cladocerans such as Daphnia and
Ceriodapnia are also very sensitive to the presence of
chlorine. Ward and Degraeve (1978) reported an LC50 of 0.017
ug/1 for total residual chlorine.
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2.4 FORMATION OF HAIOGENATED ORGANIC COMPOUNDS DURING
WASTEWATER CHIORINATION

The vast majority of recent research involving the formation
of halogenated organic compounds resulting from chlorination
has focused on drinking water, natural waters, and extracted
humic substances. The purpose of this section is to review
some of the studies which have focused on wastewater. First,
two studies which examined the nature of organic material in a
variety of secondary effluents are discussed. The remainder
of the section chronologically summarizes significant findings
regarding the formation of halogenated organics during
wastewater chlorination.

Rebhun and Manka (1971) and Manka et al. (1974) characterized
soluble organic compounds in the secondary effluents from a
high-rate trickling filter plant, a stabilization pond, and an
extended aeration plant. They observed that the behavior of
the residual organic matter in treated effluent was similar to
that of humic compounds in natural water and soil. On an
average basis, they characterized the organic matter in the
secondary effluents as follows: proteins, 22 percent;
carbohydrates, 6 percent; tannins and lignins, 2 percent;
anionic detergents, 15 percent; ether extractables, 14
percent; and humic substances (including fulvic, humic, and
hymathomelanic acids), 43 percent. As mentioned above, humic
substances have been cited as the primary precursors of THMs
and TOX formed during drinking water chlorination.

Early work in quantifying and identifying chlorinated organic
compounds in wastewater treatment plant effluents was done in
1973 by Glaze et al. (1975). Secondary effluent from the
Denton, Texas Wastewater Treatment Plant was examined before
and after laboratory chlorination using a Coulson electrolytic
conductivity detector. Using chlorine doses ranging from 10
to 100 mg/l total available chlorine for a contact period of
one hour, concentrations of resulting chlorinated organic
compounds were estimated at 1 to 50 ug/l. The researchers
stated that the technique used did not detect substances which
were not gas chromatographable, such as high molecular weight,
nonvolatile compounds. Chloroform was the only chlorinated
compound identified in the study.

Jolley (1975) used a 36Cl, high resolution liquid
chromatography method to make a detailed examination of the
chlorinated organic compounds present in the primary and
secondary effluents from two wastewater treatment plants.
Jolley found that the chlorination yield, that portion of the
chlorine dosage incorporated into stable chlorine-containing
organic compounds, was approximately one percent for
chlorination of both primary and secondary effluents. The
remainder of the available chlorine (99 percent) was consumed
in oxidation reactions and converted to chloride. Essentially
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Table 2-1

IDENTIFICATION OF CHLORINATED ORGANIC COMPOUNDS IN
CHLORINATED EFFLUENTS (AFTER JOLLEY, 1975)

Concentration
Contaminant (ug/l)

S5-Chlorouracil
5-Chlorouridine
8-Chlorocaffeine
6-Chloroguanine
8-Chloroxanthine
2-Chlorobenzoic acid
5-Chlorosalicylic acid
4-Chloromandelic acid
2-Chlorophenol
4-Chlorophenylacetic acid
4-Chlorobenzoic acid
4-Chlorophenol
3-Chlorobenzoic acid
3-Chlorophenol
4-Chlororesorcinol
3-Chloro-4-hydroxybenzoic acid
4-Chloro-3-methylphenol
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equivalent results were obtalned regardless of whether the
experlments were carried out using chlorine gas or a
hypochlorite solution as the chlorlnatlng agent. Of the 62
peaks that appeared in the chromatographlc analysis, 17
compounds were tentatlvely identified. Table 2-1 lists these
compounds along with their estimated concentrations.

In a second study, Glaze and Henderson (1975) attempted to
identify new chlorinated organic compounds that were formed by
"super—chlorlnatlon" of a secondary effluent. Effluent
samples were chlorinated in the laboratory with doses up to
1500 mg/l and analyzed using a gas chromatograph equipped with
a flame ionization detector and a Coulson electrolytic
conductivity detector. The researchers identified more than
30 chlorinated organic compounds in the chlorinated effluent
that were not present in the unchlorinated secondary effluent.
These compounds are listed in Table 2-2. As in their earlier
study, the researchers noted the 1neff1c1ency of their gas
chromatographic procedure for measuring high molecular weight
compounds.

Oliver and Lawrence (1979) studied the reaction of chlorine
with several natural waters and with some of the more abundant
organlcs found in natural waters 1nc1ud1ng humic materials,
tannic acid, and phenol. For comparison, preliminary studies
were conducted on several primary and secondary wastewater
treatment plant effluents. Testing only for THMs, they found
that despite a TOC concentration of 15 mg/l and a chlorine
dose of 10 mg/l, very little chloroform (1-4 ug/l) was formed.
They attributed their findings to the presence of ammonia and
the formation of the less-reactive chloramines.

McCahill et al. (1980) measured TOX concentrations in the
unchlorinated and chlorinated secondary effluents of two
Minneapolis-area wastewater treatment plants using a
photochemical oxidation technique. At the first plant (Plant
A), TOX concentrations of 85 and 325 ug/l were measured in the
unchlorinated and chlorinated secondary effluent,

respectlvely At the second plant (Plant B), TOX was measured
on unfiltered and filtered effluent samples. The filtered
samples were passed through a 0.45 um filter. Based on only
one set of samples, there was nearly twice as much TOX formed
from the unfiltered sample as from the filtered sample. No
TOX was measured in the unchlorinated effluent from the second
plant. The results of the study are summarized below:

TOC TOX
mg/l  ug/l
as C as Cl1 TOX/TOC
Plant A
unchlorinated 19.2 85 0.0015
chlorinated 21.8 325 0.0050
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TABLE 2-2

IDENTIFICATION OF CHLORINATED ORGANIC COMPOUNDS IN SUPER-
CHLORINATED WASTEWATER (AFTER GLAZE AND HENDERSON, 1975)

Concentration
Contaminant (ug/1)
Chloroform —
Dibromochloromethane _—
Dichlorobutane 27
3-Chloro-2-methylbut-1l-ene 285
Chlorocyclohexane (118) 20
Chloroalkyl acetate -
O-dichlorobenzene 10
Tetrachloroacetone 11
P-dichlorobenzene 10
Chloroethylbenzene 21
Pentachloroacetone 30
Hexachloroacetone 30
Trichlorobenzene -
Dichloroethyl benzene } 20
Chlorocumene (154) -
N-methyl-trichloroaniline (209) 10
Dichlorotoluene -
Trichlorophenol -
Chloro-o-methyl benzyl alcohol -
Dichloromethoxytoluene 32
Trichloromethylstyrene (220) 10
Trichloroethyl benzene (208) 12
Dichloro-o-methyl benzyl alcohol (190) 10
Dichloro-bis(ethoxy)benzene (220) 30

Dichloro-a-methyl benzyl alcohol (190) -
Trichloro-N-methylanisole -

Trichloro-o-methyl benzyl alcohol 25
Tetrachlorophenol 30
Trichloro-e-methyl benzyl alcohol 50

Trichlorocumene (222) _
Tetrachloroethylstyrene (268) -
Trichlorodimethoxybenzene (240) -

Tetrachloromethoxytoluene (258) 40
Dichloroaniline derivative (205) 13
Dichloroaromatic derivative (249) 15
Dichloroacetate derivative (203) 20

Trichlorophthalate derivative (296) -
Tetrachlorophthalate derivative (340) -

Compounds may be listed more than once if gas chromatographic retention
times indicate distinct positional isomers.
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Plant B

unchlorinated filtered 24.3 0 -
chlorinated filtered 23.8 100 0.0014
unchlorinated unfiltered 24.0 0 -
chlorinated unfiltered 34.5 190 0.0019

Jekel and Roberts (1980) measured POX, NPOX, and TOX formation
in the tertiary treatment processes of Water Factory 21 and
the Palo Alto Reclamation Facility. The secondary effluent
from Water Factory 21 contained an average TOX concentration
of 157 ug/1l; POX and NPOX were measured at 14 and 143 ug/l,
respectively. Following lime treatment, NH, stripping,
recarbonation, chlorination (6-10 mg/l), and filtration, TOX
concentrations increased an average of 66 ug/l to 223 ug/1l.
The increase in TOX was essentially all NPOX; THMs contributed
only slightly to the TOX formed during chlorination.

At the Palo Alto facility, POX represented nearly 50 percent
of the secondary effluent TOX concentration of 220 ug/l. The
majority of the POX was made up of chemicals solvents such as
trichloroethane, trichloroethylene, and tetrachloroethylene.
Chlorination of the secondary effluent resulted in an average
increase in TOX concentration of 69 ug/l to 289 ug/l. The
ratio of NPOX to POX formed during chlorination was 5:1.

Chow and Roberts (1981) investigated the formation of TOX and
THMs in two Northern California secondary effluents
disinfected with chlorine dioxide and chlorine. One of the
treatment plants produced a non-nitrified, activated sludge
effluent while the second plant employed extended aeration to
produce a nitrified effluent. The nitrified effluent was
subsequently treated by mixed media filters. Typical effluent
characteristics for both plants are presented below:

Non-nitrified Nitrified & Filtered

Parameter Effluent Effluent
COD, mg/l as o2 20-25 20-35
NH3, mg/l as N 20-35 <0.06 - 0.2
TKN, mg/l as N 26-42 <0.8 - 1.1
Suspended Solids, 10-50 0 - 13

ng/1

The experiments were performed on a bench scale and utilized
free chlorine doses of 20 and 40 mg/l as Cl.,. Presented below
is the average production of THMs and TOX iﬁ both effluents:
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Chlorine  Average THM Average TOX
dose production production Percent
Effluent mg/l as Cl2 (ug/l as Cl) (ug/l as Cl) THM/TOX

Non-ni: :fied 20 14 270 _ 5

40 41 270 15
Nitrified & 20 139 738 19
Filtered 40 174 930 19

From this study, the following conclusions can be drawn:

- THMs and TOX were produced both in the presence and
absence of ammonia. Much greater amounts of THMs and
TOX were formed in the nitrified effluent because of the
presence of appreciable free chlorine;

- On the order of 1 percent of the original chlorine dose
resulted in the formation of chlorinated organic
compounds;

- THMs comprised an average of 5 to 15 percent of the TOX
concentration in the non-nitrified effluent and 19
percent in the nitrified effluent.

Dore et al. (1982) examined the formation of THMs in several
secondary effluents as part of a study comparing the
reactivity of various halogens with organic compounds under
varying conditions. Despite some very low chlorine to ammonia
ratios, THM production was not totally inhibited. THM
production increased as the chlorine to ammonia ratio
increased. The study concluded that the strong reactivity of
some precursors allows THM formation in spite of the rapid
consunption of chlorine by ammonia. The testing results for
wastewater are presented below:

coD NH, c1, THM  Cl,/NH,
(mg/1) (mg/l) (ma/l1l) (ug/l) (molar)
216 13.5 6 25 0.09
152 7.0 10 23 0.28
51 0.7 2 18 0.56
51 0.7 4 62 1.13
50 0.7 6 96 1.69

Cooper et al. (1983) measured THM formation in the effluent
from two secondary wastewater treatment plants at several
points along the breakpoint curve and at several reaction
times. The two plants, located in the Miami, Florida area,
treated principally domestic wastewater. One of the plants
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received wastewater via a pipeline that passed beneath
Biscayne Bay. Saltwater intrusion caused high bromide
concentrations and thus brominated THMs were found in the
final effluent. No bromide was present in the other plant
which was located inland.

THM formation was found to follow the shape of the breakpoint
curve. An increase in THMs with increasing reaction time was
also observed at each point along the curve. At points well
below the peak in the breakpoint curve, only small
concentrations (<10 ug/l) of THMs were produced at each
reaction time. Significantly higher concentrations were
measured as the peak in the curve was reached. A steady
decline in THMs that mirrored the breakpoint curve was
observed between the peak and the breakpoint. The greatest
increase in THMs was seen beyond the breakpoint when a free
residual was available.

Fleischacker and Randtke (1983) examined the influence of
several process variables (e.g., pH, chlorine dose) on THM and
TOCl (total organic chlorine) formation in a variety of
precursor sources including a groundwater, fulvic and humic
acids, and a municipal secondary wastewater effluent. The
term TOCl was used in place of TOX because there were no
measurable concentrations of any other halogens. The
secondary effluent was tested after being filtered through
glass~-fiber filter paper and a 0.45-um membrane filter. The
TOC of the secondary effluent was constant throughout the
experiments at 3.0 mg/1l.

The results showed that the secondary effluent produced low
yields of non-purgeable organic halides compared to the other
precursor sources when all were dosed with 20 mg/l of free
chlorine. This is most likely attributable to the smaller
concentrations of humic and fulvic acids in secondary
effluents and to the presence of ammonia.

In a similar manner to the results of Chow and Roberts (1981),
both free and combined chlorine were found to form significant
levels of TOCl; free chlorine again formed TOCl at a much
greater level than combined chlorine. The yields were also
similar at a free chlorine dose of 20 mg/l: THMs = 90 ug/1,
TOCl = 402 ug/l, and THM/TOCl = 22 percent. The yield per
milligram of TOC for THMs was 30 ug/mg TOC and 134 ug/mg TOC
for TOCl.

When treated with 20 mg/l of combined chlorine, 114 ug/l TOCl
and no THMs were formed. The yield per mg TOC for TOCl was 38
ug/mg. This condition more likely reflects actual conditions
at wastewater treatment plants operating well below the
breakpoint chlorine dose.
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2.5 REGUIATORY ASPECTS

Though the toxic levels of residual chlorine reported in
Section 2.3 may be as low as hundredths of a milligram-per-
liter, several studies (Brungs, 1973; Bogardus, et al., 1978)
have shown that fish will avoid areas where the total residual
chlorine concentration is in the thousandths of a milligram-
per-liter range. 2illich (1972) speculated that avoidance
behavior is responsible for the lack of fish kills below
wastewater treatment plant outfalls. Evidence has shown that
residual chlorine is not very toxic to fish for short periods
of time. Thus, he reasoned, that fish will have ample time to
avoid a toxic discharge. He concluded by stating, "It seems
probable that the greatest effect of discharging chlorinated
wastewater to a stream is not that it is lethal to fish but
that its presence renders the water unavailable to many fish."
The USEPA's own Disinfection Task Force report (USEPA, 1975)
addressed this identical point concluding that:

"As with all environmental decisions, we still
have to consider a trade-off of values in which it
may be necessary to compromise the optimum natural
ecology of limited stretches of receiving waters
to the greater interest of protecting human life."

This decision of whether to sacrifice reaches of streams below
wastewater treatment plants due to the aquatic toxicity of
chlorine, or, if not, to what degree and cost should they be
maintained in their natural state, is presently one of the
principal issues involved in the review of current
disinfection policies. A 1984 survey of states' wastewater
disinfection policies by the State of Virginia found that a
great number of states were in the process of reviewing their
disinfection requirements, most specifically their
requirements governing the use and discharge of chlorine.

The Virginia State Water Control Board (SWCB) recently adopted
in-stream water quality standards for chlorine in freshwater
and saltwater. These standards were promulgated as part of
the State's Chlorine Discharge Control Initiative (CDCI) which
became effective on June 12, 1986. The standards require that
the average daily total residual chlorine concentration in
wastewater treatment plant effluents not exceed 0.11 mg/l.

The State is hopeful that the program will complement the
Chesapeake Bay Program and help restore depleted populations
of andromous fish and shellfish to the Bay (Gates, 1986).

The Virginia initiative includes a grant program for the
design and construction of facilities to reduce the amount of
chlorine discharged into the Bay's drainage area. Standard
dechlorination facilities will be funded at a level of 75
percent, while alternative means of disinfection, such as
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ozone or ultraviolet light, will be funded at 85 percent
(Gates, 1986).

Prior to implementation of the CDCI, the SWCB in cooperation
with the State Health Department's Wastewater Engineering
Bureau initiated a chlorine reduction program in 1983. The
purpose of the program was to determine if chlorine residuals
in final effluents could be lowered beyond normal operating
levels without a significant reduction in disinfection
efficiency. Normal residuals in the range of 1 to 2 mg/l were
lowered to 0.5 mg/l at many of the State's treatment plants.
Preliminary results have shown that the program has
significantly reduced the amount of chlorine discharged into
the State's surface waters while maintaining adequate
disinfection (Gates, 1986).

The State of Maryland has likewise been very concerned about
the degradation of aquatic life in the Chesapeake Bay. Based
upon a belief that the discharge of chlorine into the Bay has
been the primary cause of this degradation, the Maryland
legislature passed the following set of interim regulations
(Veil, 1986).

- All municipal wastewater treatment plants must
dechlorinate;

- All wastewater treatment plants located on natural trout
waters may not use chlorine under any circumstances.
Disinfection must be effected by an alternatlve
disinfection method;

- All industrial wastewater treatment plants must
dechlorinate durlng the months of April and May. These
months are believed to be prlmary spawning time in the
Chesapeake Bay. Industrial dischargers are exempt
during the remaining months;

- Power plants are exempted from these regulations because
they are regulated at the Federal level.

By July 1988, the Maryland Department of Health must determine
the "lowest practicably attainable" concentration of chlorine
in all wastewater treatment plant effluents. The Department
believes that this level will be set at zero since presently
available dechlorination technology can easily attain this
level. All municipal and industrial dischargers will then be
required to meet whatever level is set by the Department on a
year-round basis. Power plants will continue to be exempted
(Veil, 1986).

The State's present effluent coliform standards are as follows
(Veil, 1986):
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- Dischargers to shellfish areas: median <14 MPN/100 ml;
- All remaining dischargers: mean <200 MPN/100 ml.

The State of Illinois recently proposed to drop all
microbiological standards from the permits of the State's
wastewater treatment plants. The proposed regulations would
have only required year-round disinfection for discharges
within 20 miles of a water supply intake, and seasonal
disinfection (May-September) for discharges within 20 miles of
a bathing beach or another state. The proposed regulations
were recently rejected by the Illinois State Attorney General,
only a few months before they were to go into effect. The
State's present coliform and residual chlorine regulations,
which will now remein in effect, are listed below (Coone,
1986) .

- Discharges to general use water (99%): median <400
- MPN/100 ml year-round;

- Discharges to secondary contact waters (1%): no
microbiological standards;

- Residual chlorine:

- plants over 0.5 mgd capacity: must maintain a 0.75
mg/l minimum total chlorine residual;

- plants of less than 0.5 mgd capacity: no residual
chlorine requirement.
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3.0 FIELD STUDY: FACILITY DESCRIPTIONS AND
ANALYTICAL PROCEDURES :

3.1 FACILITY DESCRIPTIONS

Wastewater samples were collected from three wastewater
treatment plants: Orange Water and Sewer Authority (OWASA) -
Mason Farm, Durham - Northside, and Greensboro - North Buffalo
Creek. The OWASA and Durham plants were the primary focus of
this research and were chosen because of their close proximity
to the University of North Carolina. The Greensboro - North
Buffalo Creek plant was chosen near the completion of this
work to confirm the results obtained at the other two
facilities. Though each of the three plants employed
essentially the same treatment train (trickling filters
followed by activated sludge), three effluents of diverse
quality were encountered. Each of the three wastewater
treatment plants and their influent and effluent water quality
are briefly discussed below.

3.1.1 OWASA - MASON FARM WASTEWATER TREATMENT PLANT

The OWASA - Mason Farm Wastewater Treatment Plant is an 8 mgd
secondary treatment facility. The plant treats wastewater
from the towns of Chapel Hill and Carrboro, North Carolina.
Located in the southwest portion of Chapel Hill, the plant is
situated on the western bank of Morgan Creek as shown in
Figure 3-1.

The plant employs conventional primary treatment (screening,
grit removal and clarification) followed by a series
arrangement of trickling filters and aeration basins
(activated sludge) as seen in Figure 3-2. The aeration basins
are followed by secondary clarifiers which deliver secondary
effluent to the chlorine contact tanks for disinfection prior
to discharge. The final effluent is released to Morgan Creek,
a tributary to one of the northern branches of B. Everett
Jordan Reservoir.

The OWASA plant treats essentially domestic wastewater.
During 1984, monthly average influent BOD_. concentrations
ranged from 171 to 291 mg/l. During the 2ame period, monthly
average total suspended solids and ammonia nitrogen
concentrations ranged from 195 to 742 mg/l and 12.5 to 21.5
ng/1, respectgvely. Influent wastewater temperature ranged
from 12 to 24°C. A summary of monthly average influent water
quality data from 1984 is provided in Table 3-1.

The plant's flow rate is significantly influenced by the
seasonally-variable student population at UNC - Chapel Hill.
The heaviest hydraulic loadings at the plant are typically
seen during the months of September through April. The
average flow during these months was 5.9 mgd in 1984. For the
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1984 MONTHLY AVERAGE INFLUENT WATER QUALITY
OWVASA-MASON FARM WASTEWATER TREATMENT PLANT

TABLE 3-1

CHAPEL HILL, NORTH CAROLINA

Flow Temperature  BOD cobD NH,-N Suspezgézlsolids
Month  (mgd) °C) _ (mg/1) (mg/l)  (mE/1) (ng/1)
January 6.2 12 291 720 15.9 299
February 6.8 13 276 534 16.1 413
March 6.8 14 244 513 13.6 742
April 6.4 16 224 431 14.2 405
May 5.1 18 190 307 14.3 494
June 4.6 22 171 563 13.0 315
July 4.7 23 190 502 12.5 329
August 4.7 24 197 418 12.6 244
September 4.9 24 194 400 18.7 211
October 4.9 22 198 414 19.1 195
November 5.0 19 206 443 21.5 279
December 4.8 16 210 532 19.0 271
1984 AVG 5.4 19 216 481 15.9 350
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four-month period May through August, influent flow dropped by
19 percent to an average of 4.8 mgd.

Due to the highly variable and occasional very low flow in
Morgan Creek, as well as the nutrient sensitivity of B.
Everett Jordan Lake, the OWASA plant must meet strict effluent
standards. During the summer months (April through October),
OWASA's NPDES discharge permit lists the following monthly
average limits: BOD. = 5.0 mg/l, total suspended solids (TSS)
= 30 mg/l, and NH, ="2.5 mg/l. The limits are somewhat
relaxed during thd winter months (November through March)
because of generally higher flow and low water temperature in
Morgan Creek. The winter limits are: BODg = 9.0 mg/1l, TSS =
30 mg/1l, and NH3 = 5.0 mg/1l.

The OWASA plant is able to provide excellent treatment and
discharges a high quality, polished effluent principally
because it is able to operate well below its 8 mgd design
capacity. Table 3-2 summarizes the plant's effluent
wastewater gquality data for 1984. The plant was able to
achieve good nitrification, and consistently produced effluent
NH, concentrations at or below 1.0 mg/l in 1984. The yearly
avgrage NH, concentration was 0.3 mg/l. Both BOD. and TSS
concentratfons were both well below permit dischaége
limitations.

OWASA plant operators indicated that they attempt to add a
constant chlorine dose of 2.5 mg/l to achieve a 0.5 mg/l1 free
chlorine residual in the effluent from the chlorine contact
tank. Precise control of the chlorine feed, however, is
difficult due to an oversized chlorinator. Chlorine dosage
rates, therefore, must be calculated by OWASA personnel and
reported on a tons-per-month basis. Based on these figures,
1984 chlorine dosages were calculated and ranged from 0.3 to
2.5 mg/1l, with 1.2 mg/1 being the yearly average dosage.
Chlorine dosages for 1984 are presented in Table 3-2.

Disinfection is carried out in two sets of two chlorine
contact chambers. During this research, only one set of the
contact chambers was being used due to flow being below design
flow rates. Chlorine is injected as a gas directly into the
wastewater at the head of each chamber as shown in Figure 3-3.
Each chamber has a total volume of 164,000 gallons which
prgvides for a contact time of 1 hour at the design flow of 8
mgd.

3.1.2 DURHAM NORTHSIDE WASTEWATER TREATMENT PLANT

The Durham-Northside Wastewater Treatment Plant is a 10 mgd
facility also providing secondary treatment. Located along
East Club Boulevard in eastern Durham, North Carolina, the
plant serves the northern portions of the City. A map showing
the location of the plant is provided in Figure 3-4.
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TABLE 3-2

1984 MONTHLY AVERAGE EFFLUENT WATER QUALITY
OWASA-MASON FARM WASTEWATER TREATMENT PLANT
CHAPEL HILL, NORTH CAROLINA

Total" Average Cl2

BOD Ccob NH,-N Suspended Solids Dosage
Month (mg/1) (ng/1)  (mg/1) (mg/1) (mg/1)
January 3.5 31.1 1.00 9 1.3
February 2.9 26.1 0.43 8 1.4
March 2.5 26.7 0.28 6 1.1
April 3.3 8.3 0.18 16 1.0
May 2.3 38.7 0.10 11 0.3
June 1.6 32.2 0.32 4 0.5
July 1.7 27.3 0.08 ' 4 0.5
August 1.8 26.1 0.14 4 0.9
September 1.8 23.7 0.08 4 1.5
October 2.0 35.4 0.08 5 2.5
November 4.6 37.9 0.24 12 1.5
December 5.4 46.7 0.85 15 1.3
1984 AVG 2.8 32.5 0.3 8 1.2
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Primary treatment, including grit and solids removal, takes
place at the head of the plant in aerated vacuators. Primary
effluent subsequently proceeds to two trickling filters which
are followed by intermediate clarifiers. The activated sludge
process, which is carried out in the aeration basins, follows
the intermediate clarifiers. Secondary effluent is chlorinated
and delivered to a pipe which travels under East Club
Boulevard and discharges into a drainage ditch which feeds
into Ellerbee Creek. A complete process schematic diagram is
presented in Figure 3-5.

The Durham plant influent is comprised of a mixture of
municipal and industrial wastewater. As seen in Table 3-3,
1984 monthly average BOD. and COD concentrations were both
approximately 75 mg/1l grgater, at 284 and 566 mg/1,
respectively, than that of the OWASA influent. Influent NH
concentrations were reasonably consistent ranging from 14.9
18.9 mg/l. The average concentration of 183 mg/1l of total
suspended solids was notably less than that seen at the OWASA
plant.

3to

The Durham plant has considerably less stringent effluent
quality limitations than does the OWASA plant. During the
summer months (April through October), BOD. must be less than
12 mg/l, TSS less than 30 mg/l, and NH le2s than 8 mg/l. In
the winter months (November through Ma;ch), the BODg limit is
increased to 24 mg/l and the NH, limit is raised to 16 mg/1l;
the TSS limit remains at 30 mg/i.

The quality of the plant effluent is not as high as that from
the OWASA facility. In 1984, the BOD. discharge standard was
exceeded in each of the months July tgrough October. The
effluent NH, concentration was above permit levels during four
nonths, while TSS concentrations were in violation during
seven months. Improvements aimed at bringing the plant into
compliance are scheduled to be completed in the near future.
Table 3-4 contains the plant's 1984 monthly average effluent
wastewater quality data.

Primarily because of its poorer quality, particularly with
regard to COD concentration, the Northside effluent exerts a
higher chlorine demand than does the effluent from the OWASA
plant. Chlorine dosages for 1984 varied from 3.5 mg/l in
March to 7.0 mg/l in June. The average chlorine dosage of 4.8
mg/l was more than four times greater than that at the OWASA
plant. The monthly average chlorine dosages for 1984 are
presented in Table 3-4.

To begin the disinfection process, a concentrated liquid
chlorine solution is injected into the head of the discharge
pipe. The liquid chlorine solution is generated using a
Fischer-Porter chlorinator. Contact and mixing are
accomplished within the underground pipe and through cascading
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1984 MONTHLY AVERAGE INFLUENT WATER QUALITY

TABLE 3-3

DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

Flow Temperature  BOD coD NH,-N Suspegg;SISolids
Month (mgd) c)  (mg/D) (mg/l)  (mE/1) (ag/1)
January 7.6 14 257 710 17.1 205
February 8.0 14 245 505 16.8 181
March 8.7 15 234 406 14.9 150
April 7.6 18 253 513 14.9 168
May 6.8 22 323 583 17.1 184
June 7.3 25 329 649 18.7 203
July 7.1 26 307 509 15.2 178
August 7.1 26 296 634 15.3 210
September 6.3 25 305 583 18.9 183
October 6.4 24 320 NA NA 185
November 6.2 20 304 NA NA 180
December 6.3 18 240 NA NA 171
1984 AVG 7.1 21 284 566 16.5 183

NA = Not Available
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TABLE 3-4

1984 MONTHLY AVERAGE EFFLUENT WATER QUALITY
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT
DURHAM, NORTH CAROLINA

Total Average Cl,

BOD coD NH,-N Suspended Solids Dosage

Month (mg/1) (ng/1)  (mg/1) (ng/1) (mg/1)
January 22 222 14.2 41 6.3
February 16 192 17.8 31 4.1
March 15 164 11.4 24 3.5
April 12 120 8.1 21 3.9
May 11 104 10.6 29 4.0
June 10 115 5.2 22 7.0
July 13 121 3.5 49 5.5
August 18 133 5.5 41 4.7
September 18 115 10.7 34 4.8
October 21 128 8.3 30 4.6
November 12 92 9.2 21 4.7
December 9 67 14.4 21 4.7
1984 AVG 15 131 9.9 30 4.8
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which takes place in the effluent drainage ditch. The
theoretical detention time within the pipe and the effluent
drainage ditch is approximately 15 minutes before the
confluence with Ellerbee Creek. A schematic diagram of the
chlorine contact system is provided in Figure 3-6.

3.1.3 GREENSBORO NORTH BUFFALO CREEK WASTEWATER TREATMENT
PLANT

Originally constructed in 1938 to provide secondary treatment
for a total wastewater flow of 8 mgd, the North Buffalo Creek
Wastewater Treatment Plant was expanded in 1859 to its current
capacity of 16 mgd. As seen in Figure 3-7, the plant is
located in the northeast corner of Greensboro, North Carolina
along North Buffalo Creek. One of two treatment plants
operated by the City, the North Buffalo Creek facility serves
the needs of the northern half of Greensboro.

The plant utilizes the identical treatment processes employed
at the two previously-described plants, except that dual-media
filters are used prior to chlorination to remove suspended
solids passing from the secondary clarifiers. As seen in
Figure 3-8, bar screens and two grit chambers are situated in
front of the four primary clarifiers. Primary effluent then
passes through two trickling filters prior to being punped
into four, two-pass aeration tanks (each aeration tank was
recently equipped with a new fine bubble aeration system).
Secondary effluent from five secondary clarifiers passes
through four dual media filters before flowing to the chlorine
contact tank.

The plant treats a combination of domestic and industrial
wastewater. The plant's 1984 monthly average influent water
quality data is provided in Table 3-5. At times during 1984,
the plant's operating records indicated that it was operating
at flows in excess of its rated capacity. Plant personnel
stated that the flow during those periods was actually 16 mgd
and attribute the discrepancy to a problem with the plant's
recently installed flow equalization system.

Influent BOD. ranged from 159 to 290 mg/l in 1984. The yearly
average COD goncentration was nearly identical to that of the
Durham plant at 561 mg/l. The influent NH. concentration was
reasonably constant throughout the year avaraging nearly 13

mng/l.

Effluent discharge limitations for the North Buffalo Creek
plant are almost twice those of the OWASA plant. The plant
has both summer and winter standards as do the OWASA and
Durham plants. The summer limits are: BOD. = 10 mg/l, NH, =
4 mg/l. During the summer, therefore, the Blant must achigve
a significant level of nitrification to meet the NH., standard.
The plant's winter limits allow BODg to increase to 20 mg/1
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1984 MONTHLY AVERAGE INFLUENT WATER QUALITY

TABLE 3-5

GREENSBORO - NORTH BUFFALO WASTEWATER TREATMENT PLANT

GREENSBORO, NORTH CAROLINA

Flow Temperature  BOD CcoD NH,-N Suspeig;SISolids
Month (mgd) (°C)  (mg/D) (mg/1) (mg/1) (mg/1)
January 16.0 15 190 576 11.4 108
February 14.3 15 201 347 11.9 200
March 17.1 16 159 278 11.1 163
April 17.1 18 212 441 13.0 196
May 15.7 21 243 499 12.6 229
June 13.4 24 290 1010 13.4 415
July 15.1 25 215 775 12.7 228
August 17.1 26 194 595 10.4 209
September 12.9 26 274 792 13.1 305
October 12.4 NA 238 642 15.1 186
November 11.5 NA 180 391 16.6 178
December 11.3 NA 174 385 13.8 151
1984 AVG 14.5 21 214 561 12.9 221

NA = Not Available
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and NH3 to 8 mg/l. The TSS standard is 30 mg/l throughout the
year.

As can be seen in Table 3-6, effluent wastewater quality from
the plant was in compliance with its permit limits only once
for BOD., once for NH,, and twice for TSS in the first six
months 3f 1984. In Jaly, however, effluent quality
dramatically improved with the completion of an upgrading
program at the plant. Effluent filters, flow equalization,
and fine-bubble aeration diffusers were installed as part of
the improvements. Effluent BOD_, TSS, and NH, each decreased
at least 84 percent after the iaprovements wefit on-line.

In contrast to the OWASA and Durham plants, chlorine dosages
at the North Buffalo Creek plant were seen to vary seasonally
in 1984. Generally, the lowest dosages were applied in the
months July through October. Dosages ranged from 0.7 to 3.2
mg/1l during this period and 2.5 to 6.3 mg/l in November
through June. The yearly average chlorine dosage was 3.2

mg/l. The monthly average chlorine dosages for 1984 are
presented in Table 3-6.

Disinfection is carried out in a traditional chlorine contact
chamber as shown in Figure 3-9. Each of the two chambers
within the chlorine contact tank is equipped with aeration
equipment. Post-aeration is used in the event that the
dissolved oxygen concentration in the final effluent drops to
levels which may impart undue stress on North Buffalo Creek.

A concentrated liquid chlorine solution is added just ahead of
a Parshall flume which is located immediately outside of the
filter building. Chlorinated wastewater then flows through a
pipe before being split between the two chambers within the
contact tank. The volume of each chamber is 161,000 gallons
which allows for a theoretical detention time of 30 minutes at
the design flow rate of 16 mgd. The effluent from each
chamber flows over a common weir into a sump. The treated
wastewater then flows by gravity through a 48-inch pipe to
North Buffalo Creek.

The influent and effluent wastewater quality from each of the
three wastewater treatment plants sampled is summarized in
Table 3-7.

3.2 SAMPLE COLLECTION AND HANDLING

For each sampling trip, two sets of samples were collected:
one set for total organic halogen (TOX) and total
trihalomethanes (THM) analyses and another for chemical oxygen
demand (COD), total organic carbon (TOC), and ammonia nitrogen
(NH,) analyses. Points of collection, collection methods, and
samgle storage for each of the two types of samples are
discussed below.
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TABLE 3-6

1984 MONTHLY AVERAGE EFFLUENT WATER QUALITY
GREENSBORO - NORTH BUFFALO CREEK WASTEWATER TREATMENT PLANT
GREENSBORO, NORTH CAROLINA

Total” Average Cl,

BOD coD NH,-N Suspended Solids Dosage

Month (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
January 21.5 63 4.8 27 4.8
February 18.4 80 6.4 21 2.7
March 34.4 132 4.0 51 2.5
April 38.2 262 4.8 65 3.0
May 36.0 70 8.3 72 6.3
June 24.8 79 6.8 49 4.9
July 4.9 46 0.4 9 0.7
August 4.6 42 0.7 7 1.3
September 2.7 32 0.3 5 3.2
October 3.7 33 0.3 6 1.3
November 4.7 58 0.9 6 4.2
December 7.0 83 1.4 6 2.9
1984 AVG 16.7 82 3.3 27 3.2
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TABLE 3-7

SUMMARY
1&74 YEARLY AVERAGE
INFLUENT/E? FLUENT WASTEWATER QUALITY

OVASE DURHAM GREENSBORO
INFLUENT/EFFLUENT
COD 481/32.5 566/131 561/82
(mg/1)
INFLUENT/EFFLUENT
BOD 216/2.4 284/15 214/16.7
(mg/1)
EFFLUENT NH3
(mg/1) 0.3 9.9 3.3
CL, DOSE
(mg/1) 1.2 4.8 3.2
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3.2.1 COD, TOC, AND NH,
Samples of unchlorinated secondary effluent were collected
from the filter effluent flume at the Greensboro North Buffalo
Creek plant and from the secondary clarifier effluent line at
the OWASA-Mason Farm and Durham Northside plants for
subsequent determination of COD, TOC, and NH These
parameters were measured to assess the quallay of the
wastewater treatment plant secondary effluent.

Samples for COD, TOC, and NH, analyses were collected in a
common sample bottle. Two battles were collected and an
ana1y51s was performed on the contents of each bottle. Thus,
dupllcate tests were performed for each parameter for each
sampling trip. The procedure followed for sample collection
was as follows:

- Two 300-ml BOD bottles were acid washed;
~ Secondary effluent was collected as a grab sample;

- Each bottle was acidified with concentrated sulfuric
acid to lower the pH to less than 2;

- Sample bottles were stored in the dark at 4°c until
analyzed.

3.2.2 TOX AND THM

Samples for TOX and THM analyses were taken at each plant
before chlorination, and at several points within the chlorine
contact system. Points both upstream and downstream of the
outfalls from the OWASA and Durham plants were also sampled.
Extra care was required in the collection of these samples to
minimize the loss of any volatile chlorinated organlc
compounds. For this reason, samples were collected in
headspace-free, 40-ml Pierce screw-cap bottles. Teflon-coated
septa were used to insure that no interference resulted from
material that was in contact with the sample.

Six samples were collected at each point to allow for
replicate analyses. The procedure used in collecting these
samples was as follows:

- 40-ml sample bottles were acid-washed. Teflon-coated
septa and screw-on tops were thoroughly washed in
distilled/de-ionized water;

- Wastewater was taken as a grab sample and poured into
the 40-ml sample bottles. Three bottles were filled at
one time (i.e., two samples were pulled to fill the six
bottles);
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- Sodium sulfite was added in crystal form to each bottle
to quench any residual chlorine;

- Sample bottleg were appropriately labeled and stored in
the dark at 4 C until analyzed.

3.2.3 RESIDUAL CHLORINE
Residual chlorine was analyzed by the DPD method at the time

of sample collection. The procedure is described below in
Section 3.3.

3.3 ANALYTICAL PROCEDURES

3.3.1 TOX

Analysis for total organic halide (TOX) was performed based
primarily upon procedures outlined by Reckhow (1984) and
contained in Standard Methods (1985), Method 506. Generally,
a 50-ml sample volume (40 ml from one bottle, 10 ml from a
second bottle) was analyzed with a carbon-adsorption-
microcoulometric detection system (MCTS-20 with AD-20
adsorption module, Dohrmann Envirotech, Santa Clara, CA) using
the following procedure:

- Acidification to pH 2 with concentrated nitric acid to
enhance adsorption efficiency and reduce interference
from inorganic halides;

- Adsorption onto 40 + 5 mg 200-mesh granular activated
carbon (GAC) contained in two glass columns in series;

- Washing of the GAC with a 0.08 N nitrate wash solution
to remove, by competitive displacement, inorganic
halide;

- Pyrolysis of the GAC-adsorbed organic compounds in a
furnace to CO2 and hydrogen halide (HX):

- Transportation of the HX via carrier gas to a
microcoulometric titration cell for quantification of
total organic halide (TOX).

TOX was calculated by the following equation based upon the
mass of chloride ions titrated:

(X, - B) + (X, - B)
v (8)

TOX =
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where:

TOX = concentration of organic halogen, in ug Cl/1

X, = mass of halogen on first column, in ng Cl
X2 = mass of halogen on second column, in ng Cl
B = average mass of halogen on nitrafé—washed

virgin carbon, in ng Cl
v = Sample volume, in ml

To establish the relative precision which could be expected in
analyzing wastewater samples for TOX, ten replicate samples
were collected from the OWASA plant outfall and analyzed for
TOX. The TOX results for these ten samples are shown in Table
3-8. The samples contained an average TOX concentration of
191 ug/l; the standard deviation and the percent difference
were 12 and 6.5, respectively. The percent difference of 6.5
percent compares favorably to similar test results in Standard
Methods (1985). Based on the variability in these samples,
the detection limit for TOX was assumed to be in the range of
10 to 20 ug/l.

If available sample volume permitted, all TOX samples were
analyzed in duplicate. If the percent difference between the
two samples was less than 6.5 percent, the two values were
averaged and the average value was reported. If the percent
difference exceeded 6.5 percent, a third sample was analyzed.
If the percent difference of the three samples was within 6.5
percent, the average of the three samples was reported. If
the percent difference of the three was greater than 6.5
percent, the third sample and the value it was closest to were
averaged and reported. At no time during this research was
the percent difference between the third sample and one of the
other samples greater than 6.5 percent.

Analytical quality control and assurance was achieved in three
ways:

1. Microcoulometric titration cell and integrator
performance was checked with periodic injection and
analysis of recovery of a standard NaCl solution. A
1000 ng (as Cl) injection of NaCl was most often used.
If recovery deviated by more than +50 ng, measures were
taken to improve titration cell performance (e.g., the
acetic acid solution was changed);

2. Overall analytical precision was checked after every
ten wastewater samples by analysis of various dilutions
of a trichlorophenol or trichloroacetic acid stock
solution as recommended by Standard Methods (1985). A
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TABLE 3-8
VARIABIILTY OF TOX MEASUREMENTS

OWASA - MASON FARM WASTEWATER TREATMENT PLANT
NOVEMBER 30, 1983

TOX Replicate Samples: 197, 182, 183, 180, 192,
(ug/l as Cl) 185, 175, 213, 207, 199

Mean : 191
(ug/l as Cl)

Standard Deviation : 12 (or 6.5 %)
(ug/l as Cl)

VATER QUALITY DATA

pH = 7.0 COD = 36 mg/l
TEMP. = 15 °C Cl, DOSE = 1.5 mg/1
NH, = 0.4 mg/l

3
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1040 ng (as Cl) sample of trichlorophenol was most
often used. If recovery was less than +6.5 percent of
the expected value, another standard solution was
tested. If recovery was again outside the expected
range, measures were taken to improve the performance
of the TOX equipment (e.g., clean the pyrolysis tube or
the titration cell, replace the electrode seals);

3. Blank corrections were made by measuring the TOX
associated with virgin, nitrate-washed carbon. Several
carbon columns were tested prior to analysis of the
wastewater samples. If the mass of halides associated
with the individual carbon columns exceeded 500 ng, the
columns were discarded and new carbon columns were
prepared until this criterion was met.

3.3.2 THM

Trihalomethane (THM) analysis was conducted using the liquid-
liquid extraction procedure as outlined by EPA (1980). A 4-ul
sample taken from the pentane phase was injected into a gas
chromatograph (GC). A Perkin-Elmer Sigma 1 GC, (Perkin-Elmer,
Norwalk, CT) was used to measure the peak area of each of the
THMs.

Standard curves were developed by measuring the peak areas of
various known concentrations of standard chloroform,
chlorodibromomethane, bromodichloromethane, and bromoform
stock solutions before each set of wastewater samples was
analyzed. Correlations of the THM standard curves was very
high (typically r® >0.97) throughout the research. THM
concentrations in the wastewater samples were determined by
comparing the peak areas for the samples with the standard
curves. The detection limit for THM analysis was estimated at
approximately 1 ug/l of TTHM based upon recovery of the
standard THM stock solutions used to develop the standard
curves.

3.3.3 COD

The chemical oxygen demand (COD) test is one method for
characterizing the organic strength of a wastewater. The test
measures the total equivalent oxygen required to convert the
organic matter present in a water sample to carbon dioxide and
water. The COD test was performed using the "Open Reflux
Method", Standard Methods (1985), Method 508A. The procedure
followed is outlined below:

- Addition of 40 ml of sample, 0.4 g of mercuric sulfate
(Hgso4), 10 ml of 0.25 N potassium dichromate
(K Cr20 ), and 3 to 5 glass beads to a 250-ml, ground-
gl@ss=stoppered, Ehrlenmeyer flask;
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- Attachment of the Ehrlenmeyer flask to the COD
condenser unit and hot plate;

- Addition of 30 ml of sulfuric acid (H S0,) mixed with
silver sulfate (Ag,S0,) down through €ne®condenser
unit;

- Boiling of the solution for 2 hours; .-

- Addition of approximately 50 ml of distilled-deionized
water to the solution after cooling;

- Titration of excess K,Cr,0, with ferrous ammonium
sulfate (FAS) using 4°to“5'drops of ferroin indicator.
The endpoint of the titration was taken as the first

sharp color change from blue-green to reddish brown.

For each set of samples, a 40-ml distilled de-ionized water
blank was tested under the identical procedure described
above. The COD for each wastewater sample was calculated by
the following equation (Standard Methods, 1985).

(A - B) X M x 8000

COD (mg/l as 02) ml of sample (9)
where:
A = ml FAS used for the blank
B = ml FAS used for the sample
M = molarity of the FAS

The molarity of the FAS titrant was standardized daily against
a_standard K,Cr,0, solution as described in Standard Methods

(1985) .

All coD samples in this work were analyzed in duplicate. 1In
each case, the two results were within the precision range
stated in Standard Methods (1985). The two values were
averaged and reported. In addition, laboratory COD values
were compared to the COD results reported by the wastewater
treatment plants. For each sampling trip, the laboratory and
plant COD results were within the accepted precision range.

3.3.4 TOC

Total organic carbon (TOC) represents an alternative method to
the COD and BOD tests for characterizing the organic content
of a water. TOC differs from BOD and COD in that TOC is a
direct measure of the organic carbon content of a water
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whereas the COD and BOD tests characterize the organic content
of a water by measuring its oxygen demand.

TOC was measured using a Beckman Model 915B Carbon Analy:zer
(Beckman Instruments, Inc., Fullerton, CA). The testing
procedure used followed Standard Methods (1985), Method 505A:

- Samples were acidified to pH 2 to convert inorganic
carbon species to CO, i

- Samples were purged with nitrogen gas to remove the CO
and thus eliminate any interference due to inorganic
carbon compounds;

2

- A known quantity of sample was injected into the high
temperature furnace where the organic carbon is
converted to CO,. The CO, is carried off in a carrier
gas and neasured by means“of a nondispersive infrared
analyzer.

The TOC of the wastewater samples was determined by comparing
the results to a standard curve developed using various
dilutions of a standard anhydrous potassium biphthalate
(CgHgKO,) stock solution. Dilutions used ranged from 1 to 50
mg/l depending on the treatment plant from which the samples
were taken; a lower range was used for samples from the OWASA
plant where effluent organic carbon concentrations were lower,
and a higher range was used for samples from the Durham plant.
The peak areas for each dilution were measured on unfiltered
samples, corrected for by a blank value, and used to develop
the standard curve. The peak area values for the wastewater
samples were measured and compared to the standard curve for
determination of the TOC concentration.

Standard Methods (1985) estimates that the precision of the
TOC method is limited to 5 to 10 percent on unfiltered samples
because of the difficulty of sampling particulate matter. TOC
was not measured by any of the wastewater treatment plants
sampled, and therefore a check on the laboratory results was
not available. Very good correlation of the standard TOC
curves was observed throughout this work, and therefore the
reported results are believed to be within the precision
stated in Standard Methods (1985).

3.3.5 RESIDUAL CHLORINE

Residual chlorine was measured at all field sampling points
using Method 408D, the DPD Ferrous Titrimetric Method, in
accordance with Standard Methods (1985). All glassware used
was made chlorine-demand-free by immersion in a concentrated
chlorine solution (>20 mg/l chlorine) for at least 24 hours
prior to sampling.
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The DPD method can be used to estimate the concentrations of
both free chlorine and each of the individual combined
chlorine species. For the purposes of this research, however,
only free chlorine and total combined chlorine were measured.
The procedure followed at each sample point was as follows:

- Thorough rinsing of all glassware with wastewater from
the point to be sampled; .

~ Addition of 5 ml of phosphate buffer and DPD indicator
solution to a 500-ml Ehrlenmeyer flask;

- Mixing of 100 ml of sample with the buffer and DPD
solutions. The presence of free chlorine was indicated
by the formation of a red color;

- Immediate titration with standardized ferrous ammonium
sulfate (FAS) solution until the red color was
discharged;

- Addition of excess potassium iodide (KI) crystals to the
Ehrlenmeyer flask. The presence of combined chlorine
was indicated by the formation of a red color;

- Mixing of the resulting solution until the KI crystals
dissolved. The solution was then allowed to sit for 2
minutes;

- Titration with FAS solution until the red color was
discharged.

For a 100-ml sample, 1 ml of the FAS titrant was equivalent to
1.0 mg Clz/l.

The FAS titrant was standardized using a standard K, Cr,o,
solution before each field sampling trip. Based on“this
standardization, a correction was made for the residual
chlorine equivalent of 1 ml of the FAS titrant for field
calculation of the residual. 1In the field, titration of the
sample was performed using a burette graduate in 0.05 ml
increments. The amount of titrant was estimated to the
nearest 0.025 ml for calculation of the chlorine residual.
Therefore, the residual chlorine measurements reported are

estimated to approximately the nearest 0.025 mg/l of chlorine.
3.3.6 AMMONIA

Total ammonia nitrogen was measured using the procedure
outlined in Method 417F in Standard Methods (1985) by means of
an ammonia-specific electrode (Model No. ISE-10-10-00, HNU
Systems, Inc., Newton Highlands, MA). The procedure is
described below:
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- Dilution of 1000 mg/l ammonium chloride (NH,Cl) stock
solution to make a standard solution about ﬁen times as
concentrated as the wastewater sample;

- Addition of 1 ml of 10 N sodium hydroxide (NaOH) to a
continuously stirred 100-ml volume of sample followed by
immediate immersion of the ammonia specific electrode;

- Measurement of the resulting mV reading and recording as
E .
ll

- Addition of 10 ml of the standard NH,Cl solution to the
sample and measurement of the result&ng mV reading as
E .
2’

- Sample NH3 concentration was calculated as follows:

1. E=E, - E

1 27

2. Determine Q from Table 417:IV (page 387, Standard
Methods (1985)):

3. Co = QCs
Where C° = total sample concentration, mg/1,

s

Q

Standard Methods (1985) reports a mean recovery of 108 percent
using the electrode method in fifty-seven wastewater samples
when the ammonia concentration ranged from 10.2 to 34.7 mg/l
as N. Using standards in the 2.5 to 30 mg/l range, recovery
was 97 percent.

concentration of added standard, mg/l

reading from Table 417:1IV
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4.0 FIELD STUDY: RESULTS AND DISCUSSION

The purpose of this research was to: (1) examine the
formation of TOX and THMs in the chlorine contact systems of
the OWASA-Mason Farm and Durham Northside Wastewater Treatment
Plants, and (2) determine to what extent the discharge of TOX
and THMs from these plants raised in-stream concentrations of
TOX and THMs and to what extent any increased concentrations
persisted downstream of the two plants. Section 4.1 discusses
the formation of TOX and THMs within both treatment plants as
well as results obtained from the Greensboro North Buffalo
Creek Wastewater Treatment Plant which was sampled to confirm
the results at the OWASA and Durham plants. Section 4.2
discusses TOX and THM sampling results in Morgan Creek and
Ellerbee Creek, the receiving streams for the OWASA and Durham
plants, respectively.

4.1 FORMATION OF HALOGENATED ORGANIC COMPOUNDS DURING
WASTEWATER CHIORINATION

TOX formation in the chlorine contact systems of the OWASA-
Mason Farm, Durham Northside, and Greensboro North Buffalo
Creek Wastewater Treatment Plants was investigated at various
times from November 1983 to February 1985. The location of
sampling points within each plant's chlorine contact system
was as follows: (1) the unchlorinated secondary effluent,

(2) various points within the chlorine contact system, and

(3) the plant effluent. The principal reasons for these
choices were to determine "pre-chlorination" levels of TOX and
THMs, determine any change in TOX and THMs during the chlorine
contact period, and to ascertain both the overall increase in
TOX and THMs due to chlorination and the final concentration
of TOX and THMs in the discharge from each plant.

The results from each plant are discussed in the following
three sections.

4.1.1 OWASA - MASON FARM WASTEWATER TREATMENT PLANT

The OWASA-Mason Farm Wastewater Treatment Plant has two sets
of two chlorine contact chambers. Throughout most of this
research, only one set was in use. As seen in Figure 4-1, the
unchlorinated secondary effluent was sampled at the splitter
box to the two sets of chlorine contact tanks (C-IN). After
chlorination, samples were taken in each side of the two
chambers (C-1.1, C-1.2, etc...). The effluent sample (C-OUT)
was taken at the outfall to Morgan Creek. When the second set
of chlorine contact chambers were in use, only an effluent
sample (C-OUT2) was taken from the second outfall for use in
analyzing the stream sampling portion of this research. The
results from the five sampling trips to the OWASA plant are
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presented individually in Tables 4-1 through 4-5, and
summarized in Table 4-6.

Concentrations of TOX in the unchlorinated secondary effluent
averaged 140 ug/l over the flve sampling trips. One potent1a1
source of halogenated organlcs in unchlorinated wastewater is
as a residual arising from drinking water chlorination. On
February 19, 1985, a tap water sample was taken concurrent
with a sampling trip to the OWASA plant. The non-volatile
fraction of the TOX in the drinking water was 135 ug/l while
the TOX concentration in the unchlorinated secondary effluent
was 110 ug/l. Considering analytical uncertainty and TOX
losses in the wastewater collection and treatment systems, and
the fact that the tap water sample represents the input to the
wastewater collection system while the secondary effluent is
at the end of the wastewater system, it appears that drinking
water is the most likely source of TOX in unchlorinated
wastewater. If thls is the case, it suggests that the
halogenated organics produced during drinking water
chlorination are not biologically degraded to any 51gn1f1cant
degree by aerobic waste treatment. THM concentrations in the
unchlorinated secondary effluent were consistently at 1 ug/1
or less.

Upon chlorination, an immediate rise in TOX concentration was
observed. TOX showed increases ranging from 43 to 150 ug/1,
the average being 83 ug/l. THM production was slight, with
effluent concentrations consistently at or below 6 ug/l.

In an attempt to quantify the effect of chlorine contact time
on TOX and THM formation, samples were taken from various
locations in the chlorine contact chambers. 1In each case,
samples taken at the head, mid-point, and tail end of the
chambers showed no change in TOX or THM concentration.

Slight variations were observed for the TOX measurements
between the various locations; however, these variations were
not significant given the uncertainty in replicate TOX
measurements (see Section 3.3.1).

As seen in Table 4-7, the chlorine to ammonia molar ratio was
above 2.0 (the approx1mate breakp01nt ratio) during four of
the five sampling trips. This would indicate that breakpoint
chlorination was occurring. 1In fact, as seen in Table 4-6,
free chlorine was detected in the chlorine contact tanks using
the DPD method on three of the five sampling trips. 1In such a
case, it would be expected that a much greater overall
production of TOX would be observed and the TOX concentration
would continue to increase with increasing contact time.
However, this is not what was seen; TOX production stopped
after a rapid initial formation. It is surmised that despite
the addition of free chlorine beyond the breakpoint dose, the
doses were small enough (averaging 1.2 mg/l in 1984) that all
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TABLE 4-1
SAMPLING RESULTS - NOVEMBER 13, 1983
OVASA - MASON FARM WASTEWATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT gggill (ug/1) (mg/1) (mg/1)
C-IN 156 0 NA NA
C-1.2 213 3 0.0 0.25
Cc-1.3 200 3 0.0 0.2
Cc-2.2 204 3 0.0 0.25
Cc-2.3 214 3 0.0 0.25
C-0uT 189 4 0.1 0.15

VATER QUALITY DATA

TOC = 8 mg/1 FLOV = 5.2 mgd
pH = 7.2 COD = 28 mg/1
TEMP = 20°C Cl2 DOSE = 2.3 mg/1

NH, = 0.9 mg/1

3

NA = Not Analyzed
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TABLE 4-2

SAMPLING RESULTS - JANUARY 6, 1984
OVASA-MASON FARM WASTEWATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA -

CHLORINE RESIDUAL

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/1) (ug/1l) (ng/1)  (mg/1)
C-IN 135 1 NA NA
c-1.1 288 5 0.5 0.45

Cc-1.2 293 8 0.25 0.5
c-1.3 275 6 0.15 0.65
c-2.1 201 5 0.15 0.0
Cc-2.2 222 4 0.2 0.0
c-2.3 217 4 0.15 0.05
C-0UT 229 6 0.15 0.30
C-OUT 2 175 2 0.0 0.0

VATER QUALITY DATA

TOC = 7.5 mg/l FLOV = 4.6 mgd
pH = 6.9 CoD = 28 mg/l
TEMP. = 10°C Cl2 DOSE = 2.4 mg/1

NH, = 0.13 mg/1

NA = Not Analyzed
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TABLE 4-3
SAMPLING RESULTS - MARCH 23, 1984
OWASA - MASON FARM VASTEWATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/1) (ug/1) (ng/l)  (mg/1)
C-IN 87 NA 0.0 0.0
c-1.1 221 NA 0.4 0.15

Cc1.1.s , 192 NA 0.05 0.25
c-1.2 200 NA 0.15 0.10
c-1.3 212 NA 0.10 0.10
c-2.1 216 NA 0.2 0.4
c-2.2 231 NA 0.05 0.20
c-2.3 227 NA 0.05 0.15
C-0UT 202 NA 0.10 0.10

VATER QUALITY DATA

TOC = 7.3 mg/1 FLOW = 6.4 mgd
pH = 7.0 COD = 18 mg/1
TEMP = 15°C Cl2 DOSE = 1.2 mg/1

NH, = 0.1 mg/1

NA = Not Analyzed

60



TABLE 4-4
SAMPLING RESULTS - JULY 25, 1984
OWASA - MASON-FARM WASTEWATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/l) (ug/1) (ng/l) (mg/l)
C-IN 138 NA . 0.0 0.0
c-1.1 180 NA 0.2 0.2

c-1.2 176 NA 0.1 0.2
c-1.3 197 NA TRACE 0.2

c-2.1 185 NA TRACE 0.2
c-2.2 195 NA 0.1 0.1
C-2.3 181 NA 0.0 0.2
C-0UT 197 NA 0.0 0.2

VATER QUALITY DATA

TOC = 10.9 mg/l FLOVW = 4.6 mgd
pH = 6.9 COD = 22 mg/l
TEMP = 25°C Cl, DOSE = 1.5 mg/1

NH, = 0.05 mg/1

NA = Not Analyzed
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TABLE 4-5
SAMPLING RESULTS - FEBRUARY 19, 1985
OVASA - MASON FARM WASTEVATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE COMBINED
POINT (ug/l) (ug/1) (mg/l) (mg/1)
C-IN 110 0 0.0 TRACE
C-ouT 153 0 TRACE 0.125
C-0UT 2 218 0 0.0 0.25
gSSENAU HALL 185 50 NA NA

VATER QUALITY DATA

pH = 6.5 COD = 40 mg/l
TEMP = 10.5°C Cl, DOSE = 1.2 mg/1

NH; = 0.1 mg/1

NA = Not Analyzed
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TABLE 4-7

SUMMARY OF CHLORINE TO NITROGEN RATIOS -

Chlorine Residual

Cl, Dosage NH, =N C1,/N C1,/N tree  Combined
OWASA-Mason Farm WWTP ?mg/l) (mg;l) (mo?ar) (we?ght) (mg/1) (mg/1)
. 11/13/83 2.3 0.9 0.5 2.5 0.10 0.15
1/6/84 - 2.4 0.13 3.6 18.5 0.10 0.15
3/23/84 1.2 0.1 2.4 12.0 0.10 0.10
7/25/84 1.5 0.05 5.9 30.0 0.0 0.20
2/19/85 1.2 0.1 2.4 12.0 Trace 0.20
Durham Northside WWTP
1/11/84 6.2 14.9 0.08 0.42 0.6 0.25
3/19/84 4.5 11.2 0.08 0.40 0.8 0.40
7/25/84 5.8 4.8 0.24 1.21 0.1 1.25
1/15/85 2.0 16.8 0.02 0.12 0.1 1.60
1/16/85 : 2.0 19.7 0.02 0.10 0.1 1.65

Greensboro North Buffalo Creek WWTP

10/8/84 L 1.85 0.1 3.6 18.5 0.0 0.60



remaining free chlorine was quickly consumed in reactions with
reduced inorganics such as NO in the nitrified effluent,
organic nitrogen compounds, afid other chlorine-demanding
constituents in the wastewater. All remaining available
chlorine was probably present as combined chlorine or
chlorinated organic nitrogen compounds which form little or no
TOX. The rapid consumption of free chlorine explains why
there was an initial formation of TOX but no additional
formation of TOX with contact time.

The apparent detection of free chlorine may have been caused
by the presence of chlorinated organic nitrogen compounds.
These compounds titrate as available chlorine in the DPD test
(see Section 2.2). Organic nitrogen compounds were not
analyzed for in this research.

Final discharge concentrations of TOX ranged from 153 to 285
ug/l. The average concentration was 209 ug/l.

4.1.2 DURHAM NORTHSIDE WASTEWATER TREATMENT PLANT

Chlorine is added to the secondary effluent at the Durham
Northside plant in a pipe which runs from the plant into a
ditch which flows into Ellerbee Creek. As seen in Figure 4-2,
the unchlorinated secondary effluent was sampled prior to
entering the underground pipe (D-IN). Chlorinated effluent
was sampled at the pipe discharge into the effluent ditch (D-
OUT) and at the confluence of the effluent ditch and Ellerbee
Creek (D-DITCH). The results of the five sampling trips are
presented in Tables 4-8 through 4-12, and are summarized in
Table 4-13.

Concentrations of TOX in the unchlorinated secondary effluent
ranged from 129 to 226 ug/l; the average was 172 ug/l. THMs
were measured on three of the sampling trips and were
significantly higher than at the OWASA plant, averaging 28
ug/l. The average is significantly raised, however, by a THM
measurement of 52 ug/l on January 16, 1985. It is believed
that this spurious occurrence can be attributed to some
residual chlorine which may have resulted from the addition of
hypochlorite to the plant's trickling filters to remove some
heavy biological growth in late December, 1984.

Increases in TOX concentrations after chlorination ranged from
12 to 115 ug/l; the average increase was 64 ug/l. The two
smallest increases came during the sampling trips on January
15 and 16, 1985. It is possible that the residual chlorine
resulting from chlorine treatment of the trickling filters may
have chlorinated the most active organic species prior to
final chlorine addition and thus reduced the amount formed
during disinfection. Disregarding these two samples would
raise the average increase in TOX to 90 ug/l which is close to
the average increase at the OWASA plant of 83 ug/l.
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TABLE 4-8
SAMPLING RESULTS - JANUARY 11, 1984
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

CHLORINE RESIDUAL
SAMPLING TOX TTHM FREE COMBINED
POINT (ug/l) (ug/l) (mg/1) (mg/1)
D-IN 129 13 NA NA
D-OUT 230 39 0.45 0.4
" D-DITCH 235 31 0.75 0.05

WATER QUALITY DATA

TOC = 27.5 mg/1 FLOW = 7.9 mgd
pH = 7.0 COD = 115 mg/1
TEMP. = 12°C Cl2 DOSE = 6.2 mg/1

NHB = 14.9 mg/l

NA = Not Analyzed
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TABLE 4-9
SAMPLING RESULTS - MARCH 19, 1984
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORIN

SAMPLING TOX TTHM FREE COMBINED
POINT (ug/l) (ug/1) (ng/l) (mg/1)
D-IN 135 NA 0.0 0.0

- D-OUT 250 NA 0.8 0.5
D-DITCH 252 NA 0.8 0.3

VATER QUALITY DATA

TOC = 68 mg/l FLOW = 8.7 mgd
pH = 7.0 COD = 188 mg/l
TEMP = 17°C Clz DOSE = 4.5 mg/l

NH, = 11.2 mg/1

NA = Not Analyzed
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TABLE 4-10
SAMPLING RESULTS - JULY 25, 1984
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORIN

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/l) iggill (mg/1) (ng/1)
D-IN 226 NA 0.0 0.0
D-0OUT 280 NA 0.1 1.3
D-DITCH 275 NA 0.1 1.2

VATER QUALITY DATA

TOC = 53 mg/l FLOVW = 6.8 mgd
pH = 6.7 COD = 97 mg/1
TEMP = 27°C Cl, DOSE = 5.8 mg/1

NH, = 4.8 mg/1

NA = Not Analyzed
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TABLE 4-11
SAMPLING RESULTS - JANUARY 15, 1985
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORINE

TOX TTHM FREE  COMBINED
(ug/l) (ug/1) (mg/1) _(mg/1)
202 18 NA NA
205 28 0.1 1.7
223 13 0.1 1.5

WATER QUALITY DATA

TOC = NA FLOV = 6.61 mgd
pH = 7.1 COD = 46 mg/l
TEMP = 14°C Cl, DOSE = 2.0 mg/l

NH, = 16.8 mg/l

3

NA = Not Analyzed
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TABLE 4-12
SAMPLING RESULTS - JANUARY 16, 1985

DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE COMBINED
POINT (ug/1) (ug/l) (mg/l) (ng/l)
D-IN 168 52 0.0 0.0
D-0UT 204 57 0.1 1.7

. D-DITCH ‘ 206 48 0.05 1.6

VATER QUALITY DATA

pH = 7.2 COD = 49 mg/l
TEMP = 14°C Cl, DOSE = 2.0 mg/l

NH3 = 19.7 mg/l

NA = Not Analyzed
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1/11/84
3/19/84
7/25/84
1/15/85
1/16/85

TABLE 4-13

DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

Secondary Effluent Chlorinated Effluent

TOX
(ug/1)
129
135
226
202
168

THM
(ug/1)
13
NA
NA
18
52

NA = Not Analyzed

TOX
TOX THM Production
(ug/l) (ug/1) (ug/1)
233 39 104
251 NA lle6
278 NA 52
214 28 12
205 57 37

Avg. Chlorine Residual

Free

(mg/1)

Combined
(mg/1)
0.25
0.40
1.25
1.60

1.65



As was seen at the OWASA plant, no significant difference in
TOX concentration was observed between chlorinated samples
taken at different locations in the chlorine contact system.
The difference between the two sampling stations (D-OUT and D-
DITCH) ranged from 2 to 18 ug/l for the five sampling trips:;
the average 1ncrease was only 6 ug/l. In this case, the lack
of any 1ncrease in TOX between the two chlorinated effluent
samples is believed to be a result of the very low chlorine to
nitrogen ratios as seen in Table 4-7. All added free chlorine
quickly reacts with the excess ammonia and thus only combined
chlorine is available throughout the effluent ditch, and no
additional TOX would be expected to form. Though some free
chlorine was detected by the DPD analysis during each sampling
trip, it is again believed that this may be some interference
from chlorinated organic nitrogen compounds.

Though the Durham plant was operating below the breakpoint and
the OWASA plant was not, the results from both plants were
similar; no additional TOX was formed beyond the initial
reaction following the application of chlorine. In both
cases, this is explained by the rapid consumption of all
available free chlorine: at the OWASA plant by ammonia and
other constituents in the wastewater, and at the Durham plant
primarily by ammonia. Thus, only combined chlorine was
present throughout both chlorine contact systems and no
increase in TOX concentration beyond the initial formation
would be expected at either plant.

THMs were formed at the plant upon chlorination of the
secondary effluent. For the three sets of samples analyzed,
THM production ranged from 5 to 26 ug/l; the average was 14
ug/1l. Effluent THM concentrations measured at the pipe
discharge were 28, 39 and 57 ug/l.

A noticeable decrease in THM concentration was observed
between the pipe dlscharge sample (D- OUT) and the ditch sample
(D-DITCH). The drop in THM concentration ranged from 8 to 15
ug/l. The loss in THMs is most likely a result of
volatilization caused by cascading of the wastewater through
the effluent ditch.

Final discharge concentrations of TOX ranged from 206 to 275
ug/l. The average effluent concentration of 238 ug/1 is

slightly higher than the 209 ug/l average concentration in the
OWASA plant effluent.

4.1.3 GREENSBORO NORTH BUFFALO CREEK WASTEWATER TREATMENT
PLANT

The Greensboro North Buffalo Creek plant was sampled in
October 1984 to confirm the data and preliminary conclusions
drawn from the results at the OWASA and Durham plants.
Chlorine is added to the filtered secondary effluent at the
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plant in a Parshall flume located ahead of a two-chamber
chlorine contact tank. The tank is equipped with supplemental
aeration equipment to raise dissolved oxygen concentrations
above permit levels if necessary. The aeration equipment was
in use at the time of our sampling trip.

The unchlorinated filtered effluent was sampled ahead of the
Parshall flume (INFLUENT) as seen in Figure 4-3. Six samples
w=re taken from various locations within the two chlorine
ccntact chambers (A-1, A-2, etc...). The results for this
sampling trip are provided in Table 4-14.

The results from this sampling trip were similar to those from
both the OWASA and Durham plants. TOX was measured at 159
ug/l in the unchlorinated secondary effluent. This figure
falls between the averages of 140 and 172 ug/l seen at the
OWASA and Durham plants, respectively. TOX increased to an
average value in the chlorine contact tank of 263 ug/l; the
range was 251 to 280 ug/l. The average increase in TOX was
104 ug/l. Both the average increase in TOX concentration and
the discharge concentration are only slightly greater than
those observed at the other two plants.

As seen earlier in Table 4-7, the chlorine to nitrogen molar
ratio at the plant on the sampling day was 3.6. This would
indicate that breakpoint chlorination was occurring; however,
no free chlorine was detected at any point in either chlorine
contact chamber. Given the small dose of chlorine (1.85
ng/l), it is most probably that the excess chlorine above the
breakpoint was quickly consumed, as hypothesized at the OWASA
plant, in reactions with other chlorine-demanding constituents
in the wastewater. This would explain the lack of free
chlorine and no increase in TOX concentration throughout the
contact chambers despite chlorination beyond the breakpoint.

Despite the vigorous mixing provided by the supplemental
aeration in the chlorine contact chambers, no difference in
TOX concentration was observed between samples taken in the
aerated and non-aerated portions of the chambers.

THMs were not analyzed for on this sampling trip.
4.,1.4 SUMMARY

The sampling results from each of the three wastewater
treatment plants are summarized in Table 4-15. The results
can be briefly summarized as follows:

- Unchlorinated secondary effluent TOX concentrations were
reasonably consistent across the three plants ranging
from 87 to 226 ug/l; the average TOX concentration was
approximately 160 ug/l;
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TABLE 4-14
SAMPLING RESULTS - OCTOBER 8, 1984
GREENSBORO - NORTH BUFFALO CREEK WASTEWATER TREATMENT PLANT

GREENSBORO, NORTH CAROLINA .

CHLORINE RESIDUAL

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/1) (ug/1) (ng/1)  (ng/1)

INFLUENT 159 NA NA NA
A-1 266 NA 0.0 0.7
A-2 , 257 NA 0.0 0.65
A-3% 255 NA 0.0 0.60
A-4% 270 NA 0.0 0.60
B-1 251 NA NA NA
B-2% 280 NA NA NA

VATER QUALITY DATA

TOC = 15.1 mg/1 FLOV = 12.9 mgd
pH = 6.4 COD = 33 mg/1l
TEMP. = 24°C Cl, DOSE = 1.85 mg/l

NHS = 0.1 mg/l

NA = Not analyzed

* - taken in aerated portion of chlorine contact chamber
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TABLE 4-15

SUMMARY OF IN-PLANT SAMPLING

Secondary Effluent Chlorinated Effluent TOX Avg. Chlorine Residual
TOX THM TOX THM Production Free Combined
(ug/1) (ug/1) (ug/1) (ug/1) (ug/1) (mg/1) (mg/1)

OWASA-MASON FARM WWTP

11/13/83 156 0 204 3 48 0.0 0.25
1/6/84 135 1 238 5 103 0.2 0.25
3/23/84 87 NA 213 NA 126 0.15 0.20
7/25/84 138 NA 187 NA 49 0.05 0.20
2/19/85 110 0 186 0 76 0.0 0.20

DURHAM NORTHSIDE WWTP

1/11/84 129 13 233 39 104 0.6 0.25'
3/19/84 135 NA 251 NA 116 0.8 0.40
7/25/84 226 NA 278 NA 52 0.1 1.25
1/15/85 202 18 214 28 12 0.1 1.60
1/16/85 168 52 205 57 37 0.1 1.65

GREENSBORO NORTH BUFFALO CREEK WWTP
10/8/84 159 NA 263 NA 104 0.0 0.65

NA = Not Analyzed



- The formation of THMs as a result of chlorination was
insignificant at the OWASA plant but noticeable at the
Durham plant;

- TOX was formed rapidly upon chlorination at each of the
three plants; however, little if any additional TOX was
formed beyond the point of chlorine addition due to the
rapid consumption of free chlorine. Ultimate TOX
production as a result of chlorination ranged from 50 to
150 ug/l for all sampling trips to the three plants;

- Secondary effluent quality, method of chlorine addition
and contact system, and contact time did not seem to
influence THM and TOX formation during wastewater
chlorination. This is presumably because of the rapid
consumption of all free chlorine added;

- Final effluent concentrations of TOX ranged from
approximately 150 to 300 ug/1l.

4.2 IMPACT OF HALOGENATED ORGANIC COMPOUNDS IN WASTEWATER
' DISCHARGES ON RECEIVING STREAMS

4.2.1 SAMPLING LOCATIONS AND STREAMFLOW DATA

Stream samples were collected above and below the outfalls of
the OWASA-Mason Farm Wastewater Treatment Plant in Morgan
Creek on four occasions and at the Durham Northside Wastewater
Treatment Plant from Ellerbee Creek on three occasions during
the period of this research. Figures 4-4 and 4~-5 show the
location of each stream sample.

At the OWASA plant, an upstream sample labeled C-UP was taken
from a small bridge along the entrance drive to the plant.
The bridge is approximately 1400 feet upstream of the plant
outfall. The first of two downstream samples, C-FORD, was
taken at a ford roughly 3000 feet below the plant. Sample
C-BRIDGE, located approximately 3.1 miles downstream of the
ford, was taken from a bridge on North Carolina S.R. 1109.

At the Durham Northside plant, one sample upstream of the
plant, D-UP, was taken from a bridge on East Club Boulevard
about 200 yards west of the plant entrance. Downstream
samples were taken from two bridges crossing the creek at Glen
Road and Red Mill Road. The Glen Road sample, D-GLEN, and the
Red Mill Road sample, D-RED, were located approximately 3
miles and 4 miles below the plant outfall, respectively.

Streamflow data were collected from the United States
Geological Survey (USGS) for both Morgan Creek and Ellerbee
Creek. As seen in Figures 4-4 and 4-5, a gauging station is
located on Morgan Creek halfway between the OWASA plant
outfall and the downstream ford, and along Ellerbee Creek just
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above the Glen Road bridge. Tables 4-16 and 4-17 summarize
monthly average stream flow and plant discharge rates during
the study period. )

In general, the flow rate in both creeks was greatest during
the months January through May. Morgan Creek averaged 66 mgd
and Ellerbee Creek averaged 54 mgd during these months. The
average flow in both creeks dropped to at least one-third of
these levels during the months June through December,
averaging 11 mgd in Morgan Creek and 17 mgd in Ellerbee Creek.

Based on a 7.1 mgd average plant discharge, the Northside
effluent made up an average of 42 percent of the water in
Ellerbee Creek during the months June through December. 1In
September, wastewater treatment plant effluent contributed 83
percent of the total creek flow. In contrast, treatment plant
effluent made up an average of only 15 percent of Ellerbee
Creek flow during the higher flow months.

The OWASA plant effluent contributed an average of 25 percent
of the water in Morgan Creek during the research period, based
on an average plant discharge of 5.5 mgd. During the months
June through December, however, the ratio was somewhat higher,
at 36 percent. During the four stream sampling trips,
wastewater effluent ranged from 23 to 36 percent of the total
flow in Morgan Creek.

4.2.2 STREAM SAMPLING RESULTS

The results of the seven stream sampling trips are presented
in Tables 4-18 through 4-24 and are summarized in Table 4-25.
Upstream concentrations of TOX measured in Morgan Creek and
Ellerbee Creek were essentially identical. Above the OWASA
plant, TOX ranged from 30 to 68 ug/l, while a range of 36 to
59 ug/l was measured upstream of the Durham Northside plant
outfall. The source of these background concentrations is
unknown. No THMs were detected upstream of either treatment
plant.

Varying degrees of elevated TOX concentrations were observed
downstream of the two treatment plants. 1In Morgan Creek, the
TOX concentration in both downstream sampling stations
increased by a factor of 1.2 to 3.4. The average increase was
a factor of approximately 2.2, or 50 ug/l. The results on
November 13, 1983, which show a 1.5-fold increase in TOX
concentration between the upstream sample and the first
downstream sample and another 2-fold increase to the second
downstream station are considered suspect due to analytical or
sample collection error; this trip was the research team's
first attempt at sample collection and laboratory testing of
field samples.
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TABLE 4-16

MONTHLY AVERAGE STREAM FLOW AND PLANT DISCHARGE

OVASA - MASON FARM WASTEWATER TREATMENT PLANT

NOVEMBER 1983 - MARCH 1985 ™«

CHAPEL HILL, NORTH CAROLINA

Morgan Creek
Average Flow Rate

Month/Year (mgd)
11/83 25.1
12/83 67.8
1/84 69.1
2/84 91.1
3/84 116.9
4/84 84.6
5/84 43.9
6/84 19.9
7/84 33.3
8/84 12.9
9/84 7.8
10/84 9.3
11/84 8.3
12/84 10.1
1/85 33.5
2/85 73.6
3/85 18.3

82

OWASA
Mason Farm WWTP

(mgd)

5.3
6.0

5.7
6.7

5.2



TABLE 4-17
MONTHLY AVERAGE STREAM FLOW AND PLANT DISCHARGE
DURHAM NORTHSIDE WASTEVATER TREATMENT PLANT
JANUARY 1984 - JANUARY 1985

DURHAM, NORTH CAROLINA

Ellerbee Creek Durham Northside
. Average Flow Rate WWTP Average Discharge

Month/Year (mgd) (mgd)

1/84 46.6 7.6

2/84 61.6 8.0

3/84 89.8 8.7

4/84 52.5 7.6

5/84 42.6 6.8

6/84 12.9 7.3

7/84 26.9 7.1

8/84 32.0 7.1

9/84 7.6 6.3

10/84 12.7 6.3

11/84 10.4 6.2

12/84 15.8 6.3

1/85 33.5 6.3
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TABLE 4-18
MORGAN CREEK SAMPLING RESULTS - NOVEMBER 13, 1983
OWASA - MASON FARM WASTEVATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA -

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/1) (ug/1) (ng/1)  (mg/1)
C-UP 55 0 NA NA

- C-OUT 189 4 0.1 0.15
C-FORD 85 0.5 0.0 0.05
C-BRIDGE 169 0.5 0.0 0.0

OVWASA Plant Discharge = 5.2 mgd

Downstream Flow = 16.2 mgd
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TABLE 4-19
MORGAN CREEK SAMPLING RESULTS - JANUARY 6, 1984
OWASA - MASON FARM WASTEWATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/1) (ug/1) (mg/1l)  (mg/1)
c-up 68 0 0.0 0.0
C-0UT 202 6 0.15 0.3

~ C-0UT2 175 2 0.0 0.0
C-FORD | 82 0 0.0 0.0
C-BRIDGE 91 0 0.0 0.0

OVASA Plant Discharge = 4.6 mgd

Dovnstream Flow = 20.0 mgd
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TABLE 4-20
MORGAN CREEK SAMPLING RESULTS - JANUARY 18, 1985
OWASA - MASON FARM VASTEVATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/l) (ug/l) (mg/l) (mg/1)
c-up 30 0 0.0 0.0
C-0UT 218 1.5 TRACE 0.2

" C-FORD 100 0 0.0 TRACE
C-BRIDGE 102 0 0.0 0.0

OWASA Plant Discharge = 5.6 mgd

Downstream Flow = 16.8 mgd
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POINT
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C-ouT2

C-FORD

C-BRIDGE

TABLE 4-21
MORGAN CREEK SAMPLING RESULTS - FEBRUARY 19, 1985
OVASA - MASON FARM VASTEVATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

RESIDUAL CHLORINE

TOX TTHM FREE COMBINED
(ug/l) (ug/l) (mg/1) (mg/1)
51 0 0.0 0.0
153 0 TRACE 0.125
218 0 0.0 0.25
87 0 0.0 0.05
89 0 0.0 0.0

OVASA Plant Flow = 6.7 mgd

Dovnstream Flow = 18.7 mgd
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TABLE 4-22
ELLERBEE CREEK SAMPLING RESULTS - JANUARY 11, 1984
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE COMBINED
POINT (ug/l) (ug/1) (mg/1) (mg/1)
D-UP 36 0 0.0 0.0

. D-DITCH 235 31 0.75 0.05
D-GLEN : 61 12 0.0 0.0
D-RED 97 7 0.0 0.0

Durham Plant Discharge = 7.9 mgd

Dovnstream Flow = 334.6 mgd
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TABLE 4-23
ELLERBEE CREEK SAMPLING RESULTS - JANUARY 15, 1985
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/1) (ug/l) (ng/1)  (mg/1)
D-UP 59 0 NA NA
D-DITCH 223 13 0.1 1.5
D-GLEN 190 7 NA NA
D-RED 180 2 NA NA

NA = Not Analyzed

Durham Plant Discharge = 6.6 mgd

Downstream Flow = 9.0 mgd
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TABLE 4-24
ELLERBEE CREEK SAMPLING RESULTS - JANUARY 16, 1985
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

RESIDUAL CHLORINE

SAMPLING TOX TTHM FREE  COMBINED
POINT (ug/l) (ug/l) (mg/1) (mg/1)
D-UP 57 0 0.0 0.0
D-DITCH 206 48 0.05 1.6

" D-GLEN 167 42 0.0 0.1
D-RED 182 36 0.0 TRACE

Durham Plant Discharge = 6.5 mgd

Downstream Flow = 9.0 mgd

90



S8/91/1
S8/ST/1
v8/11/1

dIMM 3QISHIYON WVHYNA

S8/61/¢

S8/81/1

v8/9/1
€8/€T/T1

9¢ 281 4 L91 8 902 0 LS

2 081 L 061 €1 €22 0 65

L L6 21 19 1> €2 0 9¢

0 68 0 L8 0 981 0 15

0 20T 0 001 2 812 0 0¢

0 16 0 28 b 681 0 89

I 691 1 S8 b 681 0 SS
(L/bn)  (L/bn) (L/bn) (1/bn) (L/bn)y (L/bn) (L/bn) (L/6n)
WHL X0l WHLL XQL WHLL X0l _WHIL X0l

2# WYIYLSNNOQ 1# WYIYLSNMOQ ININT443 INVd WY341Sdn

S1INSIY INITAWYS WYIYLS 40 AUYWWNS
GZ2-v 314yl

dlNM

WYV3 NOSVW-VSYMO



Results similar to those in Morgan Creek were observed for
samples taken in Ellerbee Creek. During the two January 1985
sampling trips, the TOX concentration increased by an average
factor of 3.1, or 122 ug/l. Results from the January 11, 1984
sampling trip which show a 1.7-fold increase in TOX
concentration between the upstream sample and the first
downstream sample and another 1.5-fold increase for the second
downstream station are considered atypical because the samples
were collected after a heavy rainstorm and flow in the creek
was unusually high; 327 mgd as compared with the 1984 average
stream flow of 35 mgd.

Except for the results of November 13, 1983 in Morgan Creek
and January 11, 1984 in Ellerbee Creek, no significant
increase or decrease in TOX concentration was measured between
the two downstream sampling stations on either receiving
stream. Because THM concentrations in both creeks were low or
negligible, the TOX measured in any stream sample was
essentially all non-volatile material. Thus, the TOX
concentration would not be expected to decrease downstream
except by dilution from runoff or groundwater infiltration, or
by attachment to suspended solids and subsequent deposition.
There are no connecting streams between either plant outfall
and the two downstream sampling stations which could provide
dilution or an additional source of TOX.

To analyze the impact of TOX discharge from each plant on its
respective receiving stream and to compare the results on a
mass-balance normalized basis, mass balance calculations on
TOX were made for each sampling trip. Tables 4-26 and 4-27
summarize these calculations for each creek. As can be seen,
except for the January 11, 1984 results from Ellerbee Creek
which are considered atypical, field-measured downstream
concentrations of TOX were within 13.3 percent of the value of
TOX predicted from the mass balance calculations. The
downstream TOX concentration used in the mass balance
calculations was taken as the average TOX concentration of the
two downstream stations.

In all but one instance, the TOX predicted by the mass balance
calculations was greater than the field-measured TOX. This
may be the result of some dilution due to groundwater
infiltration or surface runoff, or to deposition of
halogenated organics associated with suspended solids in the
stream, as mentioned above. Nevertheless, taking into
consideration (1) that the instantaneous flow rate from the
treatment plants at the time of sampling may have been
different from the average daily flow, (2) the uncertainty in
the gauging station flow measurement, and (3) the variability
in measuring TOX, all of which will affect the accuracy of the
mass balance calculations, it appears, based on the mass
balance calculations, that TOX behaves relatively
conservatively in the receiving stream.
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TABLE 4-26
MASS BALANCE CALCULATIONS - MORGAN CREEK
OVASA - MASON FARM WASTEWATER TREATMENT PLANT

CHAPEL HILL, NORTH CAROLINA

11/13/83 TOX,, = 55 ug/l Q,, = 11.0 HGD
TOX, = 189 ug/l Q, = 5.2 MGD
TOX_ = 85 ug/l Q. = 16.2 MGD

D

Actual TOX, = 85 ug/l Calc TOX, = 98 g/l
error = 13.3%

1/6/84 TOX,, = 68 ug/l Q,, = 15.4 MGD
TOX, =189 ug/l Q, = 4.6 MGD
TOX. = 87 ug/l Q. = 20.0 MGD

D

Actual TOX_ = 87 ug/l Cale TOX, = 96 ug/l

error = 9,4%

1/18/85 TOX. = 30 ug/l Q

ur yp = 11.2 MGD
TOX, = 218 ug/l Q, = 5.6 MGD
TOX. = 101 ug/l Q. = 16.8 MGD

D

Actual TOX = 101 ug/l Cale TOX, = 93 wug/l

error = 8.6%

2/19/85 TOX,, = 51 ug/l Q,, = 12.0 MGD
TOX, = 186 ug/l Q, = 6.7 MGD
TOX_. = 88 ug/l Q. = 18.7 MGD

D

Actual TOX, = 88 ug/l Calc TOX, = 99 ug/l

error = 11.1%

Up Upstream

Plant effluent

(]

ro
]

Downstream 93



TABLE 4-27
MASS BALANCE CALCULATIONS - ELLERBEE CREEK
DURHAM - NORTHSIDE WASTEWATER TREATMENT PLANT

DURHAM, NORTH CAROLINA

1/11/84 TOX,, = 36 ug/l Q,, = 326.7 MGD
TOX, = 235 ug/l Q, = 7.9 MGD
TOX, = 79 ug/l Q, = 334.6 MGD

Actual TOX = 79 ug/l Cale TOX, = 41 ug/1
error = 93%

1/15/85 TOX,, = 59 ug/l Q,, = 2.4 MGD
TOX, =223 ug/l Q, = 6.6 MGD
TOX. = 185 ug/l Q. = 9.0 MGD

D

Actual TOX = 185 ug/1l Cale TOX = 179 ug/1

error = 3.3%

57 ug/l

1/16/85 TOX,, = Q,, = 2.5 MGD
TOX, = 206 ug/l Q, = 6.5 MGD
TOX, = 175 ug/l Q, = 9.0 MGD

D

Actual TOX = 175 ug/l Calc TOX, =165 ug/l

error = 6.1%

Up Upstream

Plant effluent

o~
]

Downstream
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Hence, the TOX concentration in the raw water of downstream
water utilities will likely be directly related to the amount
of TOX in upstream discharges and the amount of dilution
provided in the water source. The impact of organic compounds
discharged upstream of water supply intakes will become
clearer in the next several years as water utilities will be
required to meet new stringent regulations limiting the
concentration of volatile organic chemicals (VOCs) and
synthetic organic chemicals (SOCs) in public water supplies.
These regulations will be promulgated by EPA as part of the
1986 Amendments to the Safe Drinking Water Act. Regulation of
wastewater disinfection, particularly wastewater chlorination,
is likely to come under close scrutiny in the next few years
as a result of these drinking water concerns and concerns
about the toxicity of disinfectant residuals and by-products
on aquatic life. It must be emphasized, however, that any
changes in chlorination practice in response to these concerns
must recognize the importance of disinfection (i.e.
destruction or inactivation of pathogenic microorganisms) as
an integral part of wastewater treatment, particularly for
wastewater discharges upstream of drinking water intakes,
bathing facilities, and shell-fish harvesting areas. While
chlorination of wastewater might be sacrificed, disinfection
of wastewater should not.
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5.0 LABORATORY STUDIES: EXPERIMENTAL
PROCEDURES AND RESULTS

5.1 INTRODUCTION

Based upon the results of the field studies which showed that
TOX was formed rapidly following the application of chlorine
to secondary effluent wastewater and that little, if any,
additional TOX was produced beyond the point of chlorine
application, a set of controlled laboratory experiments was
conducted. The objective of the laboratory studies was to
examine the influence of chlorine dose, contact time, initial
mixing intensity, and ammonia concentration on TOX and THM
formation. The wastewater used for the laboratory experiments
was secondary effluent from the OWASA Mason Farm Wastewater
Treatment Plant. Because of the relatively high degree of
nitrification of the OWASA wastewater, residual ammonia
concentrations were relatively low (see Table 3-2) so that the
effect of ammonia on TOX and THM formation could be examined
conveniently using effluent samples spiked with ammonia.

5.2 EXPERIMENTAL PROCEDURES

Secondary effluent wastewater was collected at the OWASA plant
at a point before the chlorine contact chambers (see "C-IN" in

Figure 4-1). The experiments were normally conducted within
12-24 hours of sample collection.

In general, the laboratory experiments were conducted using
the following procedure:

1. A portion of the sample was transferred to two 300-ml BOD
bottles to characterize the quality of the unchlorinated
wastewater. The contents of the BOD bottles were acidified
and stored for analy51s of TOC, COD, and NH,-N. Also,
approx1mate1y six samples were collected to determine the
initial TOX and THM concentrations;

2. 500 ml of the unchlorinated wastewater sample was

transferred to a controlled rapid mix apparatus (see
below) ;

3. The temperature of the wastewater was measured;
4. The sample of wastewater was mixed on the rapid mix
apparatus to make the composition uniform, and supplemental

ammonia was added, as desired, from a stock solution of
NH Cl.

96



5. While the sample was being uniformly mixed, chlorine was
injected into the reactor with a 100 or 200-ul syringe from
a concentrated sodium hypochlorite (NaOCl) stock solution:

6. After chlorine addition, the sample was mixed for 10 sec.
at a pre-selected mixing intensity:;

7. The sample was gently-mixed for the desired contact time
(1,5,15,30,60, or 120 minutes);

8. After the desired contact time,
a) free and combined chlorine residuals were measured,

b) samples for TOX and THM measurement were quenched with
Nazso3 and stored for subsequent analysis, and

c) pH was measured.

The chlorine.§tock solution used in these experiments averaged
about 32 x 10° mg/l as Cl,, requiring injection volumes of
20-160 ul into 500 ml of fluid in order to yield chlorine
dosages of approximately 1.25 - 10.0 mg/l as Cl,,
respectively. Similarly, ammonia was added to éamples with a
1-ml measuring pipet (with 0.0l1 ml graduations) from 500 or
5000 mg/l (as N) stock solutions of NH4C1.

All samples in the laboratory experiments were mixed in a
calibrated mixing apparatus for 10 sec after the addition of
chlorine. Figure 5-1 shows a schematic of the mixing
apparatus. The apparatus consisted of:

1. A metal frame to support the motor and aluminum plate;

2. An aluminum plate to support the torque meter;

3. A motor;

4. A torque meter (No. 783, Power Instruments Inc.,
Skokie, IL);

5. A stainless steel connector (which also protected the
torque meter from the chlorinated solution);

6. A 1000-ml (glass) reaction kettle (Kimble 3373);

7. A polyethylene sheet about 3 mm thick with a circular
groove cut into it corresponding to the lip of the
reaction kettle;

8. A stainless steel shaft with a 1" x 2" stainless steel
paddle.
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This apparatus allowed for the consistent placement of the
reaction kettle relative to the mixing paddle (the continuous
flat 1ip of the reaction kettle fit into a slot cut into the
polyethylene sheet), thereby allowing for consistent mixing of
different samples at a given temperature and motor setting.
The apparatus also prevented the sample from spilling out
during mixing. The apparatus was designed so that only glass,
polyethylene, and stainless steel were in contact with the
chlorinated samples.

The mixing intensity was measured with the aid of a tachometer
which facilitated the reading of the torque meter and which
could be synchronized with the pointer on the torque meter to
determine the rotational velocity (W). These measurements
were used to calculate the mixing intensity (G) of the rapid
mix apparatus using Equations 10 and 11 (after Camp and Stein,
1943):

P
0'
¢= ("7 (10)
W
005
G=(—7v ) (11)
where:
G = mixing intensity (time~?)
P = power input to the fluid (force-length/time)
W = rotational velocity (radians/time)
T = torque applied to the fluid (force-length)

u = dynamic viscosity (force/area)
V = fluid volume = 500 ml

The apparatus was capable of producing mixing intensities from
200 to 900 sec ©~. The minimum rotational speed of the motor
limited this range at the low end and the maximum readable
torque on the torque meter limited this range at the high end.

All laboratory samples were gently-mixed for a given contact
time (1 to 120 minutes) after the period of initial high-
intensity mixing and chemical addition. The period of slow
mixing was considered necessary in order to keep the
wastewater well-mixed and to keep particulate material
suspended and in contact with chlorine. (McCahill et al.,
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1980) noted that 50 percent of the TOX in their samples was
associated with particulate material.)

Most of the gentle mixing was performed by transferring the
sample from the hlgh-lnten51ty m1x1ng apparatus into a 600-ml
beaker and using a Phipps and Bird Jar Test Apparatus at 30
rpm in order to keep the sample uniform. In one set of
experiments, the samples were gently mixed in closed 300-ml
BOD bottles on a magnetic stirrer.

Analysis of the unchlorinated secondary effluent for TOC, COD
and ammonia were performed using the procedures described in
Section 3.3, TOX and THM measurements of the chlorinated and
unchlorinated samples were made using the analytical
procedures described previously (see Section 3.3).

5.3 EXPERIMENTAL RESULTS

All experimental results are presented in both tabular and
graphical form. TOX values are reported as net TOX formation,
i.e. TOX formation beyond the initial TOX concentration in the
unchlorinated wastewater. The TOX concentration before
chlorination is listed in the appropriate table.

Before discussing the laboratory results, it should be noted
that an effort was made to demonstrate that the loss of
volatile TOX was insignificant during the gentle mixing
portlon of these laboratory experiments. Side-by-side
comparisons were conducted between chlorinated samples which
were gently-mlxed in open 600-ml beakers and samples which
were mixed in closed 300-ml BOD bottles. A third sample—
handling technique involved transferring the chlorinated
sample dlrectly into 40-ml sample vials after the high-
intensity mixing, and storing them headspace-free (without
m1x1ng) for the desired contact time. The results of these
comparisons are listed in Table 5-1. They show that, under
the conditions tested, the loss of THMs and other volatile TOX
species was not substantial during the gentle mixing portion
of these experiments.

5.3.1 INFLUENCE OF CONTACT TIME AND CHLORINE DOSE

Figures 5-2 through 5-4 and associated Tables 5-2 through 5-4
show the net TOX formation and residual chlorine levels versus
contact time at three different chlorine doses.

The results show that most of the TOX produced was formed
within the first minute, with little additional TOX produced
at longer contact times except when the chlorine dose was
large enough to produce a persistent free residual. Only
chlorine doses above 5 mg/l produced significant free
residuals after the first minute. TOX formation increased and
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NET TOX FORMATION ( wr/L as C1 )

— M
152D
320 0 5.0 ng/Ll crlozize dose (7-13-3~)
O — -— 2.5z2z/l erlozine dzse (7-153-5-
A O —e--— 2.51pg/l cnlesine dose (7- 2-3=;
o ©
227 = - -
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TIME ( mi-

Influence of Contact Time and Chlorine Dose on Net TOX
Formation: Laboratory Experiments of 7-2-84 (COD = 29
mg/l; NH, = 0.08 mg/l) and 7-13-84 (TOC = 18 mg/1l, COD
="27.4 m3/1; NH, = 0.1 mg/1).
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NET TOX FORMATION ( we/L as
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Influence of Contact Time and Chlorine Dose on Net TOX
Formation: Laboratory Experiment of 10-16-84 (TOC =
8.7 mg/l; COD = 35 mg/l:; NH3 = 0.43 mg/l).
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NIST TOX FORMATION ( we/L a8 Cl )
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Influence of Contact Time and Chlorine Dose on Net
TOX Formation: Laboratory Experiment of 1-31-85 (TOC
= 9.3 mg/l; COD = 50 mg/1; NH3 = 1.0 mg/l).
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Table 5-2. Net TOX Formation in OWASA Wastewater

of Added Chlorine

with Different Doses

Date = 7/13/84
10C = 17.6 mg/t as C
coo = 27.4 mg/l as O }
NH = 0. mg/}1as N
Mi?(ing Intensity = 500. gec
Temperature = 26. o
PH = 7.0-7.1
Wastewater TOX = 149, ug/l as Cl
Before Chlorination
Chlorine Time free Total NET TOX Formation
Dosage mg/l Number of
as Cl2 min. mg/l as clz‘ mg/l as Cl2 Replicates ug/l as Cl
2.5 1 0.15 0.70 2 196 + 2
-5 0.05 0.60 2 210 + 2
15 0.00 0.60 2 196 + 1
60 0.00 0.45 3 214 + 10
5.0 1 1.40 2.25 4 241 + 30
0.75 1.60 4 315 + 20
15 0.60 1.10 2 374 + 21
60 0.00 0.65 1 381
aAll values are mean values + 1.0 standard deviation.
Date = 7/2/84
coo 29.0 mg/l as O
NH = 0.08 mg/has N
Mixing Intensity = 425. Sec
Temperature = 25. °C
pH = 7.0
Wastewater TOX = 102, ug/l as Cl
Before Chlorination
Chlorine Time Free Total NET TOX Formation
Dosage mg/l Number of
as Cl2 min. mg/l as cl2 mg/l as Clz Replicates ug/l as Cl
2.5 1 0.05 0.35 4 145 + 6
0.00 0.35 4 150+ 9
15 0.00 0.30 3 148 +'5
60 0.00 0.20 3 122 + 12

AL values are mean values + 1.0 standard deviation.
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Influence of Mixing Intensity and Chlorine Dose on TOX Formation in OWASA
Wastewater (see also Figure 5-5) (TOC = 9.3 mg/l; NH3 = 1.0 mg/l; Contact Time =
60 min.).
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- no free chlorine was detected in any of the samples
after 60 minutes of contact except at the 5 mg/1l
chlorine dose, where the "free" chlorine detected may
not have been a "true" free residual.

Visual inspection of Figures 5-5 and 5-6 shows that TOX
formation at a given chlorine dose was constant for all mixing
intensities tested. The one exception was the TOX formation
at G = 513 sec and a chlorine dose of 5.23 mg/l. This
particular sample appears to be an "outlier" and may have been
the result of an improper chlorine injection or some other
sample handling irregularity. Statistical analysis of the
results showed that, except for the "outlier", TOX values at
each chlorine dosage level were not significantly different
from one another at significance levels greater than 50%.

5.3.3 INFLUENCE OF AMMONIA CONCENTRATION

Three sets of experiments were conducted to investigate the
influence of ammonia on TOX formation in OWASA wastewater. One
set of experiments was conducted to see what effect ammonia
concentration would have on TOX production as a function of
time. TOX formation, THM formation, and residual chlorine
levels were monitored over time in two sets of samples, one
set dosed with 10 mg/l of chlorine and the other set dosed
with the same amount of chlorine plus an ammonia dose of 2
mg/l as N (2 mg/l of ammonia added to a wastewater already
containing 0.06 mg/l of ammonia).

The results from this experiment are shown in Figures 5-7 and
5-8 and in Table 5-6. The information in these figures and
tables shows that free chlorine persisted in the samples
without added ammonia for at least two hours, and that TOX and
THM formation increased correspondingly during this period.
When chlorine was added to samples supplemented with ammonia,
some TOX and THMs formed immediately after chlorine addition,
but the presence of the ammonia caused the rapid consumption
of free chlorine and totally stopped subsequent TOX and THM
formation. The substantial combined residuals in the samples
with added ammonia produced no additional TOX or THMs during
up to two hours of contact.

A second experiment was conducted to investigate the influence
of ammonia concentration on TOX and THM formation at two
different chlorine doses. The results from this experiment
are illustrated in Figure 5-9 and Table 5-7. The results show
that at both chlorine doses, the TOX and THM formation
reactions were substantially reduced when 2 mg/l or more of
ammonia were added. A free residual was detected at the 10
mg/l chlorine dose when no ammonia was added, but essentially
no free residuals remained after 60 minutes of contact when
the ammonia concentration was greater than 2 mg/l. Addition
of ammonia increased the total residual at both chlorine
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