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EVALUATION OF DIFFERENT POWDERED
ACTIVATED CARBONS IN THE CONTROL OF CHLORITE ION

by

Robert M. Mitchell
Dr. Robert C. Hoehn, Chairman
Environmental Engineering

(ABSTRACT)

Twelve different powdered activated carbons (PACs) were screened under
laboratory conditions to determine their performance in the removal of chlorite ions
(ClO3) and in the production of chloride ions (CI°) and chlorate ions (ClO3) during
that removal. All screenings were conducted in reagent water, at pH 7.0 £ 0.2 pH
units, with a standard concentration of 20 mg/liter of powdered activated carbon
(PAC) added in each case, and with the process and samples protected from light.
One set of screening experiments was conducted with both ClO; and chlorine added
with the PAC, while the other set contained only ClO; and PAC. The chlorine and
ClO; were added to concentration levels which might be expected in disinfection
practice in water treatment plants.

Periodic samples were drawn as the mixtures were stirred over a 24 hour
period. Each sample was analyzed for Cl-, ClO;, and ClO3 concentrations utilizing
ion chromatography. All PACs were found to reduce ClO; to Cl-, and ClO3 was
never detected when chlorine was absent. The data provided no consistent
significant evidence of ClO3; formation even when chlorine was present. The rate of
ClO; removal was most rapid in the first two hours of contact, but slowed to rates
below 6 percent per hour after 4 hours of contact. Rates of ClO; removal varied
with PAC type. The overall rate of ClO; removal was also slower, with the total

percentage of ClO; removal less, when chlorine was present in the mixture.
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Chapter I

INTRODUCTION

For over seventy years chlorine has been the potable water disinfectant of
choice in the United States, with over 99 percent of all municipal water plants
eventually selecting this chemical. In 1972, chlorination was associated with the
formation of trihalomethanes (THMs), which are organic compounds with three
substituted halogens that are formed by reactions between chlorine and certain
organics present in the raw water. These findings, coupled with many other reports
of THMs and other chlorinated by-products in drinking water, were major
contributors to the Safe Drinking Water Act of 1974. Later, in 1976, the National
Cancer Institute found that chloroform, one of the THMs, was carcinogenic in
laboratory animals.

The United States Environmental Protection Agency (USEPA) responded by
regulating THMs. The maximum allowable concentration of total THMs (TTHMs)
in finished drinking water is currently 0.10 mg/liter (mg/L). The USEPA further
recommended that those water treatment plants utilizing raw water with high organic
content consider the use of an alternate disinfectant.

Chlorine dioxide (ClO,) was recommended as an effective water disinfectant
which did not produce THMs. The EPA further advised that ClO, could be used
as a pre oxidant, alternative disinfectant, or supplemental disinfectant to chlorine. It
soon became obvious, however, that ClO, was not without its own problems.

During the water treatment process, ClO, was discovered to produce chlorite ion



(CIO3), chlorate ion (ClO3), and chloride ion (CI7). This led researchers to
investigate potential health effects of C105 and the known by-products.

Several potential health effects of concern have been demonstrated in
laboratory animals, the most serious of which involve hemolytic anemia and thyroid
effects (Condie, 1986). The few human studies referenced in this paper stated that
no significant health effects had been discovered. The USEPA, apparently not
agreeing with this perception, has acted upon the advice of the National Academy of
Sciences Safe Drinking Water Committee to currently recommend that the combined
total residuals of ClO,, Cl10O;, and C103 not exceed 1 mg/L in finished water (Pfaff
and Brockhoff, 1990). Action to lower these limits much further is currently in
process (Zavalata, 1992).

If ClO, dosages exceed about 1.5 mg/L this current limit cannot be met
(Gordon et al., 1990). With even more restrictive limits on oxychlorine residuals
expected in the near future, the utilization of ClO, as a drinking water disinfectant
will prove difficult unless other actions are taken to remove some or all of these
constituents (Regli, 1991). Previous studies by Oehler and Schuttler (1986), Orr
(1990) and Grabeel (1991) all suggested that treatment with PAC would be a viable
technique to remove C1O; from water.

This study focused on three major objectives. The first of these was to
determine the Cl10;-reduction capability of twelve powdered activated carbons. The
second objective was to evaluate the effects of chlorine on ClO; reduction and
Cl10O; formation. The final major objective was to evaluate several properties of the
carbons with a view toward possible explanations regarding the level of
effectiveness of each carbon in the removal of ClO;. The removal of ClO; by

PAC was of major interest, since some 70 percent of ClO, is oxidized to ClO;



during the water treatment process (Gordon et al., 1990). Any resulting production
of C103 during the process was also important, since the removal of C1O3 is not
possible by conventional treatment techniques.

Thg approach to meet these objectives was first to observe the removal of
ClO; and the production of ClO3 and CI- in a well-stirred jar of reagent water
containing ClO,, at pH 7 £ 0.2 pH units, with 20 mg/L PAC added in each case.
The next step repeated the experiment with chlorine added but all other conditions
held the same. The results of these two sets of experiments were then used to
screen the twelve different PACs under each of the above conditions to allow
comparison of the capability of several types of activated carbon. The final step
involved comparison of a number of PAC chemical and physical properties with the

ClO; removal capability of each PAC to determine if a correlation could be

suggested from the experimental data.



Chapter II

LITERATURE REVIEW

Background

Waterborne disease was a dire, ubiquitous health problem throughout the
world until the turn of the century when disinfection was first introduced to the
treatment of municipal drinking water (Bryant, ef. al, 1992). In the United States,
disinfection was probably the single most important factor in the control of typhoid
fever (National Academy of Sciences, 1987). The chemical initially used for
drinking water disinfection in this country was chlorine, with the first successful
installation at the Bubbly Creek Filter Plant in Chicago in 1908 to provide safe
water to the Chicago stockyards. Because of its oxidizing powers, chlorine was also
found to serve other useful purposes in water treatment, such as taste and odor
control, prevention of algal growths, maintenance of clean filter media, removal of
iron and manganese, destruction of hydrogen sulfide, color removal, control of
slime growths in distribution systems and main sterilization. Chlorine was also
found to be reasonably inexpensive, easy to apply, measure and control, and fairly
persistent (White, 1986).

In the seventy years which followed, chlorine became by far the predominant
method used for drinking water disinfection because of its potency and range of
effectiveness as a biocide, with over 95 percent of all municipal water supplies

being disinfected with chlorine. Even in countries where ozone is preferred,



chlorination has been almost universally employed in practice as an adjunct to the
ozone (White, 1986).

This state of affairs persisted without health concerns until the early 1970s,
when speculation about the effect of chlorination upon organic materials in drinking
water began to surface in the literature. In Europe, Kleopfer et al. (1972), Novak et
al. (1973), Friloux (1971), Grob and Grob (1974), Bellar et al. (1974), and Rook
(1974, 1976) reported the presence of organohalides in finished waters. Rook
(1974) and Bellar (1974) found that the chlorination of Rhine River water brought
about the formation of the trihalomethanes (THMs) chloroform, bromoform,
dibromochloromethane, and dichlorobromomethane, all chemicals which had not
been present in the raw water.

The U.S. EPA (1972) reported on the industrial pollution of the lower
Mississippi River and disclosed the presence of chloroform (a suspected carcinogen)
in the New Orleans potable water supply. The Safe Drinking Water Act (SDWA) of
1974 was prompted, in part, by these reports.(Gilbert & Calabrese, 1992).
[Research since that date has found many additional chlorine byproducts in drinking
water, both volatile and nonvolatile, some of which are carcinogens and some
mutagens (Rechow & Singer, 1990)]. In 1976 the National Cancer Institute
confirmed that chloroform had been found to be carcinogenic in rats. When this
was followed in November 1979 by the promulgation of the 0.10 mg/L. maximum
contaminant level for total THMs, the search for alternatives to chlorination was
intensified (White, 1986). The alternatives were found to be:

a. remove the organic precursors from raw water prior to chlorination.

b. remove the trihalomethanes from the water after they formed.

c. use an alternate disinfectant which did not produce THMs.



d. Optimize coagulation to improve THM-precursor reduction prior to

chlorination.

The use of alternate disinfectants was determined to be the most rapidly
implemented and least costly of the four choices. The other disinfectants considered
included ClO,, ozone (O3), chloramines, potassium permanganate, and ultraviolet
radiation (Bryant ef al., 1992). One of the alternative disinfectants proposed, which
received the recommendation of the U.S. EPA and a good deal of interest, was
ClO,.

Sir Humphrey Davey first produced ClO, in 1811 when he mixed

hydrochloric acid with potassium chlorate and observed the evolution of a greenish-

L]

yellow gas with a pungent aroma, which he named "euchlorine.

found to be a mixture of ClO, and chlorine (White, 1986). White (1986) also

This gas was later

reports that Watt and Burgess recognized in 1854 the bleaching action of ClO, on
wood pulp. Today, large quantities of ClO, are produced in the United States, with
the primary application being the bleaching of wood pulp; however, it is also used
in the textile industry for bleaching and dye stripping, with additional use in
bleaching flour, fats, oils, and waxes (Gall, 1978).

The first United States use of ClO, in water treatment was in 1944 at the
Niagara Falls Plant Number 2 to control phenolic tastes and odors which had been
produced by algae, decaying vegetation, and industrial waste contamination
(Sussman and Rauh, 1978). Granston and Lee (1958) reported on a survey of U.S.
water treatment plants believed to be using ClO,. A large majority (56) of the
plants responding reported using ClO, for taste and odor control, with seven plants

using it for algae control, three for iron and manganese control, and only fifteen

plants using CIO, for disinfection (White, 1986). In 1978, 84 plants in the U.S.



were using ClO,, but only the Hamilton, Ohio plant reported using the chemical
solely for disinfection (Miller, et al., 1978). A Wallace and Tiernan survey in 1981
recorded 260 installations in the U.S. which were using CIO, for potable water
(White, 1986). Sussman (1978) confirmed that the primary use of ClO, was for
taste and odor control in the U.S., but found that it was used mainly for disinfection
in England, Italy, and Switzerland.

The AWWA Water Industry Data Base (WIDB), (with data for those utilities
which serve over 50,000 people collected in 1989-1990, and with utilities serving
10,000-50,000 people surveyed 1991-1992), contains information regarding 1097
utilities, of which 703 use surface water, and 590 use ground water as a raw water
source. Of the 703 plants which use surface water, 69 use ClO, for pre-
disinfection/pre-oxidation, and another 16 use ClO, for post-disinfection. Of the
590 plants with ground water as a source, only three use ClO, as a pre
disinfectant/pre oxidant and only one uses it for post-disinfection (AWWA, 1993).

Chlorine dioxide is a strong oxidizing agent which reacts by electron
extraction from many organic and inorganic substances dissolved in water to
produce primarily C10; and Cl- ions (Rav Acha, 1984). Chlorine dioxide produces
a spectrum of oxidized products in the water, not the chlorinated products like those
produced when chlorine is used, and produces virtually no THMs (Symons ez al.,
1981). When CIO, is used in company with chlorine to treat water, the ClO,
greatly decreases the amount of THMs formed by the chlorine (Miltner, 1976;
Symons et al., 1981).

Chlorine dioxide rapidly kills most bacteria, viruses and algae present in
water (Ridenour and Armbruster, 1949; Rav-Acha, 1984). It does not react with

phenols to form chlorophenols or other compounds present in water which may



produce an unpleasant taste or odor (Aieta and Berg, 1986). Chlorine dioxide also

oxidizes iron and manganese ions in drinking water (Katz, 1980; Knocke et al.,

1987). Average dosages of ClO, in the United States range from 0.10 to 1.5 mg/L,

depending on whether the oxidant is used for pre treatment (removal of algae, Fe,

Mn, etc.) or for final treatment (disinfection) (Miller et al, 1978). The average

dosage in Europe ranges from 0.10 to 0.5 mg/L (Miller er al, 1978). Chlorine

dioxide does not readily react with ammonia, as does chlorine, but many waters can

exert a ClO, demand that results from the presence of background organic matter or

inorganic substances such as iron, manganese, and sulfides (Bryant ef al., 1992).
White (1986) summarized the advantages of ClO, for drinking water

treatment as follows:

1. "It is at least as effective a bactericide as chlorine, and in many cases is

superior."

"It is far superior as a viricide."

It does not react with ammonia.

It does not react with oxidized materials to form THMs.

"It reacts to destroy up to 30 percent of THM precursors present in raw water."

Its efficiency as a disinfectant is unaffected by pH in the range 6-10.

It is specific for the destruction of phenols and can destroy chlorophenols.

It does not react with water as other halogens do.

o ® N kWD

"It is superior at removing manganese and iron, particularly with complexed
compounds. "
10. It has been used successfully in removal of taste and odor problems.

11. Its residuals persist longer than those of chlorine in the distribution system.



Most of these are discussed more thoroughly in the following sections of the

literature review.
While there are many advantages, C1O, use is not without its disadvantages.

The following have been identified:

1. Both ClO, and its inorganic by-products have a number of potential adverse
health effects, as have been previously discussed.

2. Chlorine dioxide must be made on-site, due to its unstable, explosive nature.

3. It can produce several disagreeable odors at point of use (Dietrich ez al., 1992;
Hoehn et al., 1990).

4. Some production processes may produce free chlorine and thus the potential for
the formation of THMs.

5. The cost for water treatment is about five times the cost of chlorine.

6. If dosage is greater than 6 Ib/Mgal, ClO, can produce a metallic taste in water.

7. There are no reliable, rapid and practical tests for utility personnel to use to

evaluate and differentiate the three chemicals in treated water.

The Chemistry of Chlorine Dioxide

Physical properties

At room temperature, ClO, is as a yellowish-green gas which approaches
orange-red as its concentration increases. It is soluble in water as a true gas to a
concentration of 2.9 grams per liter at 229 C, but in chilled water its solubility
increases to 7 grams per liter (Gall, 1978). Gordon er al. (1972) indicates a
solubility as high as 70 grams per liter. It is normally used as an aqueous solution.

The melting point of ClO, is -590 C and its boiling point is 110 C. The density of



ClO, in the liquid form is 1.64, and at 0° C it exerts a vapor pressure of 500 torr.
Chlorine dioxide exists as a permanent free-radical monomer, with the chlorine-
oxygen bonds showing predominantly double bond characteristics (Gordon et al.,
1972). Chlorine dioxide is paramagnetic, and this feature allows it to be
differentiated from sodium chlorite in the process stream (Masschelein, 1979).

Chlorine dioxide in its liquid form is very unstable. It may explode in the
presence of bright light, physical impact, or upon coming into contact with organic
compounds. In the gaseous form, it is explosive above 10 percent in air if a spark or
other source of ignition is present (Masschelein, 1979). Chlorine dioxide is quite
safe in aqueous solution, although it remains a strong oxidizing agent.

Chlorine dioxide is a mixed anhydride of chlorous acid (HClO,) and chloric
acid (HC103):

ClO, + H,0 — HCIO, + HCIO; [1]

In neutral aqueous solution the dissociation constant is small:

[HC10,] [HCIO;]
[Cl0, ]

= 1.2 x107 (at 20° ©C) 2]

Therefore, most of the ClO, remains in the undissociated form in a neutral aqueous

solution.

Chlorine dioxide is light sensitive, reacting with light to generate other free
radicals which react through a variety of pathways to produce chlorine, Cl-, C10;,
and C103 (Masschelein, 1979; Gordon et al., 1972). Even in the dark, solutions of

ClO, at room temperature will decompose at a rate of 2-10 percent per day while

10



slowly becoming more acidic. If the solution is kept in a dark refrigerator at 20 C,

the rate decreases to less than 1 percent per day (Ingols and Ridenour, 1948).

Generation and Measurement of ClO,.

Chlorine dioxide can be generated by several methods, the choice of which
depends on the volume and purity needed (Gordon, et al., 1972). Large production
units for bleaching of paper and textiles generate ClO, from sodium chlorate
(NaCl0O3), while in most water treatment plants, ClO, is produced by the addition
of either a chlorine solution or chlorine gas to aqueous sodium chlorite (NaClO,).
The reaction between acid (either hydrochloric or sulfuric) and ClO; is sometimes
used to generate ClO, in smaller installations, and in the laboratory, with sulfuric
acid, to produce high purity C1O, (White, 1986).

The first system, in which theoretical maximum efficiency reaches 100
percent, utilizes chlorine to oxidize chlorite to ClO, in one of the following
reactions, the second of which produces the undesirable by-product chlorite (Aieta

and Berg, 1986):

Cl, + 2 NaClO, — 2 ClO, + 2 NaCl 3]

Cl, + NaClO, — NaClO; + HCl [4]

During the reaction shown by the first equation, 1.34 1b of pure NaClO, will react
with 0.5 Ib of chlorine to produce 1.0 1b of ClO,. The technical grade NaClO,
usually used in this process is only about 80 percent pure, so that 1.68 Ib would be

required if 100 percent yield is achieved (White, 1986). If the chemicals were

11



reacted stoichiometrically, the resulting pH would be close to 7, but the reaction
proceeds more favorably at a pH of less than 4.0. Excess chlorine is used to lower
the pH and drive the process further toward completion, but this can impact upon
the purity of the final solution, as can be seen from equation [4], which
demonstrates the production of the undesired C1O3 ion (White, 1986).

The concentration of reactants determines whether more ClO, or C1O3; will
be formed. High concentrations of NaClO, and either hypochlorous acid (HOCI) or
molecular chlorine will enhance the formation of ClO,. Feeding two to three times
the stoichiometric requirements of chlorine will result in high yields, but if too much
excess chlorine is added, the pH will be depressed and C103 concentration will be
increased. The presence of chlorine in the disinfectant solution is also undesirable
because this chlorine will produce THMs if organics are present (Aieta and Berg,

1986; Huebner, 1988).

The purity (P) of the production process is defined as the ratio of ClO, to

the total of all oxidative chlorine compounds (White, 1986):

= Clo, X 100% [5]

C102 + C12 + NaC102 + NaClO3

The second type of system, not as common in practice, adds acid to

NaClO,, and conditions are developed that encourage a disproportionation reaction.
The theoretical maximum efficiency of this system, however, is only about 80

percent. Essentially, 20 percent of the chlorite is sacrificed to oxidize the remaining

12



chlorine to ClO, (Huebner, 1988). The following equations describe the reactions

involved in this system:
4 HCl + 5 NaClO, — 4ClO, + 5NaCl + 2 H,O [6]

5 H2504 + 10 NaC102 - 8 C102 + 5 N32SO4 + 4 Hzo [7]

Other side reactions may also take place (Ingols and Ridenour, 1948; Katz, 1980;
Gordon et al., 1972).

5NaClO, +Cl, +H,0 - 4 NaClO, +2 HOCI +NaCl  [8]

HOCl + ClO; — ClO; [9]

The only other factor which should affect the performance of a ClO,
generator is pH. A pH below 4 is essential for a rapid and complete reaction, and
pH is normally adjusted with HCI to be in the range 2 to 3. The acidic conditions
shift the equilibrium of the chlorine solution to favor hypochlorous acid (HOCI) and
Cl,. A lower pH would cause equation [6] to be the predominant reaction of ClO,
formation, with the maximum theoretical conversion of only 80 percent
(Masschelein and Rice, 1979). A higher pH results in the OCl~ ion form of
chlorine, which does not react rapidly to produce good yields. In addition, high pH
values or low reaction rates may cause the formation of ClO3 (Gordon, er al.,

1990).

13



Reactions of Chlorine Dioxide With Other Compounds

Aqueous reactions. Chlorine dioxide can disproportionate in water to yield
HCIO, and HCIOj , although the degree is very limited at neutral pH. These

compounds can then dissociate liberating C10, and ClOj3 ions as well as hydrogen

ions, which lowers the pH (Gordon er al., 1972). Due to its strong oxidizing

ability, ClO, can acquire electrons and be directly reduced to chlorite (Gordon et

al., 1972).

ClO, + e — ClO; [10]
At low pH, the chlorite ion may react according to the following equations:

ClO, +4H" + 4¢ — Cl” + 2H,0 [11]
4ClO; + 2H" - CI' + 2Cl0 + CIO; + H,0 [12]

to yield chloride ions as one of the reaction products (Masschelein, 1979).
Chlorous acid may also disproportionate by:

4 HCIO, — HY + CI' + HCIO; + 2ClO, + H,0  [13]

Where HC1O3 is chloric acid. It may be reduced according to the equation.:
HCIO, + 3HY + 4¢ - CI' + 2 H,0 [14]

to yield chloride ions. In strongly alkaline solutions, ClO, may disproportionate
according to the essentially irreversible equation (Masschelein, 1979; Gordon et al.,

1972; Rosenblatt, 1978).

2Cl0, + 20H - CIO; + ClO; + H,0 [15]

14



In summary, in aqueous solution of ClO,, chlorite ions, chlorate ions, and
chloride ions are the major products, their relative abundance determined by the pH

of the water and the presence of oxidizable substances.

Reactions with hydrocarbons, alcohols, carboxylic acids and phenols.
Most aliphatic and aromatic hydrocarbons do not react with ClO, under normal
water-treatment conditions unless they contain specific reactive groups (Stevens,
1978). Alcohols are resistant at neutral pH, but under conditions of very low pH,
high temperatures, or high ClO, concentrations, they can react to produce their
corresponding aldehydes or carboxylic acids (Rav Acha, 1984). Phenol reacts
rapidly with ClO,. The reaction rate is first order with respect to each reactant
(Gordon et al., 1972).

Rav-Acha (1984) found that ClO, reacted with humic acids and fulvic acids
in one water supply to produce quinones and hydroquinones in the finished water,
while Guttnam-Bass ef al. (1987) found the end products of the reactions to be
primarily aldehydes and ketones in another water supply. Rav-Acha (1984) also
found CIO, reacting with phenols to produce quinones. When insufficient Cl1O, is
present to destroy the phenols, the reaction will produce chloroquinones,
chlorohydroquinones, and chlorophenols, which may impart a strong medicinal taste
to the water (White, 1986). In these instances, chlorine substitutes on the precursor

compound, which is rare.
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Reactions With Inorganics.
Iron and manganese are oxidized by the following reactions with ClO,:
ClO, + FeO + NaOH +H,0 — Fe(OH); + NaClO, [16]
2CI0, +MnSO4 +4NaOH — MnO, + 2NaClO, +Na,SO,4 +2H,0 [17]
The reaction of ClO, with these metals is the basis of their removal from water

sources.
Chlorine can also oxidize sulfides and iodide by the following reactions:

2ClO, + NapS — NaCl + Na, SO, + S (18]

2Cl0, + 2Nal > I, + 2 NaClO, [19]

In aqueous, base solutions, C10; and ClOj3 are produced:

2 ClO, + 2NaOH — NaClO, + NaClo; + H,0  [20]

Chlorine dioxide reacts also with other oxidants commonly used during the

treatment of drinking water. It reacts with ozone to form chlorine hexoxide (Cl,O¢)

by two reactions:
C102 + 03 - C103 + 02 [21]

C103 + C103 - C1206 [22]

If aqueous chlorine is present as HOCI, at low pH, ClO, can be oxidized to C1O3
by the following reaction:

2 ClOo, + HOCl + H,0 —» 2ClO; + CI' + 3HT [23]
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Biological Properties of Chlorine Dioxide

Disinfection

White (1986) cited three studies conducted by Ridenour ef al. concerning the
disinfection capabilities of ClO,: Ridenour and Ingols (1947) concluded that ClO,
was at least as effective as chlorine, and that it was relatively unaffected by pH
values from 6 to 10, unlike chlorine. Ridenour and Armbruster (1949) found that
ClO, destroyed several common water pathogens. Ridneour and Ingols (1949)
reported that ClO, was clearly superior to chlorine in the destruction of spores .

Bernarde ef al. (1965, 1967) noted that the germicidal efficiency of chlorine
results from its hydrolysis in aqueous solutions to form hypochlorous acid, which is
the disinfectant constituent. In contrast, ClO, does not hydrolyze in aqueous
solutions and therefore, the ClO, molecule appeared to be the bactericidal agent.
This investigation further determined that the mechanism of kill occurred through
the disruption of protein synthesis and not enzyme inactivation which earlier studies
had postulated (Gall, 1978). Contact time tests with E. coli demonstrated that at pH
of 6.5 chlorine was somewhat more effective, but that C10, was dramatically more
effective at pH 8.5 (Bernarde, 1965).

White (1986) related that a Hettche and Ehlbeck (1953) investigation found
the action of ClO, against poliomyelitis virus to be more effective than either ozone
or chlorine. Chlorine dioxide also functions as an algaecide, and has been shown to
be effective in controlling musty and fishy tastes and odors that are characteristic of
algae such as Anabaena, Asterionella, Synura, and a protozoan, Vorticella (Katz,

1980).
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In summary, ClO, has been found to be a strong primary disinfectant that is
effective for bacterial, viral, and protozoan pathogens. In case of the removal of
Giardia, CT levels are less than half those required for free chlorine, with the
reduction even greater under most pH conditions. For the removal of virus, free
chlorine is given higher "CT credit,” but ClO, is still more effective (Bryant, ez al.,
1992). As has been noted previously, the disinfecting effectiveness of ClO, is not
seriously affected over the pH range of 6 to 9, and, in addition, ClO, does not react

readily with ammonia, a chemical which exerts an appreciable chlorine demand.

Health Effects of Chlorine Dioxide, Chlorite, and Chlorate.

When ClO, was selected in the U.S. as an alternative drinking water
disinfectant, it became apparent that little was known about the possible health
hazards of ClO, or its reaction by-products (Condie, 1986). Since that time,
numerous studies have been conducted with ClO,, C105, and C103. Toxicological
effects were first associated with the hemopoietic (blood producing) system and
studies indicated that ClO, produced hemolytic anemia in animals, which was
associated with oxidative damage to the red blood cell membrane (Condie, 1986).
Additional studies extended these findings to ClO3 and to CIO, itself, although
C10; remained the most potent in effect in several animal species.

Bercz et al. (1982) evaluated hematological effects in monkeys, with the
disinfectant in the drinking water being increased in stepwise fashion. Hematological
effects were noted with C10; and ClOj, but not with ClO,. In addition, the

researchers detected decreases in serum thyroxin levels at a dose of 9 mg/kg/day.

This hypothyroid effect was unique to ClO,, because the metabolite ions did not
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