ABSTRACT

CHARLES VANCE BROCKS, |V. The Practical Use of Chlorine

Di oxide for Trihal onethane Control in Drinking Water

(Under the direction of DR PHI LIP C. SINGER).

Three Sout heastern United States water treatment plants
using chlorine dioxide, one of the nethods available for
controlling trihal onethanes, are studied in detail. Treatnment
records are reviewed, and tests of the water are made for THM

TOX, TOC, and residual disinfectants.

A treatment schene using G as a pre-oxidant/
disinfectant and Cl2 as a final disinfectant is
found to give fairly equivalent water to that fromthe sane

treatment scheme using C2 alone. Trihal onethane concentration

IS greatly reduced when using CICQ2/Cl2 rather than C 2 al one.
However, high chlorite concentration and microorgani Smregrow h

in the distribution systemcan both be problens in poor quality

wat er s.
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l. I NTRODUCTI ON

A Trihal onet hane Probl em and Regul ati on.

Trihal omet hanes were first reported to exist in drinking
water as a result of chlorination by Rook in 1974."® In an
effort to verify this as well as study the prevalence of the
trihal omethane probl emthroughout the nation, the United States
Environnental Protection Agency (EPA) initiated the Nationa
Organi cs Reconnai ssance Survey (NORS)2 in 1975. EPA confirned
that trihal onethanes were produced as a result of chlorination,
found that chlorof ormappeared to be the dom nant
trihal onet hane present, and demonstrated a correlation
between the total organic carbon (TOC) content of the raw water
and the amount of trihal omethane present in the finished
water. Singer gt al.” ina study of North Carolina waters,
found W light absorbance as well as TOC to be good surrogate
measurenments tor the trihal onethane precursor content of the
raw water. (Trihal omethane precursor is a nmeasure of the
natural organic material in the water capable of reacting wth
free halogens to formtrihal onethanes.) Conducting the
National Organics Mnitoring Survey (thED4 in 1975 through
1977, EPA found that trihal onethanes increased over tine in the
water distribution systemand that their concentration was mch
greater than that of any of the other synthetic organic

cont am nants found.

Epi dem ol ogi cal evidence was needed to show whether or
not the small amount of trihalonethanes found in drinking water

was harnful to humans. Due to the |ow concentrations involved
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full-scal e epidemological studies were not very fruitful
especially during short study periods. For this reason several
short-term high concentration animal studies were perform ed.
Bul | “concl uded fromhis studies that even t hough

tri hal onmet hanes produced toxicol ogical effects in the liver and
ki dneys, the carcinogenicity of trihal omethanes was the nost

i mportant issue at the concentrations typically found in

dri nki ng wat er.

Convi nced that trihal onethanes in drinking water were a
heal th hazard, EPA promul gated a trihal onethane regul ation on
Novenmber 29, 1979. |t established a naxi num contam nant | evel
(MCL) for Total Trihal onethanes (TTHW of 0.10 ng/1. This ML
was based upon statistical extrapolation fromaninmal data. It
was estimated that l[ifetine exposure (70 years) to 0.10 ng/1l

chloroformin drinking water would result in a cancer risk of 1

in 10,000 to 1 in 100, 000."

TTHM i s defined as the arithnmetic sum of chl orof orm

(CHC g), bromodi chl oromethane (CHBrCl g)/ chlorodi broroonet hane
(CHO Brj), and bromoform (CHBr”) in ng/1, with all numbers

rounded to two significant figures. Determnation of the TTHM
concentration in the water systemis determned by taking four
sanples fromw thin the distribution systemwthin a 24-hour
period once per quarter for each treatnment plant. Three of the
sanpl es nust be representative of the systemand one nust be
taken at a point representing the nmaxi mumdetention tine in the
system Conpliance with the MCL is based on a running annual
average of these quarterly sanples. Reduced nonitoring
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3
requi rements are possible for utilities consistently bel ow the

This regulation applies to all comunity water systens
serving 10,000 or nore people. For systems serving 75,000
people or nore, nonitoring for THH was required beginning in
Novenber 1980 with enforcenent of the MCL begi nning in Novenber
1981. For systens serving 10,000 to 75,000 people, nonitoring
was required beginning in Novenber 1982 with enforcenent

begi nning i n Novenber 1983.

B. Tri hal onet hane Control Met hods.

There are three basic ways to reduce the trihal onet hane
content of the water reaching the consuner: the use of an
alternative disinfectant that does not produce THM the renoval
of THM precursors before chlorine addition, or the renoval of
THM after it is formed. EPA issued a Final Rule early in 1983

concerning the acceptabl e and expected alternative nethods of
Q

treatnment to reduce trihal onethanes in drinking water. The
treatment techniques listed as generally available could be

required to be installed by a utility in order to reduce the
TTHM concentration bel ow the MCL. These techni ques are as

foll ows:

(1) Use of chloram nes as an alternate or
suppl enent al di si nfectant or oxidant.

(2) Use of chlorine dioxide as an alternate or
suppl enment al di si nfectant or oxidant,

(3) Inproved existing clarification for THMV
precursor reduction.

(4) Moving the point of chlorination to reduce TTHM
formati on and, where necessary, substituting
for the use of chlorine as a pre-oxidant
chl oram nes, chlorine dioxide or potassium
per manganat e.
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(5) Use of powdered activated carbon for THM
precursor or TTHM reducti on seasonally or

intermttently at dosages not to exceed 10 ny/L
on an annual average basis.

Any treatnent change requires careful biologzcal monitoring to
insure that disinfection is not conprom sed.

Should a utility not be able to neet the MCL with the
above treatnent nethods, it could be required to use one or
nmore of the foll ow ng:

I ntroduction of off-line water storage for THM

precursor reduction.

Aeration for TTHM reduction, where geographically
and environnentally appropriate.

I ntroduction of clarification where not currently
practi ced.
Consi deration of alternate sources of raw water.

Use of ozone as an alternate or suppl enenta
di si nfectant or oxi dant.

C. Cost of Tri hal onet hane Control.

Along v/ith the Final Rule issued in Novenber 1979, EPA
published a summary of estimated costs for the regul ation*
These estimates included a total capital expenditure of 85
mllion dollars, a total operation and mai ntenance cost of 10
mllion dollars, and total revenue requirenents of 19 mllion
dollars. The estimated annual per capita cost of treatnment for
THM conpl i ance was $0.60 for systens serving 10,000 to 75,000
peopl e and $0.90 for systems serving nore than 75,000 people.
This amounted to $0.70 per capita for popul ations served by
both systenms. The increase in the annual residential bill was
estimated to be twice the annual per capita cost of treatnent

for THM conpl i ance.
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D. Alternative D sinfectant Use for THM Control .

Exani ning all the techni ques available for THM control,
Synons £t gJL? concluded that alternative disinfectant use
appeared "to be the nost effective and the | east costly."”
Carswell ei. &+ studied the use of alternative disinfectants
in place of free chlorine. They stated that an alternative
di si nfectant nust have the follow ng characteristics to be
acceptable: be easily generated and in w despread use, be a
good biocide, result in fewer undesirable by-products than free
chl orine, be cost effective, and result in a residual which can
be easily neasured. They also felt that a residual was needed
in the distribution systemto prevent regrowh of
m croor gani sns and provi de sonme cross-connection protection and
i ndi cati on. They concluded that two alternatives net these
requi renents (especially in waters with 1 ng/1l or |ess
di sinfectant denmand): chlorine dioxide as the primary

di si nfectant and chl ori ne di oxide used in conbination with

ozone as the primary disinfectant.

E. bjective of this Report.

The tri hal onet hane problem often dictates a nore
severe treatnent strategy in the Southeastern United States as
opposed to the rest of the nation, due in large part to higher
tenperature water (e.g., faster reaction kinetics) and higher
natural organic content (e.g., nore THM precursors). Thus nmany
Sout heastern water utilities cannot effectively control
tri hal onet banes by sinply reducing chl ori ne dosage or novi ng

the point of chlorine addition fromthe raw water to sone point
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later in the treatnent process. Many of these utilities are
forced to turn to alternative oxidants and disinfectants for
trihal omethane control. Several have opted to use chlorine
dioxi de either on a tenporary or permanent basis.

It is the objective of this report to investigate the use
of the alternative disinfectant chlorine dioxide for

trihal omethane control in waters typical of the Piedmont and
Coastal areas of North and South Carolina. Chapter Il of this
report is a literature review of chlorine dioxide including
chemstry, generation, biocidal efficiency, and toxicity.
Chapters I11 through V discuss a field study of three

Sout heastern water treatment facilities using chlorine

dioxide. Chapter IIl details the analytical procedures used in
the study. Chapter IV reviews data fromthe three treatment
facilities investigated. Conclusions of the study and
recomrendations for future research are given in Chapter V.
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Il1. Chlorine D oxide Literature Revi ew

A. Hi story of Use.

Chlorine dioxide (A Q) was discovered by Sir Hunmphrey
Davy in 1811 by reacting KOO with HO. This reaction
produced a gas which he called euchlorine, a mxture of dj and
A Q. Euchlorine was nmentioned by Watt and Burgess in 1834 as

bei ng suitable as a bl eachi ng agent for soda pul p. Benar de,

et al.lzstated that A G was used after 1850 for water

treatment in Europe. Thus the uses of chlorine dioxide were
recogni zed early. However, the practical generation of CQ2
was not devel oped until nuch | ater.

In the 1930's, the first commercial process for producing

chl orine di oxide from Nad Co was devel oped by the Mat hi eson

Al kali Works. Chlorine dioxide fromNad O was used on a

commercial basis by 1939 to nake sodiumchlorite (N Q)t a

bl eachi ng agent.

In 1943 the Niagara Falls Water Treatnent Pl ant began
using chlorine dioxide (fromNaCl02) as a disinfectant and for
taste and odor control of phenol -contam nated water. Surveys
by several researchers ' have indicated that chlorine
di oxi de is now used by several hundred water treatnent plants
in the United States, Canada, and Europe, Uses of Cl O at
these facilities include taste and odor control, disinfection,

al gae control, and renoval of iron, nmanganese, organics, and

col or.
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B. Physi cal and Chem cal Properties.

Sone rel evant physical and chem cal properties of

chl ori ne di oxide are shown in Table 2.1. Chlorine dioxide in

the gas or liquid phase is very unstable and is sensitive to

m nute changes in pressure and tem perature. Therefore, it

11 15
cannot be shipped in bul k but rmust be generated on site. '

For the | ow concentrations needed in water treatnent, aqueous

solutions of CIQ2 are generated since they are safer and nore

. . 15
conveni ent to handl e than gaseous ni xtures of d O\. As can

be seen in Table 2.1, C Q2 is very soluble in water; at room

tenperature, chlorine dioxide is five tines nore soluble in
11 16

water than chlorine. ' One drawback, however, is that O Qg

11 16

I's much nore volatile in water than Cl 2. This is due in

part to the fact that chlorine dioxide does not hydrolyze in
11 19 15

wat er as chl ori ne does but remains as a dissol ved gas.
It is stable in this manner unless the pH rises above nine,
17 18 19

! A

where disproportionation of ClQ2 occurs.

Chlorine dioxide is a powerful oxidant. It is often

claimed to have an availabhle Cl 2 content of 263% cal cul ated as

foll ows:

% Avai l able ClI,, = f#El ectraon chanaes\\85.5 100 ,
’ / UNVBIERE  e ghe ) s~

This is based upon the reduction of CIQ2 all the way to

G~ (a5 electron transfer), which only occurs at very | ow
20

pH At or near neutral pH CIQ2 is normally reduced to

—2 Q 90 . . :
a Qpar="1"  (a one electron transfer), resulting in an available
Cl2 content of 52.6% As a result, Cl2 has nore oxidant

capacity for water treatnment than €10, and is nore powerful,

as further evidenced by the followi ng half reactions:
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Table 2.1 Chlorine D oxide:

Property

Col or

gas (as cone,
['iquid
solid
Mel ting Poi nt
Boi | i ng Poi nt
Density
liquid @+11 deg. C
liquid @0 deg. C
vapor (gas)
Cdor of gas
descri ption
17 ppmin air
45 ppmin air
Expl osi on Hazards of Gas
<4% in air
>4% in air
>10 or 11%in air

| ncreases)

magni t ude
Solubility in Water*

roomtenp,
chill ed wat er

* At 30 mmHg partial pressure = 4%in air, if total pressure is 760 nm Hy.

Physi cal and Chem cal Properties

Val ue or Description

yel |l ow-green to orange-red
red or orange

red

-59 deg. C

+11 deg. C

1.62 (water = 1)
1.64 (water = 1)
2.4 (air = 1)

resenbl es pboth d” and 0~
bec | dent

ones ev
becomes very irritating

saf e

det onat ed by sparks

expl ode when exposed to light, heat,

shock, or organics
simlar to N/ Q mxtures

2.9 ¢g/1
10.0 g/1

Ref er ence

11,
15,
17

11,
11,

11
17
16,

11,
11

18
11,

11,
16

15,
15

15,
17

15,
15,

17

15
15,

18

16,

16

16, 17, 18
16, 17, 18
16, 17

16

18
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C102(ag) + e~ = CL02~ {E° = 0.954V)
MO+ B+ 26" = 0"+ HO (E = 148N

C. Cener ati on.

Chlorine dioxide can be generated by the reduction of

0" inthe presence of a strong acid (usually HS0) wth a

reducing agent such as NaO, HOI, SC2/ or methanol " Large
vol umes and hi gh concentrations can be generated in this

manner, making this method ideal for the pulp and paper

| ndustry. —HoMever, thre.Tfmént necessary for the JO
generation method is fairly conplicated and requires too |arge
a capital expenditure to be economcal for smaller applications

of CIQ2/ such as water treatnent.
The most econom cal nethod of generation for v;ater

treatment facilities i's the oxidation of QQp", The generation
equipn1ent1£equired IS not very capital or maintenance
intensive.  However, KaCl02 is relatively expensive since it
|5 made by the reaction of CIQ2 (produced using O Qo") with
H® inasolution of NaCH Thus, NaCl02 is much nore
expensi ve than NaGl O* and I's not economcal for |arge
applications such as in the pulp and paper |ndust ryaaaes: Agen

Several C102~ oxidation nethods are available, but two
are nost often used. The nmost popular of these is the
generation of CIC2 by the oxidation of C102~ with chlorine.
The various reactions involved and the kinetics of this nethod
are detailed in Table 2.2. An inspection of the reaction

mechani smshown in Table 2.2 reveals that (1202 a metastabl e
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Table 2.2 Chlorine D oxi de:

Over al |
Reacti on:

Si de
React i on:

Suggest ed
Mechani sm

Ki neti cs:

Generation fromChlorite and Chl ori ne

G2 +20Q2 =20@ + 2C1
(fast at | ow pH)

2+0®2+HO=0 + 2Ca + 2H
(very slow at high pH)

02+ 0@ =[*Cl —0<] +*Cl
J[*CL- 0<'] =20 ++072

FCL- O<<ll +HO= 008 +40" + 24
40102 = k210121 [0102] where k2 = [OMI™ S + 17%

'(I)’ﬁrrﬁ)_e.r ature Effect |n(k2) = 25.6 - 4766 (1/ T)
) where T is in deg. K

lonic Strength In(k2/k2 q) = (-0.085)1

Ef fect on k*: o
where | is in nmoles/1 and

k2 Q=162 XI10-"-"S"-"- at

20 deg. C

Ref er ence

11,

24

16,

13,

18,

22

13, 15, 22,

18, 22

18, 22, 24

22
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Table 2.2 (continued)

Par tilnent Og+HO=H +HI (K=4.5 X|0") 13, 16
HOC = OO " + h"~ (K=3.3 X 10"7) 13, 16

HOQ = CLO2- + "™ {K=L.1 X 10" @25 deg. C) 13, 16, 18
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intermediate, is the rate-limting step and that GO
production can be maximzed (resulting ina mninumof GQ"/

C10-~, and Cj in the product) by using a high concentration
of initial reactants and a | ow pH.18 > Thus, contrary to the

wi de-spread belief that an excess of chlorine is needed for
. , —11 19 23 . . .

conplete reaction of the AQ r ' ! the stoichionetric
amount of chlorine is sufficient providing that the reactant
concentrations are high and the pHis low, as noted
above. ' AQQ /0, generator, operated in this mnner,
can produce a yield greater than 95%w th a 300 sec. reaction
time and is capable of a feed range of 1:10 (e.g., mximumQd Q"
output capability ten times greater than mninumd 0" out put
capabi |l i1 t v)

The other commonly used method of generation of CIQ2 is
the acidification of AQ". This method is detailed in Table

2.3. Areviewof the reactions in Table 2.3 shows that a pH

|ess than 2 mnimzes the side reactions and that the use of

HC rather than another acid favors Reaction A over Reaction B
(due to the presence of C~), producing a higher yield of

C102,"" "N ANAN Nesschel ef n-A* reported that HJ shoul d be
applied in excess (equal weight proportions of NaCl02 and HO)

to yield a reaction pHless than 0.5. Aeta and Robert s *°
reported that generation with H SO resulted in a 50% nol ar
yield while generation with HO gave a 75-80% nol ar yield
(stoichiometric yield = 80% . Msschelei n° further stated
that, in general, a C1QVhC reactor should provide greater
than 76% nolar yield with a reaction tine of 360 to 600 sec.

and shoul d have a feed range of 1.7.
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Table 2.3 Chl ori ne D oxi de: Ceneration fromChlorite and Acid

Over al |
React i ons;

Si de
Reacti ons:

Suggest ed

Mechani sm
for Reacti on B;

Perti nent
Equi l i bri a:

A SHO @2

- or -

4CI @ + 2H20 + HO (pHk 2)

B. 4HC @

202 + HO B + HO + H20 (pH < 2)

5@ + SH*" =30@" + Q] +3H* +HO
4C102~ + 4" =202 + 3@ + 2H20

2ZHO2 = HOO + B +H
HOC + 2HCI 2 = 22 + HA + H20

See Table 3.2

11,

13,
22,

17

13

17,

16,

27

18,

17,

22

18,
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D, I norgani c Reactions Related to Water Treat nent

| norgani ¢ reactions involving chlorine dioxide which are
inportant to water treatnent are listed in Table 2.4. Chlorine
di oxi de, as can be seen, is a good oxidant. Chlorine dioxide
works very well in the oxidation of manganese, due in part to
the fact that the C102/M reaction is much faster than the
chlorine/ I\/h_'_rﬁlcticﬁz3 The fact that Cl 2 does not react
with NH as Cl2 does is a definite advantage when treating
waters high in NH.

The nost undesirable inorganic reaction of A Q is the
first disproportionation reaction |listed in Table 2.4. This
reaction is nore preval ent than the other disproportionations
listed. One suggested nechanismfor this reaction results in a

half-1ife of about three hours at pH 12 for an initial OQ

17
concentration of 5 to 10 ng/ 1. Phot odeconposition is al so

undesirable. However, the loss of C Q2 through W

deconposition is small conpared to | osses resulting fromits

volatility. Lastly, reactions of CIQ2 with Cl2 are

undesirable, resulting in a deconposition of the CIQ2 residual
and a corresponding increase in d O, an unwanted by-product.

E* Organi c Reactions Related to Water Treat nent.

Chl orine dioxide is a very selective oxidant of organic

18
conpounds. It reacts very slowy, if at all, with prinmary

and secondary aliphatic anines but reacts significantly wth
. . . . 11 17 18 29
tertiary aliphatic am nes, re i ron and manganese,

effectively oxidized in the free aqueous state, can al so be
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Table 2.4 Inorganic Reactions Related to Water Treat nment

16

R f gpences

1. Desired Reacti ons
A. lron oxidation
O +Fe"t"n + 30H' ~> FeOCHM™A + Q0" 111
(Optimum pH > 7, best pH = 8 or 9)
B. Manganese oxi dati on
2002 + M"*"M 4+ 40H ~> 021" + 2C102~ + 2H20 11,
(OptimumpH > 7)
C. Sul fide oxidation

202 + 28" ~> 20" + SOM'M + 5] 11

D. Reaction w Ampni a or Chl oram nes

C@ + (NH3, NH2Cl, NHCO 2f or NCI3) --> 17,

No Reacti on
E. Nitrite oxidation
200 @2 + N02~ + H20 = 2C102~ + NO*" + 2E* 17
2. Undesired Reacti ons
A. A Qg D sproportionations
202 + 20H' — C102~ + A O"" + H20 (pHoll) 1L

18,

4CIQ2 + 40h" = 4C102~ + 2H20 + @ (high pH) 17

6Cl 2 + 3H2O = SHO G + HA (neutral pH 17
B. Photol ysis

@ + HO0 + (W or Blue Light) ~> 11,

HCl 8 + HC 7
(reaction faster at high pH)

16
16, 28
18, 29
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Table 2.4 (conti nued)
Ref er ences

C. Reactions involving Chlorine

30C1~ = d " + 2C1~ (slow at roomtenp.) 22
20 + 00" + H0=2C103~ + A" +2H"" 17, 22

(appreci able rate at neutral pH) 22, 30

@+ H =dg" +h"'" + 0502 17
and 12 = O5CI2 + Q@2 with the

foll owi ng kinetics:

-d[C102] = K2[ CL023[HOCL] + K3[CLOZ]
dt

where Y. =1.28 and KM = 0.022 at 25 deg. C

HOC + Cl102~ + oh" = C O + d" + H2O 13, 18

( near Nneut r al P HD 22, 24
(a fairly fast reacti on) 331
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oxi di zed from organi c conpl exes such as humc acids. Sone
7

pesticides can also be oxidized by Q. '
Taste and odor can be removed with Q. Chlorine
di oxi de has been used for nmany years as a treatment alternative

. . . . 29 . . .
to Cj in waters containing phenol. Phenol is oxidized to
qui none and chl or oqui none usi ng equal weight portions of OO

17 29
and phenol. ' If the weight ratio of CQ/phenol is
increased to five, phenol is reported to be oxidized to naleic

and oxalic acid within fifteen to thirty mnutes.

Nonhal ogenat ed oxi dation products of GG treatnent are
simlar to those of Cj treatment. A thorough discussion of

this is found in the work by Mller, et al. ™

Under nost conditions prevalent in water treatment, A Q

does not produce a significant amount of chlorinated

organics.ll'14 |t does not produce trihal onethanes and forns
10 to 100 times less chlorinated organics than does chlorine
under simlar conditions, i =5 -Agzsyrro%,?’et ar. reported the

foll owi ng decreasing order of yield for organic hal ogen

formation: G2 > chloramnes > Q2 > O'. Lykins, gi. al. s

reported that Cl Q2 does not formany priority pollutant
organi ¢ by-products other than those formed by dj.

35
Col cl ough reported that high concentrations of (g and
fulvic acid at pH 7.8 result in the formation of dichloroacetic

acid but, in general, result in less chlorinated products than

the sane reaction with dj.

Chl ori ne di oxi de has been found to reduce the

trihal omet hane precursor content of water and to reduce THM
formation when applied at the same time as ci. """ -'."-AMAAAX
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It has also been found that secondary wastewater effluent
treated wth QQ/C, mxtures produced | ower |evels of total
organi c hal ogen (TCX) as well as trihal omethanes. >

Mltner reported an increasing percent reduction m

TTHM formation as the ratio of GQ/Q, increased. He found an
el ghty percent reduction in TTHV formation wth a G Q2/Q2

weight ratio of 2.0, conpared to Q] alone. These results were
for afairly clean water having a TOC concentration of about

1.8 ng/1. Mltner also reported that a raw water containing
about 2.5 mg/1 TCC and dosed with 2.44 ny/1 CI Q2 yielded a 19%
reduction in the TOC concentration. MItner summarized this by
suggesting that his results were attributable to a reaction
between GO and THV precursors rather than a reaction between
Gl and THV6 or between CIQ2 and Q.

Work by Noack and Doerr” confirmed the findi ngs of
MItner. They found that a 1.1 weight mxture of CICQ2 and Q]
yi el ded mnimmconcentrations of THWand CIC2" in the finished

31

water. Rav-Acha, gt al™ agreed with this, providing the raw
water does not contain appreciable anounts of bromde. They
found under such circumstances that Q) rapidly oxidizes Br" to
Br2 which inturn reacts wth precursors to formbromnated TH
before Q2 has time to oxidize the precursors. They

recomended the addition of 1O before Q2 if Br" is present.

P. Disinfection Capabilities.
Benar de, ¢" ai".~ concluded that chlorine dioxide is a

better bactericide than chlorine. They showed that G Q
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bacterial disinfection kinetics are proportional to
concentration and tenperature and are not first order, as
opposed to Chick's Law. ' They found that disinfectant
concentration and time of exposure have the fol |l ow ng

rel ati onship:
c'"t =D

where C= 0 Q concentration inng/l, n=dlution coefficient
=1.08 at 20 deg. C t = contact time in seconds, and D =
constant = 10.0 at 20 deg. C. As the tenperature decreases, D
increases while n remains practically constant. *°

Conier, et al. reported that GG kills bacteria and
virus inthe followng order at pH7.0 and 15 deg. C E. coli,
coxsackievirus A9, and poliovirus 1. They showed that the tine
required for inactivation of poliovirus L with 00" decreases
Wi th increasing tenperature and increasing pH

In a study of nitrified and non-nitrified secondary
wast evat er effluents, Aieta and Roberts” found OO to be at

least equal to G2 indisinfection effectiveness. Their study

was based on disinfection of total coliform

Masschelein reported that Q2 is better than ] as a
bactericide, sporicide, and viricide. He stated that in"a

water with high chlorine demand, the 10" is about ten times as
effective as chlorine, while it is twice as efficient as
hypochlorite in water free of chlorine demand." He al so
observed "that the sinultaneous use of chlorine and chlorine

di oxide has a superior bactericidal effect than if both agents
are used separately at the same equivalent concentrations." He

found that CIC2 I's better than copper sulfate as an algicide
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but is about tw ce as expensive. Finally, Msschelein stated

that CL02~r a by-product of GG treatment, is only a mnor
disinfectant, being bacteriostatic and slightly bactericidal.

After reviewng the available Clozzgisi nfection studies,
the witers of Drinking Wter and Health concluded that CI (2

Is effective as a bhactericide and viricide under the conditions

normal |y encountered in drinking water treatment. They stated
that the relative activity of the various disinfectants is as

follows: Q2 >HX >00" > NHOI2 > NH2CL A

G Toxicity.

Recent studies of A Q and its by-products CL02~ and
0 Q" have heen made to determne if the toxicity historically
associated with this disinfectant is in fact true.
Nhsschelein17reported that several decades of using chlorine
di oxi de in Europe and the United States have not resulted in

any adverse effects on health. He has recommended a practical

MCL for C102~ of no more than 0.5 ny/1. This agrees with the
accepted taste and odor threshold of 0.4 to 0.5 my/L for AQ",

above which a slight metallic taste occurs. ' Geenberg

reported that C102~ can cause henolytic anema, possibly at
| evel s used in water disinfection, and that humans with a

gl ucose- 6- phosphat e dehydrogenase deficiency are particularly
susceptible. This deficiency is estimted to occur in 13% of

black males inthe U.S. Bull Teported that GG , as well as

CIQ2 and QO to a lesser extent, produces hemolytic anema at
doses | ess than those required to produce methenogl obi nenia.
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Revi ewi ng various reports. Drinking Water and Heal th,
Vol 3, i+ recoi rnmends the foll owing Suggested No- Adver se- Response
Level s (SNARL's): 0.38 ng/l for GO (chronic exposure) and

0.21 g/l for A Q" (seven day exposure). No SNARL was
calculated for AO v Vol. 4 of Drinking Vater and Fearthn

revises these limts to the followng: 24 hour exposure SNARL

=0.125 mg/l GO, 0.125 ng/l C102~f and 1.2 ny/l C Qg; seven
day exposure SNARL = 0.125 ng/l for each of G Qy", AQ", and
C .

Federal regul ations have not kept pace with these data.
However, based on a study of cats which showed del eterious
effects on red blood cells for OO concentrations greater than
10 my/ I, EPA7proposed wth the THMregulation in 1978 that
Gl dose not exceed 1 ng/l. The final THMregulation in 1979
deleted this proposed limt and left this area of regulation to
the states, recomending that a combined residual of GQ,",
G, and G Q" not exceed 0.5 ng/l in the distribution

system As of November 1984, there have been no changes to

this regul ati on.
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I11. Analytical Procedures and Data Col |l ection

A. | nt roducti on.

As part of a larger research project funded by the U. S.
Environmental Protection Agency ("An Eval uation of Alternative
xi dant and Disinfectant Strategies for Controlling
Tri hal onet hane Formation in Drinking Water," CR-811108), three
Sout heastern United States water treatnment facilities using
chl orine dioxide for trihal onmethane control were | ocat ed.
These three utilities were Chester Metropolitan Water and Sewer
District, Chester, South Carolina; Lancaster County Water and
Sewer Authority, Lancaster, South Carolina; and City of
Chesapeake, Virginia. Each of these facilities utilizes a
surface water source with a high trihal omethane precursor
content and treats the water using a conventional
sedinmentation/filtration process.

The purpose of the field study at each treatnent plant
was to determne the nerits of chlorine dioxide treatnment for
tri hal onet hane control by evaluating both the quality and cost
of drinking water before and after chlorine dioxide treatnment
was begun. This was first done by a review of plant records
for itens such as chem cal dosages, m crobiological quality,
iron and manganese content, turbidity, and color. Second, the
water was tested at three nonth intervals at various points in
the treatnent plant and distribution systemin a nore detailed
effort to determne the effectiveness of each treatnent process
and to ascertain the quality of v/iater in the distribution

system Tests were made for trihal onmethanes (THV), tota
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organi ¢ hal ogens (TOX), total organic carbon (TOC), and

residual oxidants (Cj, AdO', and dQ ).

B. Sampl e Col | ecti on.
Al'l sanples for THM TOX, and TOC anal ysis were coll ected

in 40 mM Pierce glass vials with Teflon septa. These vials had

been cl eaned with acid dichromate for a mninmun of fifteen
m nutes, rinsed thoroughly with distilled, deionized water, and
oven-dried at 110 deg. C. The septa were washed w th
distilled, deionized water and air-dried. Vials were then
capped and stored until used, usually not |onger than one week.

THM and TOX sanpl es were obtained in the field by slowy
filling the vials head-space free such that | oss of volatile
THM was kept to a mininum | nstantaneous THM and TOX sanpl es
(i.e., concentration in water at tinme of sanpling) were
quenched with an excess of Na*"SO' to reduce any oxidants
present. Term nal THM and TOX sanples were buffered at pH 7
wth about 1 m of 1.5 M phosphate buffer and dosed with a
predet erm ned excess of free chlorine which had been freshly
prepared at approximately 1200 ng/ 1 and standardi zed usi ng DPD.

TOC sanpl es were coll ected as above except that the
head- space free criterion was not necessary. These sanples
were acidified with about 1 m of 3M phosphoric acid for
preservation until anal yses were nade.

Fol I owi ng collection, all sanples were stored in the dark
at anbient tenperatures while in transport to the |aboratory
(usually one to two days). TOC and i nstantaneous THM and TOX

sanples were then stored in a refrigerator in the dark unti
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anal yses could be perforned. Terninal THM and TOX sanpl es were
stored in the dark at roomtenperature for a total of seven
days fromthe tine of collection. At the end of seven days the
sanpl es were unseal ed, checked to assure that a free chlorine
residual still remained and that the pH had renmni ned constant,
quenched with an excess of Na"SO,, reseal ed head-space free,
and stored with the instantaneous sanples until analysis. The

di fference between term nal and i nst ant aneous concentrati ons

was a neasure of the precursor content of the water.

C. Anal yti cal Procedures.

1. THM

The tri hal onet hane anal yti cal procedure used was the

liquid/liquid extraction technique from Suppl enent to Standard
Met hods, Fifteenth Ed. as nodified by Reckhow.,  The
anal yzer used was a Perkin-El ner Signa 1 equi pped with an
el ectron capture detector and an "A" col um operated at 65°C
constant tenperature. The sol vent used was pesticide grade
pent ane.

For each sanpling |ocation, the contents of at | east
two sample vials were anal yzed. One extraction and one
injection were made for each vial. |If these two injections did
not agree with one another, a third sanple vial was tested. In
general, the results agreed within 2 ug/1l. The average of
t hese results, disregarding any obvi ous extraneous val ues, was

report ed.
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Total Organi c Hal ogen concentrati on was neasured
usi ng the techni que devel oped by the Dohrmann Division of
Xertex (Santa Clara, Cal.) and as nodified by Reckhow. The
titration equi pnent used included a Dohrmann MCTS- 20
m crocoul onetric titration systemwth pyrolysis furnace,
Dohrmann T-620 Titration cell, and Dohrmann AD-2 adsorption
nodul e. The granul ar activated carbon used for adsorption
was Filtrasorb-400 from Cal gon Corp. (Pittsburgh, Pa.) ground
to a uni form size between 100 and 200 nesh si eves.

For each sanpling |ocation, one volune of water
(consisting of one or two vials) was tested. |If the results
appeared satisfactory, no nore sanples were run. |f
i nconsi stent with previous data collected, then one or two nore
vol unes woul d be tested as needed. Duplicate sanples generally
agreed within 20 ug/1 if undiluted. TOX results were reported
inug/l as d~.

3. TOC.

Total Organic Carbon was anal yzed according to
St andar d thhods43using a Beckman Model 915B Carbon Anal yzer
for the earlier sanples and a Beckman Mbdel 915B Tocanaster on
the later sanples. After purging all C§ fromsanple with
nitrogen gas, mcroliter quantities of the sample were injected
directly into the instrument for analysis. Concentrations

reported (as ng/1 C) were the average of several injections.
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4. Resi dual Oxi dants.
Earlier field neasurenents of free and conbi ned
chl ori ne were nade using a Hach Mbdel CN-70 chlorine test kit.
In order to neasure and di stingui sh anong the vari ous oxi dant
speci es, the procedure devel oped by Aieta, et aI.2O was used in
| ater sanpling.

This nethod involves the anperonetric titration of I
|'i berated by the reaction of |~ and oxidant at various pH

val ues. This enabl es the researcher to distinguish free djr
aQg» Cl02~f and Cl10 ~. Mbst researchers have not found

chlorate at significant concentrations in drinking water

. . . . . 9 20 37
conmpared to chlorine, chlorine dioxide, and chlorite. "'

This, conbined with the cunbersoneness of the C " test, |ed

to the elimnation of that part of the procedure for this study.

The anperonetric tiltrator used was a Fisher CL
Titrinmeter Model 393 with a dual platinumelectrode. The
chenicals used were as foll ows:

Phenyl ar si ne Oxi de (0.00564N) - Fisher Certified

Pot assi um | odi de granul es - Baker, 99.8%

Hydrochl oric Acid - Mallinckrodt, 37.90%

Buffer (pH 7) - Fisher

Ni trogen gas - Linde prepurified (uncertified)
Dilution water for making 2.5 M HO was distilled, deionized
wat er whi ch had been ozonated for twenty hours and then
deozonated with oxygen for eight hours.

All sanples were collected head-space in one liter
borosilicate glass bottles which were covered with al um num

foil to protect the sanple fromlight and had been cl eaned as

27
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prescri bed by Aieta, et al.ﬂ) The bottles were flushed several
tinmes before slowy being filled with a m ni rum of turbul ence.
Sanpl es taken at the water treatnent plant were anal yzed
imDtiediately. Sanples collected in the distribution systemwere
stored on ice until they were returned to the water treatnent
pl ant | aboratory for analysis (usually no nore than thirty to
ninety mnutes). Each sanple took about thirty to forty-five
m nutes to analyze; Due to the tine required, only one sanple
(with only one titration sequence) was taken for each sanpling
poi nt unl ess there was an obvious error, in which case anot her
sanple was collected if tine permtted.

Upon returning to the water treatnent plant |aboratory,
the sanple was buffered at pH 7 and divided into two titration
beakers. Potassiumiodide (KI) was added to the first beaker,
reducing free Cj and one fifth of the C02f and the iodine
liberated was titrated with phenyl arsi ne oxide. The pH was
lowered with HO, resulting in the reduction of four fifth' s of
the Q2 and all of the G Qy". The |iberated iodine was again
titrated to end point.

The chl ori ne di oxi de was purged fromthe second beaker
with nitrogen gas for fifteen m nutes. Dpon adding KlI, the

sanple was titrated to end point to elimnate any Cl, remaining

in the sample. The pH was lowered with HC, resulting in the

reduction of all AQ", and the sanple was titrated to end
point. The anobunt of titrant required for each of these

titrations was then used to calcul ate the concentrati ons of

free 2, G, and CL02~.
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I V. CASE STUDI ES OF SEVERAL SELECTED WATER TREATMENT
PLANTS USI NG CHLORI NE DI OXI DE FOR TRI HALOVETHANE CONTROL

A. I Nt roducti on.

As explained in the previous chapter, three water
treatnment plants using chlorine dioxide and |ocated in the
Sout heastern United States were chosen to participate in a
| arger nationw de EPA project to evaluate the use of

alternati ve oxi dants and di si nfectants for tri hal onet hane

control. These three utilities were basically chosen for two
- high trihal onmet hane precursor content in the raw
wat er, typical of the Piednont and Coastal areas of

Nort h and South Carolina, and

- use of chlorine dioxide specifically for the contro
of tri hal onet hanes.
This chapter presents a detailed case study of each of these
treatment plants, using both data normally collected and
reported by each utility and data collected by this research

group as part of the |arger EPA parent project.

B. Chester Metropolitan Water and Sewer District, S. C
1. General Description.
Chester Metropolitan Water and Sewer District serves

approxi mately 19,000 people in Chester County, in the northern

Pi ednont area of South Carolina. It obtains its water fromthe

Catawba Ri ver at Fort Lawn, which is downstream of Charlotte,

N. C, Rock HIl, S.C, and several industrial point-source

29
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discharges. After being treated, the water is piped to two
separate netropolitan areas, Chester and Geat Palls. The
travel time for the water is about 31 hours fromthe water
treatnent plant to Chester (26 mles distant) and about
fourteen hours fromthe water plant to Geat Falls (13 mles
di stant).

The water treatment plant is [ocated next to the river,
All treatment, including all disinfection, is performed at this
| ocation. A schematic of the treatnent process and
distribution systemsanpling points is shown in Figure 4.1.
There are one flash mxer, two horizontal reel-type floccul ator
units in parallel, two sedinmentation basins in parallel, four
filters in parallel (three sane and one dual-nedia), and one
clearwel|. The theoretical detention time shown is cal culated
by dividing the total volume of the particular unit process by
the operating treatment rate of 7.2 MaD. The water plant
operates at this rate for about ten hours/day. The chem cal
additions are shown as they were prior to modification for THV
control. The distribution systemlocations shown are the
distribution sanpling points used for THV TOX and residua
oxi dant analysis during this study.

Due to high THV concentrations in the finished water,
chlorine addition was discontinued at the flash mxer and moved
to the bottomof the filters in February 1983. This resulted
iniron and mnganese problens in the finished water and al gal

growth in the sedimentation basins. Addition of potassium:
permanganate to the raw water was then tried in an effort to

alleviate this problem Plant personnel indicated that this


NEATPAGEINFO:id=7FF284B3-17DD-474F-A6F1-5CC67D2B2DD9

NEATPAGEINFO:id=32370AD9-88EB-485C-802D-D6C657A51C70


Figure 4.1 Quester-Netronalitan Vter and Sewer District, S.C
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was not successful, and the utility began feeding chlorine
di oxi de at the flash m xer and noved the chlorine addition
point fromthe bottomto the top of the filters in Cctober
1983. This apparently solved the manganese and al gal growth
probl ems. A dose of 2 ny/l C](gmas initially used, but this

was subsequently lowered to 0.7 ng/l and has remained at this

| evel ever since.

Chester Metropolitan uses an acid/dQg" systemfor CI0,

generation. The generator used is made by the R o Linda

Company of Sacranmento, Cal., and is furnished by the Perolin

Conpany of Chattanooga, Tenn., which also supplies the NaC O
used. The generator uses HO and NaCl O' and is claimed to have

an efficiency of 96 to 98% by the manuf acturer. - (This is
assunmed to be 96 to 98% of 80% the theoretical maximm
yield.) The sodiumchlorite used is sold under the nanme
Perosan 3990 and is a 16% by weight solution of Nad Qy. The
hydrochloric acid used is 20 deg. Baune' (about 31.5% HCO by

wei ght) nuriatic acid and is supplied by Burris Chemical Co.

of Charlotte, N C.

2. Water Plant Records —VJater Quality Characteristics
vs. dQg Use.

Water treatnent records for Chester Metropolitan were
reviewed to determine if any pertinent treatnment or water
quality parameters have changed as a result of CIQ2
treatnent. Table 4.1 sunmarizes these records. Manganese and
iron are generally not a problemat this water treatnent

pl ant. Manganese averages about 0.015 mg/l in the rav;, water
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Table 4.1 Chester Metropolitan Water and Sewer District, S.C
Water Quality Characteristics and Treatnent
Par a_rrgteprs Before and After Change to Chlorine

Di oxi

ltem ' Before After

Cl2 Dose (ng/l) 11.5 (2.69) 3.9 (1.82)"
Coagul ated Cl2 Residual (ng/1)* 3.9 (0.36)
Finished C12 Residual (ng/1)™™ 1.6 (0.18) 1.3 (0.45)"
Dist. C12 Residual (nmg/1)™™ 0.8 (0.35 0.5 (0.32)"
Cl 2 Dose (ny/1) (0.00)

- 0.7
Coagul ated G 2 Residual (mg/1)* — 0.2 (0.04)
Alum Dose (ng/D® 9.7 (2.54) 11.3 (3.67)

Caustic Dose (ng/1)™ 30.8 (5.91) 25.2 (13.10)
Raw pH 7.0 (0. 10) 6.9 (0. 08)
Coagul ated pH 6.0 (0.03) 6.0 (0. 30)
Fi ni shed pH 7.1 (0.04) 7.1 (0.07)
Tenperature (deg. ©C 15.6 (7.51) 14.8 (6.21)

Raw Al kalinity (my/1 as CaCO') 20.3 (1.23) 19.5 (2.76)

Finished Alkalinity

(ng/ 1 as CaC03) 19.5 (4.79) 20.6 (3.15)
Raw Color (C.L.L.) 48.1 (9.85) 38.5 (9.98)

Finished Color (C. U ) 0.09 (0.13) 0.35 (0.30)
Raw Turbidity (JTU) 31.7 (21.3) 31.9 (20.88)
Fi ni shed Turbidity (NTU 0.19 (0.15) 0.41 (0.16)
Raw Col i form Count (#/100 nl) 441 (187) 683 (418)"
Fi ni shed Col i f or m Count

(#/ 100 M) O (O) O (O
Dist. ColiformCount (# 100 m) O (0) O (O)7

Dist. Standard Plate Count --- 13.3 (11. 85"

33


NEATPAGEINFO:id=E5A55755-9559-498E-B783-355B7A7A058C

NEATPAGEINFO:id=7CD15A19-1624-4B80-9B1C-A933491A8EB0


Table 4.1 (Conti nued)

a. All results have been cal culated fromnonthly averages
reported by the utility to the State of South Carolina.
The results shown for each itemare the average val ue
wth the standard deviation in parentheses.

b. Time period "'Before' is for the tine that pre-Cj was
used and includes data from January 1982 to February

1983. Time period 'After' is for the period in which

pre-AQ and pre-filter G} was used and includes Cctober
1983 to Novenber 1984, approxi mately one conplete year

each peri od.

c. 'Finished refers to samples taken post-clearwell.

d. 'Dist.' refers to an average of at least ten sanples
taken in the distribution systeri.

e. Alumdose is shown as ng/1 AIG.

f. Caustic is shown as ng/1 NaCH

g. These values do not include the time during 2/84 - 3/84
when no Cj was fed.
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Table 4.1 (Continued)

h. These values are for the period 4/84 - 11/84 only. The
maxi mum SPC occurring in any of these months was 141 in
April 1984 (other than one TNTC in Hay 1984).

I.  Chlorine residuals were nmeasured using a DPD colorinetric
test for total Cj. Chlorine dioxide residuals were
measured with the sane test, after addition of glycine to
reduce all dj.
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and less than 0.01 ng/1 in the distribution system [ron
averages about 0.17 my/1 in the raw water and about 0.02 ny/1

in the fini shed water.

|t can be seen fromthis sunmary that the raw water

characteristics before and after the change to GO are
essentially the same except for color, which has décreased
somewhat. Wth regards to finished color and turbidity,
however, the present treatnent scheme using C'Q2 has not
produced as good a finished water as the previous treatnent
scheme using C 2.

Again examning Table 4.1, the oxidant demand of the
distributed water appears to be adequately net both before and

after GG use was begun. However, only 0.7 ng/1 Q@ has
replaced about 8 ng/1 Oj. This may be largely due to organic

matter in the raw water being renoved in the sedinentation
basin before G, is added. This can be seen by examning the

coagul ated and finished G} residuals. The results here show
that CIQ2 survives the flash mxer. However, the results to be
shown in Section 3 below, using a better measurement technique,

showonly a trace of C1(2 leaving the mxer. Therefore, Q2
serves only as a pre-oxidant and pre-disinfectant here, helping
keep the treatment process in an oxidized condition and free of

al gae.
Based upon finished and distributed coliformcounts,

Q' Q/C2 combination has provided as good a disinfection
quality as C12 alone even though raw coliformincreased and
tenperature decreased slightly. However, the use of 0.7 ng/1l

Cl(2 alone during February and March 1984 resulted in poor
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quality water. The distributed coliformcount in Mrch
averaged 0.08/100 M with a maximumof 3/100 m out of 90
sanples. The distributed standard plate count for the same
period averaged nore than 931 with a maxi mimof nore than

6500. This was nost |ikely due to there being no disinfectant
other than C'Q"" (a weak disinfectant at best) follow ng the
sedimentation basin. Note that the raw coliformcount averaged
2500/100 M in February and 4619/100 i in March, possibly
contributing to the resultant poor quality.

Lastly, the use of O Qy rather than HOO has resulted in
the use of |ess NaCH even though the al umdose increased
slightly. However, cause and effect cannot necessarily be
associ ated here since the natural alkalinity decreased, the
water tenperature decreased, and the coagul ated pH was very

spor adi c.

3. THMTOX Cl @ Results.
THV TOX, TOC, and disinfectant doses and residual s

are shown in Table 4.2. Except as noted otherw se, the results
presented were measured by researchers at the University

of North Carolina according to the procedures described in
Chapter 111, Several observations can be made fromthis data:

- A A reduced wthin a mitter of seconds, so that
very little |eaves the flash m xer.

- Aoout 60%of the CIC2 applied appears as 0 Q" |eaving

the flash m xer.

- The (1 Qy" residual decreases but s persistent out to
the far reaches of the distribution system(at |east 43

hours) .
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Table 4.2 Chester Metropolitan District, South Carolina
Resi dual Oxi dant and Hal ogenated Organics Results

Fr ee
Chl ori ne* ado* o10-
. ) Dose/ Resi dual Dose/ ReBi dual Reei aual TOG cHal TTHM TOX
ocati on (ma/ 1) ) ) . .

R vt (ng/ 1) (rg/ 1) (nigll) (ug/ 1T liigzli (ug/ 1)
Dec. 15, 1983 0.0/ - 0.0/ - 0 0 424
Har 8, 1984 0.0/ - 0.0/ - 0 0 157
May 17, 1984 0.0/ - 0,0/ - é g 1 1 150
July 12, 1984 0.0/ -. 0.0/-. ;" 0 0 231
Get 15, 1984 0.0/0" 0.0/ 07 0.077 7.8 1 1 429
Dec 4, 1984 0.0/0 0.0/0 0.i0-J 8.9

Rapi d M x
Dec. 15, 1983 0.0/ - 0.7/-

Mar 8, 1984 0.0/ - 0.7/ -

May 17, 1984 0.0/ - 0.7/0.2

July 12, 1984 0.0/ -. 0.7/0.25" nO e
Oct” 15, 1984 0.0/ 8 710 037 0.56"

Dec 4, 1984 0.0/0 J700-! 0.5-

Settl ed water
Dec 15, 1983 0.0/0.0 0.0/ - 3.7" 3 6" 195
Mar 8, 1984 0.0/ - 0.0/ - 2. 57 0 0 43
May 17, 1984 0.0/ - 0, 0/ - h 2 3 40
July 12, 1984 0.0/-. 0.0/ - . %fé‘ 2 2 112
Cct ~ 15, 1984 0.0/ 0. 0. 0/ <0. 04~ 0.26 2.7 1 a 180
Dec 4, 1984 0.0/ 07 0.0/0. 04" 0.41

TERM

THM

iiiSzil

3%

290°

i

191
115*:
146'
183'
202'

TERM
TOX

(ug/1)

T
950°

990°,
1644"~

752"
502
440’
414
788'

00
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Table 4.2 (conti nued)

Fr ee
Chl ori ne” aon cio, " TERM TERM
) Dose/ Resi dual Dose/ Resi duall Resi aual ToC 13 TTHM TOX THM TOoX
Locati on (mg/ 1) fma/ 1) (mg/ 1) i mzXl {%-J%.T iml) (ugli) («g/ U «glll,
Pre-Filter
Dec 15, 1983 3.7 V- 0.0/ -
Mar 8, 1984 0.0/ - 0.0/ -
Hay 17, 1984 2.6 V- 0.0/ -
July 12, 1984 5.0/ - 0.0/ -
Cct 15, 1984 3. 74/ - 0.0/ -
Dec 4, 1984 4.1/ - 0.0/ -
Filtered Water
Dec 15, 1983 0.0/1.4 0.0/ - A 31 36 284
Mar 8, 1984 0,0/ - 0.0/0.15 g.' é?
May 17, 1984 .0/1.0, 0.0/ - 22 30 122
Ju?/y 12, 1984 8 8/ % ?’\. 0.0/- . 2.5 40 46 162
Cct 15, 1984 0.0/ 1.801- 8 8/ 8 8§/\ 0.29 1.5 24 37 216
Dec 4, 1984 0.0/1.58 .0/0. 047 0.32
Fi ni shed (Tap) Water
Dec 15, 1983 0.0/1.4 0.0/ - 43 . h2*= 268
Mar 8, 1984 0.0/ - 0.0/0.18 0 0 52
May 17, 1984 0. 0// 0.8, 0.0/- 30 a1 142
July 12, 1984 0.0/2 2" . 0.0/- 56 68 267
Cct 15, 1984 8 8/ . éZ’\ 0.0/0.037 0.24 35 53 234
Dec 4, 1984 1. 34" 0.0/0. 05" 0.33
S.C. 9 Standpi pe
Dec 15, 1983 0.0/ - 0.0/ -
MVar 8, 1984 0.0/ - 0.0/ -
Hay 17, 1984 0.0/ - 0.0/ -
July 12, 1984 0.0/ - . 0.0/ - .
Cct 15, 1984 0.0/0. 68*' 0.0/0. 027 0.15
Dec 4, 1984 0.0/ - 0.0/ -
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Table 4.2 (conti nued)
Fr ee
Chl ori ne * "A
Dose/ Resi dual Dose/ Resi dual Resi aual TOC
_ LQatJPJ]__ __LmazD i)y (tol A) XngZi |
Har dee' s
Dec 15, 1983 ,0/0.7 0.0/ -
Kar 8, 1984 .0/ - 0.0/0 1
May 17, 19!,4 .0/0,5n 0.0
July 12, 1984 -0/0, 07, 0. 0/0 on
oot 15, 1984 -.0/0, 56. 0.0/ 0A 0.18
Dec 4, 1984 0.0/ 0, 98" 0.0/ 0 0.39
Pundt ' s
Dec 15, 1983 0.0/ 0. 0.0/ -
Mar 8, 1984 0.0/ - 0.0/ -
May 17, 1984 0.0/0.40 0.0/ -
July 12, 1984 0.0/0.-.0% 0.0/0, 0"
Cct 15, 1984 0.0/0.07t- 0. 0/ 0* 0.13
Dec 4, 1984 0.0/0. 18" 0.0/ 0" 0.24
a Val ues obtained fromwater plant personnel unless otherw se noted.
b, Total organic carbon; best estinate.
5 Run in dupllcate for conflrrratlon val ue re orted is aver e of dupI|
' Term nal or%?nllc a| de sanp buffered a p]g pafte ch
|n apsence OJ seven da e term na he r
tota organi c haI ormation oten

Val ue seéns

gg!s{mugls gm%)(s%(?'petd 3v9 trW/Hach ! l\/bggl & CNE 70.

Dose_is nonthly average.

00, teasurenents (except as noted otherwise) made using Aieta nethod. Cl,

TERM TERM
CHﬂ TTHM TOX THM TOX
(ug/lf (qg/ 1) («gl1) (ug/ 1) (ug/ U
77 106 389
0 0 81
44 61 200
73 96 192
71 114 315
81 [ie 353
0 2 76
52 72 195
61 81
73 110 382¢

rre surement s

edwchO /1 (as C|’|)1

HOC stored at 20 C
t er is equivalent to i'ts tri

al omet hane (or

and 0 O neasurenent made using Aieta method.
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- The Cl2 dose of about 3 to 5 ng/l on top of the filter

is quickly reduced by about 59% across the filter. The
residual is fairly stable through the clearwell and
slowy dininishes in the distribution systemto a trace
at the extrenities of the system

- dQ produces essentially no TTHM

- The raw water has a relatively high concentration of
TOX probably due to industrial discharges upstrean; of
t he wat er plant.

- Sedinentation, in conbination with G O** reduces the
TERM THM and TERM TOX by about 54% and 53%
respectively. Sedinmentation also reduces TOX al r eady
present in the raw water by about 62% These all
correspond very well with the 57% reduction in TCC

- Upon addition of pre-filter Cjr THM and TOX begin to

form In the distribution system about 38 hours

followng pre-filter j addition, THM and TOX | evel s

have reached about 52% and 44% respectively of the

settl ed water TERM THM and TERM TOX. The TTHM at this

point is close to the MCL.

- On 3/8/84, when only 12 was being added, GG and/or

A Q reacted with precursor to formsnall anounts of

TOX. The concentration of TOX at the extrenmity of the
di stribution systemwas twice that after sedi nentation
and nade up only 16% of the settled water TERM TOX

Tri hal onet hane concentrati ons are nonitored for

conpliance with the MCL of 0.10 ng/l quarterly by the South
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Carolina Division of Environmental Control. The conpliance

records show an average (maximm of 0.16 ng/l (0.33 ngy/l)

before Q2 use began and 0.08 ng/l (>0.12 ny/l) after G Q2 use

was started. Thus, the use of CIQ2 has brought Chester
Metropolitan into conpliance with the trihal omet hane

regul ation. Discussion of these observations and others is

made in SectionyU of this chapter.

4. Cost s.

The cost of using GO rather than A« is presented
bel ow and is compared with the total cost of providing water to
the public. The data used are fromtreatment records and

conversations with utility personnel.

Dat a:

Average mppthly copsunption of NaCl02 = 5,530 Ib.

I on.

Averagg mont hl'y consumption of HO = 2,210 |b. of

. 5% sol uti on.

Avera%et rcr)l)rr)nphelx1 cgnSJ}r’rpélga olf b(?I , before pre;d ,
Averagteorgggghlzy7gpgslt\1/gptlon of water before pre-d,

Avera%e[ g?t}tgldy goriu%bor] Bf Cl, after (10,

Average nonthly_gopsumption of water after GO

art ed

Chem cal Costs (as of 1/24/85):
NaC102 = $0.65/1'b. diluted (510 Ib. druns)

HCL = $0.089/1b. diluted (500 |b. druns)

C12 $0.185/1b (1 ton cylinders)
Cl @@ Chemcal Cost =

(5530 Ib. NaCl02)($0.65/1b.) + (2210 Ib. HOI)($0.089/1b.)
(81.3 M3 (10-* 1000 gal . /MO

= $0. 0466/ 1000 gal . treated

42
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Cl, Chem cal Savings =
7650 |b.A2/79.4 M- 2800 |bh. Cl2/81.3 M5 ($0.185/1h.)

10" 1000 gal / MG
= $0. 0115/ 1000 gal . treated

Net Change in Chemi cal Cost = $0.0466 - $0.0115
1000 gal .

= $0. 0352/ 1000 gal. treated

The Cl Q2 generator is provided and installed free of charge by
the Perolin Co., which provides the NaCd G . Thus, the cost of

the generator is included in the cost of the NaC O'. There are

no significant increases in maintenance or | abor costs which
can be attributed to this operation. Therefore, the true tota
cost of CIQ2 treatnent for Chester Metropolitan is sinmply the
net change in chem cal cost, or $0.0352/1000 gal. treated.

The average residential water bill per 1000 gal. is

br oken down in Table 4. 3.

Table 4.3 Chester Metropolitan Water and Sewer District, S.C
Cost of Water

:tem Cost ($/ 1000 gal, netered)
Adnmi ni strati ve 0. 3905
Tr eat nent

Chem cal s = 0. 2684

Power = 0. 2048

Labor = 0. 2300

M sc. = 0. 2319

Tot al 0. 9351
Dist. SystemO & M 0.5748
Meters & Meter Readi ng 0.2228
I nt erest on Debt 0.2778
Debt Retirenent (incl
princi pal & depreciation) Ot 3493
Gr and Tot al 2. 75

Negl ecting the difference between quantity of water treated and

43
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quantity of water netered, the percentage inpact of dO

treatnent on the total water cost is ($0.0352) (100) = 1.28%
$2.75

Simlarly on chem cal costs alone, the inpact is 13.11% The

aver age residence uses 4200 gal./nonth. Hence, the cost of

C G use per residence per year is ($0.0352/1000 gal.) (4200
gal./mh) (12 mhs./year) = $1.77. The additional cost of water

attributed to C1Q2 is therefore negligible for this utility.

C Lancaster County, B.C

1. General Description

Lancaster County Water and Sewer Authority serves

about 28,000 people in Lancaster County, S.C. (excluding the
City of Lancaster). It is located in the northern Pi ednont
area of South Carolina, east of Chester County. The water
treatment plant is in the Cty of Lancaster and draws its water
froma series of inmpoundnents which are fed by snall creeks.
After being treated, the water is piped into a spraw i ng
di stribution network which covers nmuch of the county.

A schenmatic of the treatnent process and distribution
sanpling points is shown in Figure 4.2. |Included in the
treat nent process are one flash nixer, two horizontal reel-type
flocculator units in parallel, tw sedinentation basins in
parallel, four dual-nedia filters in parallel, and three
cl earwel | s. The theoretical detention tinmes shown are
cal cul ated as in Section A above except that the treatnent rate
is 1.5 M3, and the water treatnent plant operates 24
hours/day. The distribution system|ocations shown are the

sanpling points used for THM TOX and resi dual oxidant anal ysis.
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Figure 4.2 Lancaster County, S.C. Water Treatment Plant

ys'(JQJrlce .: >-
| Resei voi Ti
Cl®2 and/or C 2
Al u Li ne
DT=3.8 m n m
DT = 1.3 hrs
DT = 7.2 hrs
Filter Rate Fil
2 gpm sf
DT = 12 hrs
Di stri buti on Syst em

Q - O

Hyde Park Bapti st House | ocated on Hwy,
Chur ch SC 200 Sout h
T <C 2 hours T>> 2 hours

Not es: s—indicates chemcals nornally added

—indicates chemcals intermttent|ly added

Theoretical Detention Tinme (based on 1.5 M3D)
Transm ssion Tinme from C earwel |
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Lancaster County began using its present water plant in
April 1983. Due to high TTHM concentrations in the finished
water as well as a persistent manganese problemin the
i mpoundnment water, the utility began to feed A Oto the raw
water in February 1984. At the sanme tine, chIorfne dosage
was | owered and noved to post-filtration. TTHM concentrations
were |lowered as a result of this nodification, and manganese
oxi dation occurred to a greater extent. However, the high cost
of KaCl02 along with the high CI Q2 doses required for
satisfactory treatnent pronpted personnel to use KMiO. in the
raw water in conbination with a |ower O O' dose beginning in
Novenber 1984. This nodification is still being evaluated by

pl ant personnel at the time of this witing. The utility also

plans to test the actual yield of the G Q generator in the

near future to determne the efficiency of KaOQ utilization.
Lancaster County originally used a A Q generation system

identical to that of Chester Metropolitan, described above.

The high cost of NaCl02 quickly pronpted personnel to purchase

technical grade solid NaC102 (Perolin 3970, 80% concentration
by weight) and dilute this to the required 16% sol ution

t hensel ves. Conpl aints fromworkers regarding inhal ation of

NaC102 dust while dissolving the chemcal in water and several
mnor fire or explosion accidents with the chemcal alerted the

utility to the hazards of using solid NaCl02. As a result,
viorkers were carefully instructed in the safety precautions to
be used and were provided with breathing filters. The utility

manager has al so been investigating the purchase of dilute

liquid NaC G again.
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H gh cost also pronpted the utility to change the d O
generation process froman acid-type to a chlorine-type in an

effort to further reduce costs. This change was nade in

Sept enber 1984.

The C102~/C 2 generator is made by Rio Linda Co. and is
furnished by the Perolin Co., which still supplies the NaC O.

The generator uses a 25%sol ution of NaCl02 and a concentrated
Clp solution froman existing chlorinator.

2. Water Plant Records —Water Quality Characteristics

vs. @ Use.
Water treatnent records for Lancaster County have

been reviewed to determne if any changes have occurred as a

result of CIQ2 treatnent. Table 4.4 sunmarizes these data.
The C2 poundage used in the cal culations does not include the
| used for G2 generation since Septenber 1984. The

measurenent of Cl2 and CIQ2 is the same as that described for
Chester Metropolitan. Color and iron are not problens at this

wat er plant and are therefore not measured routinely.
Raw wat er characteristics have remained practically the

sane before and after the change to Cl02r except alkalinity,
whi ch has decreased drastically. The reason for this is not

known at present.

The present treatnment scheme using pre-AQ and
post-filter Cj has apparently produced water equivalent to the
previous scheme using only C7r when [ ooking at finished
turbidity and manganese oxidation. However, neither A Q nor
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Table 4.4 Lancaster County S.C
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Water Quality Characteristics and Treat nent
Paraneters Before and After Change to Chlorine

Di oxi de

It em

Cl 2 Dose (my/1)

Coagul ated O j Residual
(mg/ 1)

Fi ni shed Cl 2 Residua
(/1)

Dist. C2 Residual
(mg/ )"

Cl Co Dose (ng/1l)

Coagul ated Cl 2 Resi dual
(mo/ 1)

Al um Dose (ng/ 1)

Li me Dose (mg/1)"

Raw pH

Coagul at ed pH

Fi ni shed pK

Tenperature (deg. QO

Raw Al kalinity
(mg/ 1 as CaCO)

Fi ni shed Al kalinity
(mg/ 1 as CaCQOo)

Raw Turbidity (JTU)

Fi ni shed Turbidity (NTU)

Raw Manganese (ng/ 1)

Fi ni shed Manganese

(mo/ 1)

Bef or e

13. 6( 4. 02)

4.7(0.58)

2.2(0. 25)

0. 9( 0. 19)

5. 3(1.09)
10. 6( 4. 46)
6.9(0. 23)
5. 6(0. 37)
7.7(0. 35)

19. 4( 10. 28)

17. 5(9. 10)

21.9(12. 63)

33(16. 49)

0. 2(0. 03)

0. 77(0. 24)

0. 08( 0. 02)

After”

0(0):8.2(3.6

0(0);5.3(1.0

1.2(0. 28)

0. 4( 0. 20)

3. 2(1. 26)

0. 6(0. 66)
3.4(0. 58)
9.7(1.14)
6. 6(0. 08)
5. 5(0. 20)

7. 7(0. 30)

4.8(1.55)

Not neasur ed
30(15. 54)

0. 2( 0. 04)

0. 66(0. 10) "

0.07(0. 02) "
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Table 4.4 (conti nued)

Raw Col i f or m Count

(#/ 100 m) 820(432) 690(314)
Fi ni shed Col i f or m Count

(#/ 100 m) 0(0) 0(0)
Di st. Coliform Count

(#/ 100 m) 0(0) 0( 0)

a. Al'l results have been cal cul ated from nonthly aver ages

reported by the utility to the State of South Carolina

unl ess ot herw se not ed. The results shown for each item

are the average value with the standard deviation in

par ent heses.

b. Tinme period 'Before* is for the tine in which pre-d was

2
used and includes data from April 1983 to February 1984.

Time period "After' is for the time in which pre-CL02f

post-filter Cjf and sonetimes pre-Cj were used and

i ncl udes February 1984 to Novenber 1984. Al nbst one year

of records are included for each peri od.

c- No pre-Clj was fed and therefore coagulated Cl2 residual
is 0 ng/1l except during the nonths of 6/84 to 9/84 when

pre-Clj was fed along wth CO'. The average and

st andard devi ati on for these nonths is as shown.

d. "Finished' refers to sanples taken post-clearwell.

49
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Table 4.4 (conti nued)

e. ‘"Dist.' refers to an average of at |east 10 sanpl es taken
in the distribution system

f. Alumdose is shown as ng/1 AljO.

g. Line dose is shown as ng/1 Ca(OH) 2.

h. Data for the 'After' period was available only for 2/84 -

6/ 84.

i In 8/ 84, several distribution system sanples were
reported positive. Average coliformcount = 46/100 m ,
and nmaxi mum col i form count = 800/100 m . Sone of these

sanpl es may have been cont ani nat ed; however, no

confirmati on tests were nade. A snmall chl orine residual
45

was reported to exist in each sanple.
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Cl 2 has been able to reduce the manganese concentration bel ow
the MCL of 0.05 ng/1l, even though the kinetics of manganese

oxidation with CIQ2 are faster than with Cl12. As will be shown
with the residual oxidant data below, this nmay be due in part
to the coagul ated pH of 5.6, well below that required for a
fast and conplete reaction, and to the A Q residual being
reduced to only a trace on top of the filters, possibly
resulting in reducing conditions in the filters and subsequent
manganese breakthrough. Post-filter Cg addition at a pH of
7.7 would then oxidize the manganese in the clearwell and

di stribution system This has been observed by plant personnel.

The use of G Qg at this utility does not replace as nmuch
Cl2 as it does at Chester Metropolitan. This may be due to the
predom nance of conpounds capabl e of being oxidized by dj but

not C2 and al so not readily anenable to coagul ati on and

sedi nent ati on. Manganese can represent only part of this
problem Referring to Table 2.4, the average raw m anganese

concentration of 0.77 nmg/1 (if all M;% requires only 1.89

my/1 Q2 to oxidize it to M02, a little over half the average
dose being used. Also, only 0.99 ng/1 C12 would be required

for the sane anpunt of Mh oxidation, nuch | ess than the C

demand of the filtered water. Thus, other conpounds nust al so

be i nvol ved.

As can heen seen in Table 4.4, a CQ2/Cl2 conbination

seens to provide good disinfection with the one excepti on noted

for August 1984. O Q and CL02~ have been effective al gicides

for the treatnent process.
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3, THMTOX/ C 2 Results

THM TOX, TOC, and di sinfectant doses and residual s

are shown in Table 4.5. The results shown have been coll ect ed

in the manner described in Section A above. Sever a

observations are nmade fromthis data:

- N80 NARM AN high as 4 and 6 ng/1 are reduced to about

0.5 ng/1 within a matter of seconds in the flash m xer
and are further reduced to about 0.1 ng/1l or |ess during
sedi nentation. (One exception to this is noted for the

fini shed water on 12/5/84 where G (G residual =0.3

ng/ 1. This neasurenent is probably in error.)

Al nost 50% of the GG dose appears as AQ" in the rapid
This concentration of Cl02~ is stable and persistent

t hroughout the treatnent process and distribution system

(at least 24 hours).

- The post-filter Cj dose (v;ith pre-CQ being added) is

reduced by about 80%t hrough the clearwell (about 13
hours detention tine), indicating that the filtered water
is not chemcally stable, possibly due to continued

m anganese oxi dation, as discussed above, and to residual
TOC.

-7"2 Produces essentially no TTHV

Sedi mentation and filtration, in conbination with C O,
reduce the TERI4 THM TERM TOX, and TOC by about 66% 73%
and 69% respectively. However, on 7/12/84, when pre-d |
as well as pre-Cl02 v;ere being fed, the percent

reductions were only 34% 40% and 57% respectively.


NEATPAGEINFO:id=0BBEDB47-C858-4BBC-9259-1FD440682F42

NEATPAGEINFO:id=78D2A916-9F41-4BF5-8148-A0AB29B1BF99


Table 4.5

Lancaster County,

S. C

Resi dual Oxi dant and Hal ogenated Organics Results

Fr ee
Chl ori ne

Dose/ Resi dua
Locati on

Raw WAt er

Dec 15, 1983 0.0/ -

Har 8, 1984 0.0/ -

July 12, 1984 0.0/- . .
Cct 16, 1984 0.0/0.03"' "
Dec 5, 1984 0.0/ -

Pre-rapid M x
Dec 15, 1983 10. 6"/ -
Mar 8, 1984 0. O/ -
July 12, 1984 9. 43/ -
Cct 16, 1984 0.0/ -.

Dec 5, 1984 0.0/-"
Rapi d Ni x

Dec 15, 1983 0.0/ -

Har 8, 1984 0, 0/ -

July 12, 1984 0.0/5.0 .

Cct 16, 1984 0.0/0. 40

Dec 5, 1984 0.0/ -

Dose/ ReBi dua
__(inall)y_____

woono coo00

coooo

3. 185#

LY

Resi Qual TOC
(ma/ 11 (my/ 1)

>10"
16. 4'
14. 2
17.0

CHA
iuazl |

197

(o]
0
1

TTHM
(ug/ 1)

198"
(0]
0
1

TOX
(ua/ 1)

709’
115
34
36

TERM
THM

(ug/1)

939; ;
856
755'

956'

en
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Tabl e 4.5 (conti nued)

Fr ee
Chl ori ne ) " CI Q a" TERM TERM
Dose/ Resi dual Dose/ Resi dual Resi aual TOO cHO TTHM TOX THM TOX
. Lpg"tj Lon fra/11 . (ml) iml) (ug/ 1) (ug/ 1) (ug/1) ng/ 1)
Settl ed Wat er
Dec 15, 1983 0.0/ - 0.0/ - 6. 6" 119 120" - 741
Mar 8, 1984 0.0/ - 0.0/0.2
July 12, 1984 0.0/ - 0.0/0.3
Cct 16, 1984 0.0/- . [ A
Dec 5, 1984 0.0/0.ai'" 81 8/ 0. Ob" 1.74
Filtered Water
Dec 15, 1983 0.0/ - 0.0/ - 6. 0" 139 140*- 629
Mar 8, 1984 0.0/ - 0.0/ - é} A o - 0 68 224i 628" -,
July 12, 1984 0.0/- . 0.0/- . A 148 159 480 A 1090i
Cct 16, 1984 0.0/0.17"" 0.0/0.03" * 2.99 5.5 4 6 103 gg% 1012~
Dec 5, 1984 0.0/ - 0.0/ -
Pr e-cl ear wel |
Dec 15, 1983 0.0/ - 0.0/ -
Mar 8, 1984 .". 4/ - 0.0/ -
July 12, 1984 0.0/ - 0.0/ -
Cct 16, 1984 8. 56/ - 0.0/ -
Dec 5, 1984 7. 05/ - 0.0/ -
Fi ni shed (Tap) Water
Dec 15, 1983 0.0/3.0, 0.0/ - 287 292" 885
Mar 8, 1984 0.0/ 0. 74 0.0/ - 4.2 21 25 147
July 12, 1984 0.0/1, 2, 0.0/- . 6.0' 205 224 456
Cct 16, 1984 0.0/ 1. 70t 0.0/0.04'~ 2.90 4.5 79 95 258%A
Dec 5, 1984 0.0/1. 15 0.0/0. 3" 1.61
Hyde Park Baptist Church
Dec 15, 1983 0. 0/ 0.8 0.0/ - 311 316 887
Mar 8, 1984 0.0/0. 3% 0.0/ - 48 54 194
Ju{ y %2, 1&34 0. (/)/OTr7.9\" A 0. 0/- .2”‘ s 06 242 %671 515’}80*“
, . . 0.0/0.i2{; : 63
%c % 1%%4 % %/ 1 0.38° 0.0/0. 1B° 1.32
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Table 4.5 (continued)

Fr ee
Chl ori ne A aonna TERM TERM
Dose/ Resi dual Dose/ ReBi dual Resi aual Toc cHa - TTHM Tox THH Tox
Locat i on fma/ 1) (ma/ 1) {ipal/l)_ (fHigl (W1 Gugl)  {qg/ll  (Ualll (ua/ 1)
3C 200 South R
Dec 15, 1983 0.0/1.0 0.0/ - - 298 304 968+
Mar 8, 1984 0.0/0 37 0.0/ - - - 65 71 174
July 12, 1984 O QTr.5. 8 8/ . A - 270 280 360
Cct 16, 1984 0.0/ 0. 28? . /0.d4° 2.93 109 130 252
Dec 5, 1984 0.0/0. 15" 0.0/Tr." 1.43 - - -

Val ues obtained fromwater plant personnel unless otherw se noted.
Total organic carbon; best estimate.

Run in duplicate for confirmtion; value reported is average of duplicate nmeasurenents.

Ter nal g ni.c hali.de sam les; buffere 1. hate, chlor|n ed with 20 ed at 20 C
%]b %? I h? for se en days. ﬁ] qermnal ﬂ_"\\ﬁn(l pp&)pc?f[ he rawvm eris equwa entlﬁjn( tnhgllo ane%or

total organ|c hal|de) formation potent|a

Questi onabl e val ue.

Sane as d except 30 ng/1 ClI, applied.
Resi dual neasured with Hach Model CN-70.

CL02~ measurements (except as noted otherw se) nade using. Aeta nethod, C, and OO neasucenent made using Aleta method.

I nterference,

Dose is monthly average for entire WIP. Dose not necessarily added all in one |ocation.
KMO" dose at raw water intake " 1.97 ng/1l.
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Using pre-C2 wth pre-Cl02 on 7/12/84, the TTHV
concentration exceeded the MCL of 0.10 ng/l before the

wat er reached the filters. In the distribution system
this water ultimately attained TTHM and TOX concentration

approachi ng 54% and 35% respectively, of the settled
wat er TERM THM and TERM TOX.

Using pre-Cl02 and post-filter Ci*r the TTHM

concentration approaches and sometines exceeds the MCL in
the distribution system In this nmode, the TTHM and TOX
concentrations in the distribution systemonly approach
27% of the settled water TERM THM and TER* TOX. Thus,
the inportance of the sedimentation/filtration step to

renmove TTHM precursor before chlorine is added cannot be

over enphasi zed.

Quarterly TTHM nonitoring by the South Carolina Division
of Environnental Control has not shown a significant decrease
in trihal onethane concentration in the distribution systemto a
poi nt below the MCL of 0.10 ng/l. Further discussion of these

observations is made in Section ,zr bel ow.

4. Cost s.

The cost of using A Qy rather than G is presented
bel ow and is conpared with the total cost of providing water

and sewer to the public. The data used are fromutility

records and conversations with utility personnel.
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Dat a:

57

Average monthly consunption of GG = 1290 Ih.
Average, ngsy hby cansumgtiop of O« bglore GQ =

Avera%n%% &surrpitiopgof O« dyging ClQ« =
Averageqonily y consugption ofniejg—bef ore A0
Averaggipm\l;hl;y _cons@i on ofwi ng L0

For CL02"/HCL generation, 1290 I'b. C102/month requires
approxi mately 1544 gal. of 16% NaQ O* and 418 gal . of
31.5%HCO. This is approximtely 2,455 [h. of pure

NaCl G (assumng the volume of NaOQ insol'n. is
negligible) and about 4,034 Ib. of 31.5%HC.

For CL02'/C12 generation, 1,290 [h. C102/month requires
approximately 695 gal. of 25% NaC102 and 777 [h. Q2.
Wth the sane assunption as above, the weight of NaQ Q'
used is about 1727 Ib. pure Nad Q.

Chem cal Costs (as of 1/24/85):

16% NaCl 02 = $0.65/1b. (priges from Chester 1100l
31.5%HA = $0.089/1b. (Bnces From ester %tgospo )itan

sed for comparison pur

G2 = $0.185/1h. (1 ton cylinders)
80% NaCl 02= $1. 63/ 1 b.
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Monthly labor required for preparation of 25% NaC Q

solution fromdry NaCL02 216 hr. @$4.00/hr. =

$64.00/nth. for 1,727 I'h. pure Nad02. As for Chester
Metropol itan, the generator is furnished and installed free by

the Perolin Co. The cost of the generator is therefore

included in the chem cal cost.

Net Q2 Cost = 12 Chemcal Cost + Labor Cost

- O Chemcal Savings

where chemcal cost and savings are calculated simlarly to

that for Chester Metropolitan, and Labor Cost =

Labor Cost/ Month
Wat er Punped/ Mont h

Results for the various conbinations of NaG G sources and
generators is shown in Table 4.6. Thus, a dj/dry GQ"

generation scheme is the nost economcal inthis case. This is
the method currently being used.
The average cost of providing water and sewer services is

broken down in Table 4.7. UWility personnel have not separated
water costs fromsewer costs. Al are conbined into the same

budget. The utility has 6,801 water connections and 1,306
sewer connections. It sells about 37 MG of water each month

and treats about 7 MG of sewage each nonth.
The utility produces about 1.2 times the amount of water
that is metered. Neglecting this difference, the percentage

inpact of GQ treatment on chemcal costs is
($0. 0747/ $0. 3590) (100) = 20.81%and on total water and sewer
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Table 4.6 Lancaster County, S.C

Cost of CIC2/1000 gal. water punped

Type of 0
G)elzger ati on 80 {’ql\rl-ay O 16% Nad O
HCal
ao = $0. 11 =
Labor = 0. 002 Ela%r :$8_' 8866
cl5 = (0. 007) Cl, = (0.0070
Total = $0.1126 Tot al L $O.21£6
cl _
C10, = $0.0803 Not applicabl e
Lab6r = 0.0014 (liquid mist be
as = (0 07) 25% sol ' n.)
Total = $0.0747
Table 4.7 Lancaster County, S.C.
Cost of Water and Sewer
Item Cost ($71000 gal, sold)
Sewer Tr eat nent 0 . 2391
Sal aries and Benefits 0. 4715
O fice Expense 0 . 0556
Pr of essi onal Fees 0 0078
Uilities 0 2651
Chemi cal s 0 '3590
| nsur ance 0 0495
Pl ant and Motor Equi prent 1.1694
I Nt er est 0 .8916
Depr eci ati on Q, 6464
Grand Tot al 4. 1550

59
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cost is only ($0.0747/$4.1550)(100) = 1.80% The average

user consunes 5,440 gal./month. The cost of (G use per
wat er connection per year is ($0.0747/1000 gal .)(5440 gal/nth.)
(12 mhs./year) = $4.88. Thus the econom ¢ inpact of using

GO here is over twice as nuch as that for Chester
Metropolitan but is still a relatively [ow yearly increnmental

cost.

D. Chesapeake, Va.
1. CGeneral Description.

The water utility for the Gty of Chesapeake serves
approxi mately 77,000 people in and around Chesapeake, |ocated
in the southeastern corner of Virginia. The water treatment
plant is |ocated south of Chesapeake within a few mles of the
state border with North Carolina. Raw water is drawn fromthe

Nort hwest River, whose waters originate in the Dismal Swanp and
travel to Currituck Sound. The raw water intake is sonetines
subject to salt water intrusion fromthe Sound. After being
treated, the water is piped through a long distribution main to
the city, with a travel time to the nost renmote point of four
to five days.

A schematic of the treatnent process and distribution
sanpling points is shown in Figure 4.3. Included in the
treatment process are one flash mxer, three flocculation units
in parallel, three sedimentation basins in parallel, six
dual -media filters in parallel, and one clearwell. The water
treatnment plant operates at a rate of 8 to 10 MD for 24
hours/day. The distribution systemlocations shown are the
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Both generators use a concentrated C” sol ution
originating fromgaseous Cl2 (provided in ton cylinders) and a
25% NaCl102 sol ution which is stored in bulk tanks. The NaQl Q"

I's delivered by tank truck as a 42% solution and is diluted

50/ 50 on a volunme basis to yield an approxi mate 25% sol ution

for storage.

2, Water Plant Records —Water Quality Characteristics
and G2 Use

Water treatment records for Chesapeake have been
studied to determne the effectiveness of Q2 use. \ter

quality data before the use of AQ began represent a tine
period of |ess than one year and are therefore not entirely

comparable with the quantity of data available for the tine

period after 0 Q use began. Therefore, this study deals only

with the time period after C1Q2 use v/as initiated. Table 4.8
presents a summary of water treatment data for this period.

lron and manganese data are not shown in the table, as they are
general ly not a problemand are not routinely measured.

The treatment plant is designed and operated nmainly for
col or renoval and disinfection. Note that the raw water col or
Is reduced from 184 C U to about 3 C. U, the major reduction
occurring during coagul ation/sedi mentation. Color increases
slightly follow ng addition of pre-filter chemcals, possibly

due to the pH increase.

The coliformcount shows that A Q is a very effective
pre-disinfectant in this process, reducing the count by nore
than one-half. Some coliformregrowth appears to be occurring
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Table 4.8 Chesapeake, Va.

Water Quality Characteristics and Treatne: nt

Paraneters During Chl orine D oxide Use '

ltem

WAt er Treated (M3D)
Raw Chem cal Doses (ng/l)
PAC

Coagul ant
Ccao

Pol yner

Pre- and Post-Filter Chem cal

Doses Conbi ned (ng/l)
CaOo

I\ /\ /\

O Regitghen(mo/!)

Settled J

Pre-Filtered
Filtered?
Fi ni shed

pH
I nfl uent
Pre-Filtered
Fi ni shed

Tenperature (deg. C
Alkalinity (nmg/l as CaCOV‘)

I Nnf |l uent
Settl ed
Fi ni shed
Turbidity (NTU)
I nfl uent
Fi ni shed
Col or (C U.)
I nfl uent
Settl ed
Pre-Filtered
Filtered
Fi ni shed
Col i form Count (#/100m)
Ri ver
I nfl uent
Pre-Filtered
Filtered
Fi ni shed
DI st ri buti onmn .
Di stri buti on Standard Pl ate Count

Quantity
8. 43(0.91)

3.5(2.70)
126( 27. 09)
23(19. 84)
0. 4( 0. 10)
a-)

1.2(0. 72)

31(19. 52)
8. 1( 3. 32)
1.5(1.37)

-)
-)
4( 2. 49)

7(1. 26)
9( 0. 94)

NWEQQ

6. 4(0. 19)
8.6(1.11)
7.8(0.51)
18( 6. 42)

17(5. 78)
5(1.43)
22(5. 18)

9. 0(6. 41)
0. 6(0. 25)

184( 50. 13)
10( 3. 86)
12(5. 53)
4(1.53)
3(1.33)

>440(244)

>191( 205)

<1.3(1.19)
<1(0) .
0)A
<1.2(0. 35) -7
>128(145. 87)
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Table 4.8 (Conti nued)

a. Al results are calculated from nonthly averages unl ess

ot herwi se not ed. The results shown for each item are the
average value wth the standard devi ati on in parentheses.

b. Due in part to the poor quality of the raw water, vari ous

chem cals are changed fromtinme to time, such as using
ferric sulfate for a few days i nstead of alum or using
G~ rather than CIQ2 for one day, etc. These small
nmoai cfi cati ons are negl ected hefe for the sake of
sinplification.

c. dj residuals listed are actually total oxidant (free and

d.

f.

g. ’

combined C12 and 1/5 CI2), neasured by plant personnel

using a DPD titrimetric t hod.
Influent' refers to sanples taken pre-flash m x.

Settl ed sanples are taken from settl ed water before
pre-filter chem cal addition.

Pre-Filtered' refers to sanples taken on top of the
filters (after pre-filter chenicals).

Filtered" sanples are taken after post-filter chem cals
ar e added.

"Fi ni shed' sanples are taken post-clearwell.

"River' sanples are taken directly fromthe raw water

sSour ce.

Maxi mum count for any one nonth is <1/100 m except
10/ 83, where the nmaxi mum count is 2/100 m .

Data is available only for 9/83 through 6/84, excluding
1/84. Data is fromsanples taken at Hickory 7-11, Indian
Ri ver, and Deep Creek (|l ocated about the sane distance
fromthe water plant as Indian R ver). Average nunber of
sanpl es taken per nonth is 67 for coliformcount and 45
for standard pl ate count.

Maxi mum col i form count for any one nonth is <1/100 m
with the foll owi ng exceptions: 9/83 —9
10/ 83 — 60

11/ 83 — 2
12/ 83 —1
2/ 84 — 27
6/ 84 — 3

Though confirmation tests were not nmade, water treatnment
pl ant personnel believe these results to be correct.
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in the distribution system especially at the extreme ends. -
The water |eaving the treatnent plant does not seemto be

stabl e enough to carry a free dj or OQ residual to the end
of the system at the ) and GG dosages enployed. A higher

dose, however, woul d probably result in higher TTHM val ues, and

as a result, the operators try to mnimze the use of Cg.
Unfortunately, disinfection of the water may be suffering. The

probl em m ght be sol ved by adding chlorine and/or chlorine
di oxi de at some point in the distribution system such as a

booster punp station.

3. THMTOX C X Results
THM TOX, TOC, and disinfectant doses and residuals

are shown in Table 4.9. The data were collected in the nmanner

described for Chester Metropolitan above. Several observations

are nmade fromthis data:

- The O (2 added at the raw water punp station is reduced
toonly atrace by the tinme the water reaches the

treatment plant.

- About 50%of the raw water CI (2 dose appears as CL02~ in
the rapid m x.

- The water entering the filters still has a high

oxi dant demand, as evidenced by the sometines |arge
di fferences in oxidant dose and residual within the few

mnutes required for filtration.
A2r AQ, and €102" residuals seemto he fairly stable

inthe distribution system decreasing slowmy with tine.
- A8MAg A°RM "M produce TTHM

Cl @ produces TOX
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Table 4.9

Locati on

Raw Wat er
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984
Post Raw
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984
Rapid M x | nfluent
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984
Settl ed Wat er
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984

Chesapeake,

Resi dual Oxi dant and Hal ogenat ed

Fr ee
Chl ori ne"

Dose/ Resi dua
(ma/ 1)

0/ 0-
0.0/ -
0.0/ -
0.0/0.0"

0/ -
o/ -
o/ -
o/ -

©ooo

o/ -
o/ -
o/- .
.0/0.0®

ocooo

.0/0. 18*'
.0/ -

of?)//b.io'b'@

Ll eNe)

Va

"

Dose/ Resi dua
| ma/ 1)

0.0/ -
0.0/ -

0.0/ -
0.0/0.0® i

A
o
2. 26/ -
.3/ -

O

N

0.0/ -
0.0/ -
0.0/ - .
0.0/0.08

0.0/-
0.0/-

0.0/-~
0.0/ 0®

Organics Results

Resi nual
(na/ 1)

0. 14

P17

TOC
(my/ 11

26.
26.
24.
33.

NFE oo

28.3

10. 6

11.9

CHO ,
i nZl |

o o o~

TTHM
isigzii

o o o~

TOX
tug/l)

280
50
55
103

462
280
280
310

186

210
144

TERM '
THM

iligzl

2080

1863

2180
1790
1721

730
1082

TERM
TOX

6250
4850
4670-

6230
5190
4760

1420
2860
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Table 4.9

Locati on

Pre-Filter
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Oct 10, 1984

Filtered Water
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984

(conti nued)

Fr ee
Chl ori ne®
Dose/ Resi dual
(no/ 1)

.0/ -
0/0. 42
0/0 07
0/ -

como

0/1 14
0/0 14

2
o/3 07™

ooon

Fi ni shed (Tap) Water

Jan 18, 1984
Apr 9, 1984
July 25, 1984
Oct 10, 1984

Hi ckory 7-11
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984

G eat Bridge
Jan 18, 1984
Apr 9, 1984
July 25, 1984
Cct 10, 1984

0/0 1
.0/0 12

oz 4%

oooo

o/ -
o/ -
o/ -
o/1 94®

cooo

0/0 6
o/ -

0/ -

0/2 25®

eooee

Dose/ Re' Si dual

PN R

NN W N

o O O o

o O o o

aoe®e

(ma/ 1)

.0/ -
, 0/ 0.
.0/0.
.21 -

.0/ 1.
,0/2.
.0/ 1.
.4/ 0.

.0/ 2.
.0/3.
.0/ 1.
.0/0.

.0/ -
.0/ -
.0/ -
.0/0,

.0/0.
.0/ -
.0/ -
.0/0.

137

06

74
22-
327

28
o4

33®

25@
04

23®

€10,"®
Resi aual TOO
(mo/ 1) (ng/l)
62M" 8.0
68® -
11.5
7.8
o® 5.6
25 11. 6
o®
99
94
.42

CHA
fug/l T

32

43

66
52
74
92

79
48
77
95

TTHM
(ual 1)

33

54

69
55
85
115

85
51
89
120

TOX
(ua/l)

250

213
272

358
220
418
468

453
320
443
540

TERH°
THM
(uag/ 1)

600

term?
TOX
{uqg/ D

1780

00
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Table 4.9 (Conti nued)

re
Chl orine aon ao '» '
i ocat i on Dose/ Resi dual Dose/ Resi dual Resi aual TOC 3 TTHM TOX IEEM IcE>xRM
j (gl 1) imJd.) ijnszl aL%}ql [7glJd.) | vazii | uazil
I ndi an Ri ver
Jan 18, 1984 0.0/0.4 0.0/0.10
Apr 9, 1984 0.0/0.0 0.0/0.4 poy 5 760
July 25, 1984 8 8/ ? 4 ;\ 8 8/ 8 8 102 120 467
Qct© 10, 1984 .0/1.35 .0/ 0. 09® 1.40 129 167 574

Val ues obtained fromwater plant personnel unless otherw se noted.

b. Questi onabl e val ue.

T AL S 1 e !l e O 11 i et

d. Dose is nonthly average.
(L. measurements (except as noted ofherwse) made using Aeta method. C1- and G0, measurenent made using Aleta method,

g. No free Cl- residual present after 7 days.
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Cl Qg does not reduce TERM THM or TERM TOX, at |east at

| ow C Qg dose/ TCC rati os.
Sedi ment ati on reduces TERM THM TERM TOX, TOX, and TOC by

about 48% 56% 46% and 66% respectively. Al of these
reducti ons, however, are extrenely variable with the
exception of TCC.

- Using the present treatnent schene, the TTHM
concentrati on approaches and soneti nes exceeds the MCL in
the distribution system The TTHM and TOX concentrati ons
in the far ends of the distribution system are about 14%

and 26% respectively, of the settled water term nal

val ues.

Cc

Furt her discussion of these comments is made in » bel ow

4. Cost s

The cost of using QO is presented below and is
conpared with the total cost of providing water to the public.
The results shown cannot be conpared directly with the other

two water treatnment plants since the savings resulting from

using less Cl2 cannot be accounted for due to insufficient
information available for operation prior to the use of Q.

The data used are fromrecords and conversations with utility

personnel unl ess ot herw se noted.

Data: Average dai | consunptl on of NaCl02 = 300 |b. of

59 sol uti

Aver age_dai consunption of d, for generation of ClO« =
el &S 10 s Ea <
Average daily consunption of v/ater = 8.43 MG

Cheni cal Costs (as of 7/84):

NaC102 = $1.60/1h. pure
$0. 185/ | b. '\gbm 1 ton C}lllnders —price from

da{a for Chester tropolitan
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Ot her costs:

Labor = $21, 000/ year (from study of Chesapeake water
treatment plant by Ml colm Pirnie Engi neers, Apri
1983)

Capital costs for generators:
CGenerator at Raw Water Punp Station = $2, 000
Generator at WIP = $8, 000

Capital cost for bul k storage of NaCl0, = $80, 000 -
10, 000 = $70,000 (from study by MalcolmPirnie
ref erenced above).

An anortization period of 20 years at an interest rate of 10%
conpounded annual ly is assumed for these capital costs. Thus,
t he annual cost of the capital investnment is as follows:
($2,000 + $8,000 + $70, 000) (A/ P, 10% 20)
= ($80, 000) (0. 1175) = $9, 400.

2 Cost = (300 Ib. NaCl02 @ 25% (0. 25)($1.60/1b.)

+ (280 I'b. C12)($0.185/1b.)
+ f$21, 000/ Yr +$9,400/yr.)fl yr/ 365 days)

(8.43 M) (10" 1000 gal ./ M3

($120.00 + $51.80 + 83.29)
8430 1000 gal .

$0. 0303/ 1000 gal .

Thus, the largest incremental cost of CIQ2 is the purchase of

NaC102. The cost of CI Q2 shown above is |ower than that for
Chester Metropolitan or Lancaster County due in large part to

t he purchase of Nad G in bulk.

The average cost of providing water in Chesapeake is

shown in Table 4.10. Neglecting the difference between water

sold and water treated, the economc inpacts of CO' on
chem cal cost, treatnent cost, and total costs are 12.63%


NEATPAGEINFO:id=3B9E0361-99A1-4264-B110-0C794D13BBEE

NEATPAGEINFO:id=27054AD5-69A9-47F0-A129-E0A53AEEC92F

NEATPAGEINFO:id=19A65392-EBDA-4CAD-ABC7-EFCAF57039EF

NEATPAGEINFO:id=CEC42612-F138-458D-B826-1B15000523CA


Tabl e 4.10 Chesapeake, Va.

Cost of Water

Item

Tr eat nent

VWAges 0.
Chem cal s 0.
El ectrical (incl.

di st. system 0.
M sc. 0.
Debt retirenent 0.
Tot al

O her costs (adnministrati
neter reading, etc.)

Gr and Tot al

20
24

11

06
59

on,

Cost ($/ 1000 gal,

sol d)

72
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2.53% and 1.37% respectively.

The average residential custonmer uses 6,700 gal ./ nonth.
The cost of CI (2 use per water connection per year is therefore
(0.0303/1000 gal .) (6,700 gal./nmonth) (12 nont hs/year) = $2.44.

Agai n, the cost of O treatnent is negligible.

E. General Discussion and Com pari son.

A summary conpari son between the three water treatnent
plants studied is given in Table 4.11. The quality of the raw
water with respect to precursor content varies greatly from
pl ant to plant —Chester having the best quality and
Chesapeake havi ng the worst.

Al'l three treatnment plants modified their treatm ent
process in the sanme way to control trihal omethanes. The
chlorine added to the raw water v;as replaced with chlorine
di oxi de, the chlorine addition point was moved downstream of
t he sedi nentation process, and | ess chlorine was added. The
sedi nentati on process was then able to renmove nmuch of the
precursor material before it could react with chlorine (Table
4.11). The percent reduction in TERM THM was hi gher bug on the

sane order of magnitude as that found by Singer, et al. They

found a 42% reduction for sedi nentati on and a 54% r educti on for
sedi nentation and filtrati on conbi ned for water treatnent
plants in North Carolina. They also reported the follow ng

correl ati on between raw water TOC and TERf'I|l THM

Raw TERM THM = (64.63) (TOC Raw) + 9.84 with
r = 0.844 and n = 53.

The data for these three raw waters agree with this producing
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Table 4. 11

Jtm Chest er
Raw Wat er
TOC (ny/ 1) 7
TERM THM 5ug/ 1% 360
TERM TOX (ug/ 1 1300

Oxi dant Dose Before/After aoy)
CIO5 nP 0/0.7 ~
(gl

11.5/3.9
% Reduct| on by Sedi nentation
oC (nmo/ )

57
TERM THM (ug/ 1 54
TERM TOX (ug/1 53

Fi nished Water (Before/After d Q")
Color (C. U.) 0.09/0. 35"

Chlorine vs. Chlorine D oxide'

| “ancast er

16
880
2900

0/3.2
13.6/8. 2

69
66
73

0.2/0.2

0.08/0. 07

0/0

---14.9
290/ 110
890/ 290
3.0/1.4

---/0.2
--/12.3

0/ 0®
310/ 150
930/ 270
0.9/0.4
---/01
--12.2

Turbidity (NTU) 0.19/0. 41
Manganese
Vh")
Col i T or m Count
/100 n13 0/0
---12.49
TTHI\/f‘ u;;/l ---140
U ---/190
g /ﬂ 1.6 VI. 4
1] Sl co
C|O\ A (ng/ ---/0.3
Di stribution System
OollformCm)J/m (Bef ore/ After c @)
#/ 100 m) 0/0
TTHWA (ugl/ 1) ---180
TOX® (ugl'l ---1220
a. A (ngll 0. 8V0. 4
a oA, rTg/IP ---/0.0
ae (my/l) ---10.2
C10, Cost
A($/ 1000 gal .) 0. 0352

0. 0747

74

Chesapeake

28
1800
5300

1 1
~ ~

oo N
P~

66
48
56

-13
—4—0 6

0. 0303

a. All_datq.takepn fromtreatnent plant records unless

b, Restuéatlr% L}nq en onlhyé from daE gd

ess ot no

me?ﬁur eglatbay UNQ resear ch

Lotermttent m)n|t0r| ng only and may not represen t the

c. Data taken fromtreatnment plant records.
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Table 4.11 (continued)

h.

VR P8 QM o' Ohe ARt TRORT 1§ Mty excent
In 8/84 several di strlb tion sgtt em 6a}nlpl es were
O51 bhieor Y81 A08 G0l LORMPROD o -

1S <
. Maxi m;hmtchol | foqung V&onugnte )Icoerptain nsone rg}%tgh s 91/ 100 m

10/ 83 ~ 60
11/ 83 —2
12/83 —1
2/ 84 ~ 27
6/ 84 — 3

This asnarg%lsef\_m%a;%leln &tl Lhe gs)ttom of the filter rather

Dfalt at rsahtqv\c/)nn for Lancaster includes sedi nentation and

75
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the follow ng correlations by |inear regression analysis:

Raw TERM THM = (GOL(TOC Raw) - 25
withr =0.94 and n == 12

and

RAW TERM TOX = (172) (TOC Raw) + 150
with r =0.91 and n = 12

Thus, TOC appears to be a good surrogate measurenent for TERM
TOX as well as TERM THM

Referring to- the finished and distributed water
characteristics [isted in Table 4.11, the "chlorine treatnment
scheme" can be conpared with the "chlorine/chlorine dioxide
treatment scheme". Using chlorine dioxide and chlorine,
turbidity and color removal at Chester are not as good as that
viith chlorine alone. Turbidity removal at Lancaster, however,
I's the same for both G and GO, but manganese removal is not
satisfactory under either nethod (M MCL = 0.05 ng/1).

Wien conpared with raw and finished water TOC, the

col Iformcount under C1Q2/CI2 treatnent inproves as the TQC
decreases. This could be due to less oxidant demand, |eaving

more oxidant available for disinfection, and to |ess
bi odegradabl e organi cs capabl e of supporting mcroorgani sm
regrowth in the lower TOC water.” Also, the poorer

disinfection associated wth the CCG2/Cl2 scheme (conpared to
(12 alone) may be nore a result of using less disinfectant
(QQ and C12) than is needed, in an effort to control

trihal omethanes, rather than a disinfection limtationof GQ.
Referring again to Table 4.11, the TTHH and TOX

concentrations in the finished and distributed water have been
| owered dramatical [y by using a G Q2/C2 treatnent strategy.
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Referring to Tables 4.2, 4.5, and 4.9, it can be seen that 4Q
produces sone TOX but does not formTTHM At the | ow oxi dant

to TOC and G'Q to Q1 ratios present in the treatment plants

investigated, G (2 also does not reduce the TERM THMof the
water. This contradicts the findings of MItner, who worked

wth [ow TOC waters (TOC" 1.8 ngy/l). A"

About 50%of the raw water Cl(2 dose appears as C102~ in
the rapid mx. This agrees well wth the findings of

S ao - . . .
ot hers. This G residual is fairly stable throughout
the treatment process and distribution system Table 4.11

reveals that the use of CI(2 as a pre-oxidant and disinfectant
at Lancaster and Chesapeake requires that a rather |arge amount

of CIQ2 he added to the raw water to attain the desired |evel
of treatment. This results in stable "oS concentrations in

the distribution systemwhich exceed the recomended ML of 0.5
my/ 1.7

Finally, the cost of C1(2 treatnent has not been found to
be prohibitive (Table 4.11). The controlling factors for

determning the cost of using GQ are the anount of NaQ(Q
used and the bulk quantity in which it is purchased. Since
this varies with the dose required and the generation method

used, the cost of C1C2/1000 gal. Is extremely variable and not
easi|y conpared fromplant to plant. Wen conpared to the

total cost of providing water to the consumer, however, the
cost of chlorine dioxide treatment is generally not significant.
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V. Concl usi ons and Recommendati ons

Chlorine dioxide is a good oxidant and disinfectant. It
does not formtrihal onmethanes and can be used quite effectively
and economcally as an alternative to free chlorine to treat

waters with a | ow to noderate TOC concentrati on.

In waters with a high oxidant demand and hi gh THM
precursor content, chlorine dioxide should be used with
caution. H gh doses of chlorine dioxide may be required to
stabilize and disinfect the raw water, resulting in high
residual chlorite concentrations and high chemcal costs.

Lower O O, doses may give inadequate disinfection. Also, if

| ow chlorine doses are used in post-disinfection in an effort
to further reduce trihal omethane formation, this may further

conprom se di sinfection.

It is recomended that waters having a high concentration
of TOC, nmanganese, and/or iron be treated first with an
oxi dant/al gi ci de such as potassium permanganate. This oxidant
w |l oxidize the iron and manganese and allow them as well as
a major portion of the TOC, to be renoved in the coagul ation
and sedimentation processes. Chlorine dioxide can then be
added on top of the filters to maintain strong oxidizing
conditions and to begin disinfection of the water. Finally,
free chlorine can be added for post-disinfection, if necessary,
before the water enters the clearwell or distribution system
This scheme will reduce the anmount of chlorine dioxide and
chlorine required, thereby reducing chlorite residuals, TTHV
formation, and overall chem cal costs. Lastly, the quality of
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the finished water will not be conprom sed, especially with

regards to disinfection.

It is recommended that field research be conti nued on

di sinfection with chl ori ne di oxi de al one and with chl ori ne

di oxi de conmbined with chlorine, especially in high TOC waters.

This research should i ncl ude an eval uati on of the bi ocida

effects of these disinfectants agai nst viruses, spores, and

cysts as well as against bacteria.
33

It is also recommended that MItner's research on the

removal of THM precursors by CIQ2 be continued under controlled
conditions in the |aboratory to include waters of varying TCC

The study of TTHM formation as a function of C*r CQ2, CLO2~r

and TOC under controlled | aboratory conditions may lead to a

better understanding of the nmechanism involved in THM precursor

renmoval by Q.


NEATPAGEINFO:id=1C06549E-A1D6-4FF9-8EF5-2490A4C5E1DE

NEATPAGEINFO:id=9083CBA0-ED9F-42C3-9F1D-83AA8C6F106E

NEATPAGEINFO:id=4E067BEF-2E0D-475B-8D90-5A20FBAFCD67

NEATPAGEINFO:id=F432A8E2-758F-4421-BF6D-D2F99C98B16B


REFERENCES

Rook, J. J., "Formation of Hal oforns During Chlorination
of Natural Waters," Journal Water Treatnent Exam.
Vol 23, No.2 (1974)

Synons, Janes M, Bellar, Thomas A, Carswell, J. Keith,
DeMarco, Jack, Kropp, Kenneth L., Robeck, Gordon G,
Seeger, Dennis R, Slocum Cois J., Smth, Bradford
L., and Stevens, Alan A, "National O ganics
Reconnai ssance Survey for Hal ogenated Organics,"

Jour nal Anerican Water Wirks Associ ation, Vol. 67,
No. 11 (Novenber 1975), pp. 634-647.

Singer, Philip C, Barry, Janes J., Ill, Palen, Genn M,
and Scrivner, Alan E., "Trihal omet hane Formation in
North Carolina Drinking Waters," Journal Anerican
Wat er Works Associ ation, Vol. 73, No. 8 (August
1981), pp. 392-401.

The National Organics Mnitoring Survey, U S E P. A,
Di vision of Technical Support, Ofice of Water
Supply, 1977.

Bull, Richard J., "Toxicol ogical Problens Associated with
Alternative Methods of Disinfection,” Journal
Ameri can Water Works Association, Vol 74, No. 12
(Decenber 1982), pp. 642-648.

Federal Register, Washington, D.C., Ofice of the Federal
Regi ster, National Archives and Records Service,
CGeneral Services Adm nistration, Vol 44, No. 231
(11/29/79), pp. 68624-68707.

Federal Register, Washington, D.C., Ofice of the Federal
Regi ster, National Archives and Records Service,
Ceneral Services Adm nistration, Vol 43, No. 28
(2/9/78), pp. 5756-5780.

Federal Register, Washington, D.C., Ofice of the Federal
Regi ster, National Archives and Records Servi ce,
General Services Adninistration, Vol 48, No. 40
(2/28/83), pp. 8406-8414.

Synons, Janes M, Stevens, Alan A, dark, Robert M,
Gol dreich, Edwin E., Love, 0. Thomas, Jr., and
DeMar co, Jack, Treatnent Techniques for Controlling
Tri hal omet hanes in Drinking Water, Cincinnati, OChio,
US EPA, Ofice of Research and Devel opnent,
Muni ci pal Environmental Research Laboratory,
Drinki ng Water Research Division, Septenber 1981.

80


NEATPAGEINFO:id=E97394B9-7E21-47A1-8D22-76FA343EC8FD

NEATPAGEINFO:id=9C80BB9A-FBA8-4F59-99D9-06C4B4F6B788

NEATPAGEINFO:id=93A1DE5F-09F9-418F-A87C-7F3317690118

NEATPAGEINFO:id=900618B9-27DF-4EC6-9D9C-AC76E55B1F92


10.

11.

12.

13.

14.

15.

16.

17.

81

Carswell, J. K, Cark, RM, Dorsey, P., CGeldreich, E E
Hef fernan, WP., Hoff, J.C, Love, OT. Jr., MCabe,
L.J., and Stevens, A A all of the US E P. A,

O fice of Research and Devel opnment, G ncinnati,
Chi o, Ozone. Chl orine Dioxide® and Chl oram nes as

Al ternatives to Chlorine for D sinfection of
Drinking Water —State-of-the-Art. Conpiled by J. M
Synons, published in Ozone and Chl ori ne Di oxi de
Technol ogy for Disinfection of Drinking Water, ed.
by J. Katz, Park Ri dge, New Jersey, Noyes Data

Cor poration, 1980.

Gll, RJ., "Chlorine D oxide An Overview of its
Preparation, Properties and Uses," QOzone/ Chlorine
Di oxi de Oxi dati on Products of Organic Materials, ed.
by Rice, Rrp G, Ph.D. and Cortruvo, Joseph A,
Ph.D., Syracuse, N. Y., Syracuse Lithographing Co.,
1978, pp. 356-382.

Benarde, Melvin A., Israel, Bernard M, divieri, Vincent
P., and Granstrom Marvin L., "Efficiency of
Chl orine D oxide as a Bactericide," Applied

M crobi ol ogy. Vol. 13, No. 5 (Sept. 1965), pp.
776-780.

Granstrom Marvin L. and Lee, G Fred, "Generation and
Use of Chlorine Dioxide in Water Treatnent," Journal
Aneri can Water Wor ks Associ ation. Vol 50, No. 11
(Nov. 1958), pp. 1453-1466.

Mller, GW, Rce, RG, Robson, CM, Scullin, RL.
Kuhn, W, and WIf, H of Public Technol ogy, Inc.,
Washi ngton, D.C., An Assessnent of Ozone and
Chl ori ne Di oxi de Technol ogi es for Treatnment of
Muni ci pal Water Supplies. G ncinnati, OChio,
US EPA, Ofice of Research and Devel opnent,

hgnécipal Environnental Research Laboratory, August
1978.

Sussman, Sidney and Rauh, Janmes S., "Use of Chlorine
D oxide in Water and Wastewater Treatnent,"”
Ozone/ Chl ori ne Di oxi de Oxidation Products of Organic
Materials, ed. by Rice, Rip G, Ph.D. and Cortruvo,
Joseph A, Ph.D., Syracuse, N Y., Syracuse
Li t hographing Co., 1978, pp. 344-355.

White, Geo. Cifford, Handbook of Chlorination. New York,
Van Nostrand Rei nhold Co., 1972.

Masschel ein, W J., Chlorine D oxide; Chenistry and

Envi ronment al | npact of Oxychl ori ne Conpounds, ed.
by Rrp G Rice, Ann Arbor, Mch., Ann Arbor Science
Publ i shers, Inc., 1979.


NEATPAGEINFO:id=49F643C6-75F4-4E06-B693-6642430AFAA7

NEATPAGEINFO:id=83B49548-2662-4F08-A294-4B5E20BF4156

NEATPAGEINFO:id=94D5233E-C3EF-4ACF-A307-25842614464D

NEATPAGEINFO:id=64148A01-85D5-45E5-B6F7-8A697B65F4BC


18.

19.

20.

21.

22.

23.

24,

25.

26.

21.

82

Rosenbl atA, Davi d H. Ph orrn xr de: . Chem cal

0, PQB%CB' Proper 9%? Z0 t |Qe Qrox de
g?ggrgrgeﬁ Y Syracuse %?hp Rg" 158"
Feuss, éanesv "ProFle ms.in Determnation (3?8 rne
B e Ao T g Ve e
Al eta, Marco, Raberts, Paul V. ¢ &nd Hern ndez
r?r il i Eogongt Qo B,
rnru%er)r/ \i@;%’ I’kS6 %)craron {}0| 8 H
\Weast, Robert C Ph.D., editqr-in-¢ {r}zd&%o
RIS . and s i, oo T i OFF

A eta, Lgiﬁrnesto rfco, theNF[ tics of Chl rrréeUDroxrdet
nBrab sep{at Orer gre)r/r 19§ ant or niVersity,
e

Safe Drinkin r Board on Toxi c?I EQY and
%nvrr a iaré)s Asse Bhakrn Wit &1
g Tearth, {/'P”a P\%grngt s o N ond
aderry ress 19
Noack, Nhnf red G nd Doebr chhar hﬁ "Reactions of
orr orrn oxr ures ereof with
ik C{rdonAnErlr\r/] Fonm ealorl a nd alth
@lgr{rénaaﬁl A qb b ’(T)Pfj|f‘ Ann or,
cﬁ An Rr or ren nc P97 9%9
Aleta, E. Mrco and Roberts P%ul "Ch or ne. Drpxr de
ttrry rar n and Resi ual

nErgS grn &Qoeusﬁrch Anhﬁrbo EBP ers

T
Mhssche red ns’e Vgiﬁnerﬁ?r l en X ?r 98' b“ngre%g QXngﬁr hQr
rican [ !
anuary D

o
(ks gcra on,
Mrhrstad, J.A and Sandal, J.E, "Behavi or and
m naf |

s R 0


NEATPAGEINFO:id=45A5C0D1-33F6-4BC2-9C1B-080632EF3138

NEATPAGEINFO:id=48DC4349-512D-4499-9F1B-586BEB041902

NEATPAGEINFO:id=D97AF460-6097-4711-A2B9-20EFA69EC35F

NEATPAGEINFO:id=4FAE5312-2A82-4247-BAC5-849DD0EF34A9


|, of
n?%gfnpmm er

V

"

i ficance
PpL “ho.

&ES

Il

e

itiore

L
an
3!

i
il

29, Stevens, Al
ce
yraky

28. Giffin%At
?p

O. a_wum

Y
| orine

€

lvated
198

A
Lorine

al d B
| Ve

;

%Pn

esl's,
h
1

Do

i3

3

f
h
5’,

Sug
P
C

a
L

" P'I Cl

i

3

0

1
PrV(}dCuctsI 0
| H
f

and
ory,

1

| er

ure

g

In d
V
{

kb

ol a
;
Fogy.

F

nd O

e

[
nna
er
110

;

M
ec
i
ttil 0
ape
i
4

Ay

36. Benarde? .


NEATPAGEINFO:id=266472CE-6E42-4652-BE2A-B5EA38839966

NEATPAGEINFO:id=61B909A1-2D62-4DA1-82D6-C07F44C9DA4F

NEATPAGEINFO:id=0CFB13B5-3C30-4B04-8402-00CD068EBA78

NEATPAGEINFO:id=6EEBCD23-C0D6-4AC9-A21B-DFAD40D31691


37,

38.

39.

40,

41.

42.

43.

44,

45.

46,

Benarde, Melvin A., Snow, W Brewster, Qivieri, Vincent
P., and Davidson, Burton, "Kinetics and Mechani sm of
Bacterial Disinfection by Chlorine D oxide," Applied
M crobi ol ogy, Vol. 15, No. 2 (Mar. 1967), pp.

257-265.

Cronier, S., Scarpino, P.V., and Zink, ML., "Chlorine

Di oxi'de Destruction of Viruses and Bacteria in
Water," Water Chlorination; Environnental |npact
and Health Effects. Vol 2, ed. by Robert L. Jolley,
Hend Gorchev, and D. Heyward Ham Iton, Jr., Ann

Arbor, Mch., Ann Arbor Science Inc., 1978, pp.
651- 658.

Aieta, E. Marco and Roberts, Paul V., "Disinfection with
Chlorine and Chlorine Dioxide," Journal of o
Envi ronment al Engi neering, American Society of Cvil
Engi neers, Vol . 109, No. (August 1983), pp. 783-799,

Safe Drinking Water Conmmittee, Board on Toxi col ogY and
Envi ronnental Heal th Hazards, Assenbly of Life
Sciences, National Research Council, I nki ng Wt er
and Health. Vol. 3, Washington, D.C, Nationa
Acadeny Press, 1980.

G eenberg, Arnold E., "Public Health Aspects of ,
AlTernative Water Disinfectants," Journal Anerican
Water Works Association, Vol,73, No. 1 (January
1981) , pp. 31-33.

Safe Drinking Water Comm ttee, Board on TOXICO|Og¥ and
Environnental Health Hazards, Assenbly of Life
Sci ences, National Research Council, Drinking Water
and Health, Vol. 4, Washington, D.C, National
Acadeny Press, 1982.

(Eeenberq, Arnold E., editorial board chairman. Standard
Met hods for the Exam nation of Water and Wast ewat er,

Washi ngton, D.C, American Public Health
Associ ation, 15th Edition, 1981; includin? t he
foll owi ng supplement: Selected Analytical Methods
Approved and Cited by the United States

Envi ronnental Protection Agency.

Pre- Ozonati on and Al um Coagul ation to Contro

Organic Halide Precursors, University of North
Carolina at Chapel Hll, Ph.D. D ssertation, 1984.

ReckhomH:David A, Oganic Halide Formation and the }Be
o

Sistare, Hi ke, Lancaster County Water and Sewer
Authority, phone conversation on July 8, 1985.

Mrris, Jim Gty of Chesapeake, Va., phone conversation
on July 8, 1985.


NEATPAGEINFO:id=6B956575-DDDF-4C3B-8D0E-4C086C1F7C63

NEATPAGEINFO:id=B166D97B-C6CA-4960-B79E-47D28D0177A8


