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IRTRODUCTION

The development of water resources and water supplies
closely parallels the history of human society, In order for
men to assemble in soclal units such as large towns or cities
they found 1% necessary to provide an adequate water supply.
This situation was realized in the time of the Roman Empire
and was evidenced by the construction of large aqueducts,

As human civilization began to assume a more orderly and
diversified plan, the need for more and better water became
evident, The French solved their problem by congtructing
aqueducts to transport water from the mountain springs into
the cities. However, the first European people to lnvestigate
and employ chemleal treatment of water was the Germans, As
early as 1778 German industrialists realized that the demand
for water was becoming acute in certain parts of their
country., This initiated fundamental investigations into
more efficient chemical and mechanical treatment of water.
By 1850 German chemists and engineers had succeeded in ese
tablishing a number of water purification plants which were
capable of reclaiming polluted river water,

The phenomenal growth of industry in the United States
during the last half of the nineteenth eentury and its

1



2

continued devedopment since that time demonstrates the imw-
portance of water in an industrialized nation. The City of
8t. Louis ploneered methods to improve its water supply as
early as 1866, In 1887 and the following years the Massa~
chusetts State Board of Health carried on experiments in the
purification of water and sevage in connection with the water
supply of Lawrence, Massachusetts. Most of these studies were
concerned with filtration and flo¢culation., It ls intereést.
ing to observe that rapid sand filtration introduced in Law-
rence, Massachusetts, reduced the typhoid death rate 70 per
cent in five years. n

The removal of suspended and dissolved materials from
raw ﬁater was of prime importance, but its puritiaati&ﬁlfmz
human consvmption remained the primary cﬁnaiéarat&@n. The
use of a specific chemical agent to destroy bacteria and to
control aquatic plants was initiated by Moore (1904), when :
he employed copper sulphate in water supplies, Previcus to
this discovery, potassium permanganate was used in the puri-
fication of water, but it was generally regarded as unsafe
for large scale application, Copper sulphate was shown to
be a bactericide as well as an algacide and at present is |
being used for the latter purpose,

Chlorine was first introduced into the water purifica-

tion process by Johnson (1908), This method has been so suc-
cessful that it 1s standard operational procedure for most
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of the water purification plants in this country. Chlorinated
lime was flrst used as the source for chlorine, but now come
pressed gas (liquid chlorine) is preferred. Chlorination
has been successful in controlling bacteria in water, but it
has the disadvantage of producing disagreeable tastes and
cdors in certain waters., During the past ten years, industry
has made an extensive search for chemical substances which
would eradicate algae and remove tastes and odors from
finished water. Ozone has been tried with encouraging re~
sults, Ozonation plants were installed at iong Beach, Hobart
and Whiting, Indiana, in 1930, 1932, and 1938, respectively.
The ozone treatment of these waters has been of aid in core
recting serious taste and odor conditions. An installation
(1949). of a 36 mgd. {(million gallons per day) ozonation plant
at Philadelphla, Pennsylvania, was made after several years
of experimentation with a pilot plant demonstrated taste and
odor reduction in the treatment of polluted river supplies,
Sparce information is available regarding the bactericldal
action of ozone in contaminated waters. Effective bacterie
cidal reduction has been reported at Whiting, Indlana, and
‘Philadalphia, Pennsylvania, but chlorine is used at each
plant to insure adequate disinfection of the filtered water.
‘ The installation of equipment for ozone generation re-
quires an expenditure of considerable funds, which doubtless
aé@ounts for lack of interest on the part of industry and
mung eipalities.
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It has long been recognized that bromine and iodine have
strong bactericidal properties; however, very little exact
data are available on their use in water, Bromine has been
used effectively for disinfection of swimming pool water and
occasionally for swmall water supplies, It is more expensive
and less available than chlorine, and its use has never be-
come generally accepted. Iodine has been used in the form
of tincture of iodine by military personnel for disinfection
of small quantities of drinking water. Recently, table pre-
parations containing available lodine have been developed for
this purpose. Todine is more expensive and less available
than b?ﬂmiﬂﬁ and has not been used for diginfectlion of large
guantities of water.

Many commercially prepared organic chloramines have
strong bactericidal properties. None of these compounds,
however, has been made avallable at a sufficlently low price
to merit serious consideration for disinfection of mumiwipal
water supplies. A tablet preparation commerclally termed
"Halozone" has been widely used by military personnel for
disinfection of individual and unit water supplies. Ancther

| preparation termed "Chlorome :f;ne“ hag heen preferred to

ehlorine or hypochlorities for use in sterilization of cerw
tain resin~type lon exchange equipment.
Ultraviolet light is employed for the disinfection of

alr, and numerous installations have been made for the



5

disinfection of swimming poels., There have been a few ine
stallations designed for the treatment of munieipal supplies,
but their use, as well as that of the swimming pool installa~
tions, 1s reported to have been discontimued because of the
high cost of operation and maintenance.

In 1940, the Mathieson Chemical Corporation began an in-
vestigation into the industrial application of their axygenQ
chlorine compound known as chlorine dloxide., Dienert (1928)
had reported that chlorine dioxide might be a potential water
purification agent that would answer part of the need for nore
reactive oxidizers, Since this compound can not be safely
prepared as a compressed gas, its investigation proceeded
slowly, In 1940, the Mathieson Chemical Corporation patented
a new method for mamifacturing sodium chlorite, the parent |
compound from which chlorine dloxide is produced. This dise
covery stimulated several lnvestigators to look for new apw
plications of chlorine dioxide, In July, 1950, following
extensive laboratory determinations and experiments, Roy N,
Aston and assistants installed chlorine dioxide generator
in the water purification plant in ﬂiagara Falls, New York.
These investigators found that they could successfully con-
trol the phenolic tastes and odors present in the Niagara
Falls raw water, and at the same time furnish a bacterila-free

commodity to the céonsumer.
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Chlorine dloxlide is a yellow to red gas at ordinary
tamperatures, with a vapor density of about 2.4, It 1ﬁquif$a&
at 10 degrees C. under normal atmospheric pressure, It h&s
an unpleagant odor, which becomes notlceable when 1t ﬂeaghaa_
a concentration of 15 parts of chlorine dioxide per miiiiﬁnV
parts of air and becomes irritating at &5 ppm. It is ébiuhgﬁ
in water in concentrations of 2.8 grams per liter at ?&Qm_¥%
temperature and 30 ma, partial pressure, At elevated tomperas
tures 1t decomposes into its elements with explosive vi&l@ﬁdwm
Its aqueous solutions are decomposad by 1light, forming y@xwit
chloric and chloric acids and oxygen., In alkaline ﬁﬁlﬂ%i@ﬂﬂg
chlorite and chlorate are formed: |

| 2 €101 4 2 NaOH —s NaC10, +Naﬂ:w3 FH0 |

The most interesting property of chlorine dloxide ia 1ta
remarkable oxidizing power. On a weight basils, exmr&saeﬁ 1&
terms of avallable chlorine, 1t has, theoretically, 2¢5'tim¢#
the mxiéizing power of chlorine. | f

Previous studies (Ridenour 19%9) have shown that chlmrina
dloxide possesses both bactericidal and virucidal prmp@rtfaa
as meapured against E. Coli, common water pathogens an& mou$a
adapted poliomyelitis virus. On the hasis of orthotolidine-
arsenite (OTA) residvals, the bactericidal properties of
chlorine dicxide are greater than that of chlorine,

This problem was undertaken to determine the potentialie
ties of c¢hlorine dioxide as an algeecide and as an agent for
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the removal of tastes and odors from fresh water. Since this
compound has already been established as a water purification
agent, the problem was one of perfeeting new techniques of

applications and perfecting new analytical methods.,



METHODS AND MATERIALS

Laboratory Preparation of Chlorine Dloxide

Several methods have been developed for preparing
ahlarinﬁ dioxide, Probably the first method devised to pro-
duce chlorine dioxide consisted in mixing equal molecoular
portions of potassium chlorate and hydrochlorie acids

2 KC103 + % HO1-—2 €10, +C1, +2 KC1 + 2 Hy0

The same reagents may, under different conditions, yield

potassium chloride and chlorines

KC103+ 6 HC1—>KC1 +3 Hy0+3 Cl,
The disadvantage of this method is that chlorine is produced
along with chlorine dloxide. The chemical and physical proper-
ties of these two gases are so closely related that separation
is not practical,

Calvert and Davies (1859), using a mixture of potassium
chlorate and oxalic aeid, found the yield of chlorine dioxlde
dependent upon the proportions of the two reagents, but never
obtained a theoretical yleld based on the equations

2 K€31€33 + Eicamf}z —2 C10s +ﬂ63 + (aam)g 12 Hy0

Becher (1933) described a method for producing chlorine

dioxide by reacting dilute sulfuric acid with a chlorate:
4 KC103 +4 HpSOy sl C105 + 0p +2 Hp0 +4 KHSOL |

8
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In the above reaction the oxalie acid serves both as an
acld to produce a salt and also as a reducing agent. In prace
tice, several times the theoretical amount of oxalie acid are
required in order to obtain even a 50 per cent yield of
chlorine dioxide. This process was long regarded as the
classical laboratory method for preparing chlorine diax&ﬁai |
since the carbon dioxide which was evolved rendered the
chlorine dioxide rﬁlativaly harmless.

A new source of chlorine dioxide was made available in
1940 when sodium chlorite, NaC1l0,, was produced commercially.

Sodium chlorite is a §iﬁk powder, stable in both solid and
acqueous solutions, It is apparently intermediate in proper-
ties between hypochlorites and chlorates, and contains ape
proximately 158 per cent available chlorine., The technleal -
pré&aat is flaked and contains approximately 82 per cent
chlerite,

Several methods have been developed to produce chlorine
dioxide from sodium chlorite. The earliest of these methods
was an electrolytic method based on the reaction:

5 NaCl0p+ 2 HyS0,—» 2 Nay80, +2 Hy0 -k €10, +HaCl

This process bra&uaa& chlorine dloxide when the concen-
tration of the reagents, heat and pressure, are controlled.
This process alsoc required complicated electrical appar&tua*
and because of this it has been abandoned in favor of other
more efficlent methods.,
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Recently a method of generating chlorine dioxide has
been developed which utilizes chlorine, A mixture of chlorine
and air is passed through two stone towers, lined with stone
ware, and filled with flake sodium chlorite. The generated
chlorine dioxide is then swept out by a stream of air. The
reaction may be represented by the following equations

Cly +2 NaCl0y—>2 €105 +2 RaCl
This reaction proceeds rapldly at room temperature, and if
the partial pressure of chlorine dioxlde does not exceed 50
mm., no hazardous condition is said to exist. For many
processes, such as the bleaching of flour and tallow, this
process is very satisfactory; however, it was not used in
this investigation, “

A pure solution of chlorine dioxide used in 1abmratary'
investigations may be prepared by slowly adding a 10 per
cent solution of sulfuric acid drop wise to a 10 per cent
solution of sodium chlorite, The liberated gas is scrubbed
out of solution into a small velume of triple diatilleé"
water by a slow stream of air induced by an aspirator. A
solution of 3000 ppm. chlorine dioxide as chlorine dioxide
gan be prepared in this manner. The reaction involved in
this method of making chlorine dioxide iss

5 NaCl0, + 2 HpB0, —2 NapSOy +2 Hy0 +4 C10, + NaCl
This reaction has been partially confirmed by determining
the quantity of chlorides produced from a known amount of
sodium chlorite,
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Generating Ch&ériﬁa Dioxide for Water Treatment

For water treatment the method of generating chlorine
dloxide 18 based upon the reaction of chlorine with a solution
of sodium chlorites

Cly 2 NaCl0p —2 €10, + 2 NaCl
The chlorite solution and the chlorine water solution are fed
eontinuously intoc a reaction chamber, and the resulting solu-
tion is fed into the water system.

As applied in water plants today, the installations em-
ploy commercial chlorinmators to supply the stream of chlorine
water, The discharge line from the chlorinator is connected
to the lower end of the reaction chamber into which the
sodium chlorite solution is fed by means of a metering pump.
The purpose of the chamber is to insure complete mixing of
the chlorite and chlorine solutions and a complete convers
sion of the chlorite to chlorine dioxide before it is dise
charged into the water supply, The main portion of the re-
action chamber is a?%miﬂah glass chamber, 12 inches long,
filled with unglazed Richig rings. This is reduced at the
lower end to a l-ineh tube for chlorine inlet, and similarly
at the top for the chlorine dioxide outlet. The chlorite is
fed through a T-tube at the lower end of the chamber above
the chlorine inlet,
| There is considerable freedom in the operation of the

ganéﬁatar, the major consideration being the oam@latannga
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of the reaction to form chlorine dioxide, Certain factors
must be taken into consideration such as the pH of the raw
water and an accurate maintenance of pH of the solution in
the reaction chamber, The pH of the solution is directly de=
pendent upon the chlorine concentration and hence may he con-
trolled by regulating the amount of chlorine entering the
reaction chamber,

This method of producing chlorine dioxide has certain
advantages, It utilizes the exﬁstinglitems of equipment ia"
the water plant and requires only the addition of a glass
reaction tower and a small metering pump, Plant operators
are capable of operating the generator after it has been in-
stalled and demonstrated. Possibly the main disadvantage in
this method is that the complete elimination of chlorine is
not achieved even though the concentration of free chlorine
in the final solution may be low 1f ecareful control is prac-
ticed,

A modification of the above method, in which sulfurie
acid 1s employed instead of chlorine, bas proven very sue-
cesgful in laboratory tests, and has the advantage of agsure
ing chlorine free chlorine dioxide. In water contaminated
with actinomycete by-products, chlorine in extremely small
concentrations may completely mullify the otherwise bene-
fieial effects of chlorine dioxide in removal of tastes and
odors.
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Methods of Analysis of Chlorine Dioxide and Chlorine

4 simple procedure for determining chlorine dioxide has
been the objeet of considerable research. Chlorine dioxlde
present in treated water may be distinguished from free
chlorine by conventional lahoratory tests,

Haller and Listed (1948) developed a procedure for deter-
mining chlorine dioxide by employing an amperometric titra=
tion, This method aided in the development of analytiecal
procedure for chlorine dioxide but has not proved useful in
water plant control., The above described technique is
largely a research tool for use in laboratories with highly
trained personnel.

As T, Palin (1948) reported an adaptation of the OTA
method of analysls currently employed in the determination
of chlorine., In this procedure ammonium chloride was used .
to react with the free chlorine, thus leaving chlorine dloxide
which could be measured by the OTA test. Unfortunately, the
procedure will not give consistent results since‘ail free
chlorine will not combine to form chloramine in sufficient
guantities to prevent color interference,

The Mathleson Chemical Corporation research laboratories
working along the lines indicated by Palin, developed an adw~
aptation of the OTA test which 1s applicable for use as a
control method. €& chmidt (1932) demonstrated that chlorine
dioxide would not react with oxalic acid, even though the
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latter was readily oxidized to carbon dioxide and water. The
fact that chlorine will oxidige oxaliec acid suggested 1ts use
to tie up the chlorine present, leaving only the chlorine
dloxide to be measured by the OTA test. This modification
proved successful, and after many tests it was found that
chlorine and chlorine dioxide eould be differentiated quanti-
tatively in this manner., Since any investigation of the
bioclogical properties of chlorine dioxide, 1. e.,, its ability
to reduce tastes and odors and its ability to control alpae
would depend upon its concentration, it was declded that a
standard method of quantitative analysis should be estabw
lished. Following the methods inaugurated by Palin and the
research staff of the Mathieson Chemical Company, investigaw
tion of all previous analytical methods was conducted. The
results of this study indicated that starch iodine titration
and the modified OTA test would serve the needs of this in-
vestigation,

Starch~Iodine Titration

Chlorine dioxide is a compound contalning oxygen, so that
its oxidation capacity is more dependent upon pH than in the
case of chlorine. For example, an alcoholie sclution of
potassium iodine, when added to an aliquot pure solutlon
of chlorine dioxide buffered to a pH of 7,18 with 200 ppm. of
sodium bicarbonate, will liberate one fifth as much iodine
(measured by sodium titfosulfate and starch indicator) as
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when concentrated hydrochloric acid is added to a similar
aliquot of the chlorine dloxide solution. This difference
can be explained by the reaction of the chlorine dioxide
with potasaium iodine at pH 7.8.

€10, (I, (c10)  1°

ors
{;1{; 1.9-—-9(&1@2) ’\' (E s = 1,5v)

In this raaatian a chlorite ion is formed frcm chlorine
dioxide by the uptake of one of the five possible electron
changes of the chlorine dloxlide. However, the complete |
Braakﬁawn of all five electron changes of the chlorine
dioxide requires the prasence of the hy&rngbn‘ian:
CClo,+5 I +5 H — HCL + 2 HyO +5 1
This relationship shows the importance of maintaining‘wwoper
conditions when measuring chlorine dioxide. Laboratory
gtudies have indicated that pH 1.5 is the highest numerical
valve that will allow the development of the full oxidative
capacity of chlorine dioxide to lodide, Glacial acetic acid
as sometimes proposed for chlerine, will not produce a pH
low enough to develop the complete oxidative aapaﬁity‘az
chlorine dioxide. Hydrochloric acid is sufficliently strong
to lower the pH and does not interfere with the titration,
hence it is used for this purpose. One ml, of concentrated
hydrochloric acid in a 25 ml, sample will lower the pH of the
solution sufficiently to develop the full oxidative capacity
of chlorine dioxide. The step-byestep procedure followed in
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making starch-icdide titrations ia as follows:

1. A 25 ml. sample of the solution under investigation
is placed in a small flask, to which 1s added 20 ml. of 10
per cent potassium iodide.

2, One ml. of concentrated hydrochloric aeld iz added,

3, The sample 13 titrated with ¥/10 sodium thiosulfate
until the solution loses 1ts yellow appearance, at which
point 1 ml. of a 2 per cent solution is added and the titra-

tion iz contimied untll the blue coler disappears,

L, Calculationt

X equivalent wt. of gms. chlorine dioxide
6162 or Glﬁa = per ml. of sample

o5

The stareh lodide titration method for chlorine cdioxide
residval determination can be carried ouvt with a high degree
of precision on samples containing 20 ppm. or more, This
method, however, is ilnaccurate to use for determining low
residuals in raw water. Moreover it is not adaptable to use
in the field procedure.

OTA Modification as Adapted for Determining

Chlorine Dioxide

A method widely adopted for the quantitative differen~
tiation of chlorine dloxide and chlorine is the OTA test
which employs oxalic acid in addition to the reagents used
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for the chlorine determination. The compounds produced at dife
ferent pH values as well ag concentrations have been dege
eribed by Chamberlin (194%2). If one adds sufficient amount
of orthotolidine at a low pH, 1t appears as a yeliaw holo-
quinone in the standerd colorimetrlc test used for chlorins,
As the pH of the final color mixture rises, increasing pro-
portions of blue meriguinone are found. This 1s a result of
the incomplete oxidation of the orthotolidine, and the color
may be any shede from yellow to blue. In order te minimize
the chances of a different color, it is necessary to contrel
both the amount of the orthotolidine reagent and the pH of
the reagent. It has been known for many years that the
amount of acid in the original orthotelidine resgent wag in-
sufficient to prevent the formation of blue and red quinonesj
thus, modified orthotolidine reagent was specified in Standard
Methods of the American Public Association which @ontained
more acid than the original reagent. Conseguently, the
modified OTA test used In this investigation could be em-
ployed to measure the amount of chlorine (i.e., hypochlorite,
hypochlorous acid and/or molecular chlorine), combined chlorine,
(e.g+, chlorine substituents or ammonia and chloro~deriva~
tives or organic compounds), and chlorine dioxide,

This technique for measuring chlorine dioxide utilized
sodium arsenite and oxallc acid. The reaction of free

chlorine dioxide and chlorine with the orthotolidine is
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known to be rapid, while the reaction with chloro~deriva-
tives is slow. Thus by adding sodium arsenite, the
chloramines and/or chloro-derivatives may be destroyed.

The reaction between the arsenite and the combined chlorine
compounds 1s not complete and errors from this may he as mﬁﬁh
as 7 per cent., However, this method does have great value
both as a control and as a research tool in this study,

and in actual plant practice,

Previously mentioned, it is the purpose of this oxalie
acid to react with the free chlorine present in the sample
and leave the chlorine dioxide free to react with the ortho-
tolidine reagent to produce color. Thus by using oxalie
acld and sodium arsenite to tie up most of the other come
pounds encountered in this test, it is possible to deter~
mine chlorine dioxide by colorimetric¢ methods.

In this determination either visual standards or a
rhoto~electrie colorireter may be employed. The accuracy
and precision obtained in either of these methods will de-
pend upon the accuracy of the standards. The standards used
in this study were prepared immedlately before readings were
made. Only pure stock solutions of chlorine dioxide (pweﬁ
pared by scrubbing the gas out of an acidified s&ﬁium
chlorite solution) were used in all laboratory investigations,
The temperature of these solutions and all the subseguent
solutions used as standards were never permitted to deviate
from 20° C,
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The determination for purity of the stock sclution was
made by using a Beckman model pH meter, It was found that
if the pH of the original solution was determined as soon as
it had been eslleaﬁed in triple distilled water and noted
that a determination of the pH made at regular intervals
after this, record of the purity of the solution could be
kept, dny deviation in pH being an indlcation of the rela=
tive purity of the solution.

Throughout the experimental work leading to the d@?@l&pwr
ment of the method hereunder presented, the starch-iodlde~
thiosulfate titration as given in the above discussion was
taken as the standard method for comparison and determina-
tion of standards.

The new méthnd utilizes all of the existing solutions
as prescribed for the OTA determination in S8tandard
of Water and Bevage

1. A chlorine dioxide solution of unknown concentra-

« The procedure is as followss

tion is placed in the refrigerator and held until it attains
18° ¢,

2, A 100 ml, sample of the solution 1s placed in a
Nessler tube and 1 ml., of saturated oxalic acid is added.

3., Five minutes is allowed to elapse from the time when
the oxalic acid is added until the next reagent is intro-
duced.

4. At the end of five minutes 1 ml. of orthotolidine

solution is added.
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5, Within five seconds 1 ml. of sodium arsenite reagent
is added.

6. The maximum color is produced at the end of 1
mimite, The color produced remains constant for at least
30 minutes, (Care should be taken to note that the sample
1s 20° ¢.)

7. A gample from the Ressler tube is poured into a
cuvette from the Beckman DU spectrophotometer and the transe
mission is read at 437 millimicrons. The transmission read-
ing is matehed against a standard curve.

The accuracy of the method which we have referred to
as OTO has been tested many times with various solutions at
temperatures from 1 to 30° C, It was observed that 20° C.
gave the only constant readings and that concentrations de-
termined at 20° ¢, matched those readings previously deters
mined by starch~iodine titrations. Thus, the method des-
eribed above was adopted for routine laboratory research.
Since spectrophotometers are not generally available for
field use 1t was decided that field methods should be de~
veloped, Samples of water containing C1l0, were placed in
10 ml, guantities in the Wallace and Tiernan comparator
block use for chlorine determinations. One ml. of saturated
oxalic acid was added to the sample and at the end of five
minutes the regular OTA test was rum. Thus, this procedurs
followed the OTO technique and by employing chlorine
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dioxide solutions previously determined in the Beckman
spectrophotometer it was found that readings on the color
comparator divided by two gave the residual chlorine dloxide
as évailabla chlorine dioxide. If a reading of .4 ppm. were
obgserved on a comparator the actual contents was .2 ppm.
¢hlorine dioxlde as chlorine dioxide.
Methods to Determine Algacidal Properties
of Chlorine Dioxide

An important part of the investigation of chlorine
dioxide wag to determine its algacidel properties, It is
well known that chlorine, copper sulphate, and a number of
new copper compounds as well as hypochlorites,chlorinated
lime, and other compounds have been used to eradicate algae
from rivers, streams, reservoirs, lakes, cooling towers, and
certain other mechanical devices.

The initial methods employed in studying the algacidal
properties of chlorine dioxide was to place small amounts
of a solution containing chlorine diloxide gas in perfusion
chambers containing algal cells., If deterioration was ob
served then large cultures of algse were produced so that
actual quantitative and gualitative determinations could be
completed, If the algae did not appear to be affected by
chlorine dioxide in concentrations as high as 10 ppm,, further

investigations were not consideied economically sound,
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It should be observed that the laboratories at this
institution have been interested in algae populations in
reservoir lakes for over fifteen years. Ixcellent distribus~
tlon records are available so that one may refer to the files
and thereby have information on when specific types of algal
bloomg are to oeccur in certain bodies of water, The investi-
gator employed this information to secure samples of algae
from Lake Dallas, Lake Waco, PBagle Mountain Lake, Lake Hef=
ner, and other small reservoirs and streams throughout Texas
and Oklahoma, The algée samples were placed in large aguaria
with sufficlent nutrient and aglitation to sustain them, After
the culture was In apparent equilibrium liter samples were
filtered through a regular Sedgewlch Rafter concentrating
funnel so that milligram weights per liter could be measured.
These data gave actual qguantitative results with regard to
destruction of algae by specific amounts of chlorine dioxide.
Concurrently, areal unit counts were made on identical
samples so that numerical reductions of algae provoked by
gpecific amounts of chlorine dioxide could be stated,

The actual testing was ordinarily accomplished in 1
gal, glass Jugs to which a definite number of milligrams
and a specific rumber of areal unit organisms had been added.
Twenty 1 gal, Jugs composed a series., Ten of the jugs re-
ceived chlorine dioxide in concentrations in .1 te 10 ppm.
The other 10 received either copper sulphate or chlarinaQ
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8mall samples were removed from each experimental jug at
the end of the first 10 minutes, at the end of 30 mimutes,
and, subsequently, at intervals of 1 hour, k4, 8, 12, h&,} : 
and 96 hours. At the end of the experiment a liter of,@adh.].,
sample wag concentrated in the milligrams of rem&ining'algﬁe'7
recorded, It is appropriate to ohserve that our results an
copper sulphate and chlorine demands were not consistent iﬁ
many instances as reported by Hal in 1942, Bince the w@rk
involves chlorine dioxide, nat copper sulphate and ehlarinﬂ,
the results, Table 9, earry only chlorine dioxide raquiraa,
to eradlecate the organism and do not attempt to change
previously indicated requirements of copper sulphate and
chlorine. ‘
Bimilar samples of algae were tested with sodium
ehlorit@ using bhoth CP and technical grades, The intent ﬁf
this investigation was to find if chlorite wﬁnld serve as an
inhibitor of algae in caaling towers., On,ocgaﬁicnﬁ the exw
periments were contimied for ag long as three months in'ﬁgQ
der to find if the chlorite would remain in cirenlating :
water for that period of time, Residual chlorites were deterw
mined by acidification of small samples with subsequent 0T0
tests and calculation of residual chlorite.
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Uses of Chlorine Dioxide for Removal of Tastes and
Odors from Water Supplles

It is common knowledge among water plant @peratdra, enw
gineers, and, frequently, consumers that the characteristie
taste and odor of drinking water will vary from time to time.
Infrequently the newspaper will carry small stories on the
types of organisms in the raw water that are produecing
tastes and odors. Since 1846 the algae have been aacaytmﬁ
as contributing the taste and odor compounds to surface water.
After approximately 100 years, it was found that algae did
not contribute the tastes and odors to water but that come
pounds produced by actinomycetes were responsible for
naturally occurring tastes and odors in water containing
ﬁiséolvad oxygen. Septic conditions are not caused by algae
nor by actinomycetes but, doubtless, by bacteria and pos-
gibly other fungi., The comments thus far have no refareﬁua
to pollution since many chemical products used in industry
find their way into water that ultimately is passed to the
congumer. The reader should understand that reference to
tastes and odors refers to those varieties that have been
previously attributed to algae.

The actinomycetes growing in or on algae produce
primary amines, aromatic compounds, saturated fatty acids,
and aldehydes, The concentration of these compounds in
natural water is probably measured in parts per billion and
on the surflace would appear to be of very little importance.
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As long as these compounds are not exposed to chlorine,
their odor is not too apparent, Asg soon as they combine ﬁithfj
chlorine to form chloro~derivatives the odors become stv@ng
and repnlsiv&. One might describe such odors as musty,
manurial, rotten hay, rotting wocd, marshy, or geranium, o
The reason for the v&riatian in odors may be attributed t@~li
éiffarenx concentrations of the major groups of organic ﬁam@:4
pounds produced by the actinomycetes in their normal physis
ology. Laboratory records of the research group at this i: f
institution show distribution of these organisms from vanéae
zuela, to as far north as Chicago, and as far east as |
Philadelphia., It iz the contention of the research group
working on these organisms that practically all tastes and'l
odora in water supplies that are not pollutive or aapﬁiayﬁﬁ‘
nature arrive from actinomycetes, A considerable prapwrﬁiﬁﬁ“
of the rssearch‘aﬁ chlorine dioxide rotated around the
actincnmycete by-products and the efficiency of c¢hlorine
dioxide im oxidizing them.

The first method of approach tc the investigation of
the application of chlerine dloxide to the removal cf actle
nomycete hy-products was pﬂrel& experimental., fctinemycetes
were reared in Geep culture and the bywprwduats were ex-
tracted, These by~@raduets were added to odorless, taatel&as
water 1n different concentrations so as to produce a series

of samples having different threshold odor numbers. The
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threshold number was determined by methods prescribed by
Standard Methods for the Analysis of Water and Sewase,
ninth edition. Threzhold oder numbers varied from 2 to 500
throvughout the series of experiments. Chlorine dioxide was
added in varying concentrations from .1 to 10 ppm, It was
employed as a pre-chlorination practice, and samples were
later flocced and filtered. On other samples they were first
subjected to flash mixing, floccing, clarification, and fil-
tration before chlorine dloxide was added. Many of the ex-
reriments involved the addition of éhlorine to chlorine
dioxide while others involved the additiin of activated
carbon to chlorine dioxide, The purpose of the rather
elaborate experimentation wag to determine if chlorine
dioxide was a sultable agent %o be employed to remove tastes
and odors from water supplies., Where actinomycete by-products
are presgsent chlorine enhances taste and does not, under any
conditionsg, remove the chlero-derivatives formed. Activated
carbon in very fine mesh has been rather successfully efe
ployed elther in conjunction with chlorine or alene. All
types of combinations vere set up in our laborstories in
order to arrive at a definlte conclusion. The results of
this elaborate zet of experiments may be obeserved further

on in this paper,
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Methods for Testing the Iffects ¢f Chlorine Dioxide
on Actinonmycete By~Products

As indicated above, actinomycetes in their normal
physiology produce several groups of organic compounds. If
the oxygen content is high, the major compounds produced are
aromatic forms c¢losely allied to phenol, Since we have not
actually determined the true chemical nature of the arcmatic
compound produced, we have chosen to use phenol for experi-
mental purposes, This compound was dissolved in carbon
tetrachloride to which known guantities of chlorine dioxide
were added. The reason for employing e¢arbon tetrachloride
wa# to enable us to meke use of the Beckman infra-red
gpectrophotometer, It ls well known that carbon tetraw
chloride will permit the transmission of infra-red light
where water will absordb infra-red light very rapidiy. If
we were to determine the changes that occurred in phenol,
it was necessary that we have a medium that would not abw
sorb infra-red, The routine analytical procedure involved
taking a solution of carbon tetrachloride and addimg‘small
amounts of phencl, transferring this solution to the inw
fra-red cuvette and making a scan usually from 2.2 to 15
microns, Known amounts of chlorine dioxide were then added
in carbon tetrachloride to the phenol solution. After a re=-
action time the treated sample was again exposed to the ine
fra~red spectrophotometer and a scan was made from 2.2 to

15 mierons. A comparison of the curves in the scan would
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show at what point reaction occurred. By referring to ithe
literature we could predict whether phencl had besn changed
or not and in some instances what changes had occurred,
gimilar sanples were fractionated and the by-products were
collected and chemical delerminations were made to see LI

the chemical characteristics had changed and what by-products
were formed.

Since no definite proof had previously been established
pertaining to the effeets of chlorine on actinomycete by-
proecuts, investigation was instituted to treat phenol with
chlorine in the manner described above and determine the ef=
fect of that compound on phencl so that comparisons of the
effects of chlorine dioxide and ehlorine could be made., It
is noi necessary o repeal the procedure indicated ﬁ%&ve,
but the reader should heold in mind that all tests were
rigidly controlled and the findings showa in the section
on results reveal some inleresting by-products and reaﬁtiénau

In addition to phenol we studied certain of the amines
that are known to be produced by the actinomycetes. The
major compounds studied in this procedure were methyl, di=
methyl awine, and N-butyl amine, These compounds were studled
for reaction with chlorine and chlorine dioxide., In the fatiy
acid group we lnvestigated the effects of chlorine and
c¢hlorine dioxide on oelic acid, palmitic acid, isovalerie
acid, and beta hydroxy butyric acid. The only aldehyde



known to ocecur as an actinomycete hy-product ig iaovalarai#wxl
dehyde. This compound was also tested with chlorine anﬁ7 ‘
ehlorine dioxide. | \ ,‘

It was the belief of the investigator that 1f these
ammpwunds known to occur in water and to be raapcﬁsible for QV:
a large proportion of tastes and odors could be axidizeﬁ by .
nhlarin@ dioxide and not by chlorine that ample proof wvulﬂ |
be sustained and that guess~work in water treatment wnulﬁ ba
obviated., The results of these findings are shown in Tahleﬂ}
9 and 10. |

Practical Methods
Blrd Creek and Barnsdall Reseprvolr, Horth Lastern

clahoma.-~4 small stream by the mame of Bird Creek arises

north and west of the city of Pawhuska, Oklahoma, and runs
for a distance of approximately 20 miles before skirting the
southern borders of the leahsmaitawn. At the outskirts of
the city limits of Pawhuska the effluent from the city diss
posal plant is introduced lnto Bird Creek. The course of |
the stream continues to the sbuthaagt approximately 16
miles, at which polnt City %ﬁzvi&e 0il Company had cone
structed a chemical plant for the production of formaldehyde,
acetaldehyde, methynol, and acetone. The creek continues in
a more southernly direction below the chemical plant for
about 2 miles at which point it is impounded by a small dam

into a body of water known as the Barnsdall Reservolr. Water
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i3 pumped from the reservoir by the Bareco 011 Company

into their wax yiant in the City of Barnsdall, Oklahoma, anﬁi J
water consumed hy the city itself is pumpeﬁ by the same main5>é
over 1nta the yurifiaaﬁion.planta '

‘Bird Creek is a deep hasin stream which runs ﬁuring wet{j%
weathar but éuring the &r? seasan it forms elangateﬁ iagmﬁnﬁf'

that are 1solated one from &ﬁmth@?. ?ha 1agonn that aacur

in f‘rentz of the City Service Chemical Plant may be malawa-_}

for pariaés of sﬁvaral months. The volume of this 1ag@¢ﬁ*~
is ranghiy thirﬁy miliion gallons when no flow of wat@r ia‘ 
eviéent, The. B&rnsaall Reservoir gust south also bvcmm&a ,
1aalateﬁ anﬁ contains approximately the same volume ﬁf wa&ew"
Watar from ‘the lagomu or strean ie useﬁ to acml ga3 &ngi7&
aanaensers,vathar anol&rg, and other typ@s of maahinery’ih
the chemical plant* Large bollers take up ahcut 1%0,@60
gallans af wa*er per day, convert about 95;0ﬁ6 ga31¢ns ﬁ?
water into steam, and turn the blowdown water ean&entrata,if
back inta Bird Creekg Waste pwaduetﬁ mth&r than the enea 5 ‘
mantianed above are pelym&r resins which are’ ‘pumped in hraas ,
pipes across the creek, forced into stone kilnn, and hﬁrnﬂﬁnk)
Wsste frnm the formaldehyde and aeetalﬁahyﬁa ylantsg which i
aontain some alﬁahyﬁe and nolymer resins are punped into a o
waste well which.is approximately 2,606 feet deen. ﬁnrimg
nigh water periods or well repair, some of these wastes :
escape anﬁ get inteo Bird Creek.
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Water from Bird Creek which is dispensed to the popue~
lation of Barnsdall, Oklahoma, receives the following treat-
ment in this order: aeration, coagulation using alum and
lime, sedimentation, activated carbon and chlorine is added
to the finished water in the clear well., The retention time
for this plant is approximately 30 minutes, The pumping |
capaclty of this plant is 120,000 gallons per day.

The initial installation of chlorine Gioxide in the
Barnsdall water treatment plant was made on August 29, 1949,
At this time the water in the Barmsdall Reservoir was very
black and had a septic smell and a BOD of 150 ppm. The
threshold odor of the water in the reservoir was 240 and
treatment of this water in the plant reduced it to 200.

A chlorine dioxide generator of the type previously
described was Installed in the second floor of the Barnge
dall water plant and was immediately placed in operation.
The chlorine dioxide produced by this installation was ine
troduced into the clear well by means of a plastie tube.
Chlorine was added to the clear well by providing an excess
of this element in the reaction of chlorine and sodium
chlorite,

gnridge, lexag.--The City of Breckenrldge, Texas,

receives its raw water from a shallow lake known as Lake
Daniel, Lake Daniel has approximately 2,000 acres of sure

face area and a mean depth of 5 feet. The raw water from
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this source 1s transported to the Breckenridge water treat-
ment plant by means of a small siream., Lake ﬁaniei is a
relatively shallow body of water and experiences several
considerable variations in water level during the year. 1In
dry seessons the shoreline has a heavy growth of vegetation,
which is later inundated during the wet season. Moreover
the stream which connects Lake Daniel with the Breckenridge
water treatment plant is subject to a large pollution load
caused by the decay of vegetation along its banks and some
domestie sewage that finds itslway into this gtreanm,

Water treatment at the Breckenridge water treatment
plant is very similar to the processes employed at Barnsdall,
Oklahoma, Aeration, éaagula%ian, activated carbon, sedimen-
tation and sterilization with chlorine are the principal
steps and methods employed in this plant. This plant has
an average treatment capacity of 1,000,000 gallons and a
retention time of approximately one hour.

Initial investigation of the Breckenridge water treat«
ment plant was made on August 14, 1950, At this time the in-
coming raw water to this plant was receiving approximately
150 pounds of alum, 120 pounds of lime, and approximately 50
pounds of activated carbon per day for 750,000 gallons of
water, The pH of the raw water was 8.2 and the pH of the
finished water was 8.5 in the clear well, and 1t was about
8.4 in the west part of Breckenridge. The residual chlorine
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in the clear well was .5 ppm. and .1 ppm. on the west side
of town.

The odor of the finished water is best described as
being the odor of decaying vegetation, Thls odor was so |
pronounced that it was offensive in cold water. The eeo~
logical conditions that exist in Lake Daniel and in the
stream seem to favor the growth and development of actinmﬁyﬁ
cetes. Recent investigations by Silvey et al seem to hwar ff
out this statement and further indicate that the odor in the
Breﬁkgnriéga water was due to the substances produced by
these organisms,

Chlorine dioxide was installed in the Breckenridge
plant on August 1k, 1950, The equipment used for this pur=
pose is the same as described earlier in this paper.
Chlorine was completely removed from the clear well and was
used in connection with the chlorine dioxide generator to
produce chlorine dioxide, Preliminary laboratory investi-
gations disclosed that chlorine dioxide could effectively
reduce the odor produced in the raw water but would not re=
duce the odor in finished chlorinated water., This initial
installation lasted for a period of 16 hours. During this
time a total of 20 pounds of sodium chlorite and 8 pounds of
chlorine was fed into the clear well of the treatment plant,
The residual of chlorine dioxide in the clear well was 3 ppm.
at the end of one hour's operation and the residual in the
line on the west part of Breckenridge was .08 ppm.



RESULTS

Quantitative Determination of Chlorine Dioxide

A spectrophotographic technique for the determination
of chlorine dioxide in water was proved by employing the
Beckman spectrophotometer, Solutions of chlorine dioxide -
in variable dilutions were treated as previously desarib&d‘
with éxalia acid followed by the OTA test, Absorption curves
were run from 350 to 600 mw. It was found in this investiw
gation that h37‘mvi was the point of maximum absorption and
of quantitative accuracy. The accompanying guantitative
curve (Flgure 1) demonstrates that chlorine dioxide may be
accurately measured from O to 3.3 ppm. and that the test is
sensitive to ,02 ppm. Numerous rechecks of the above curve
demonstrates that it 1s accurate and so far is the most ef«
fective method found. In the event chlorine dioxide ex-
ceeds 3.3 ppm. dilutions of the stock solution may be made
before the OTO test is run. The addition of chlorine, hypo»
chlorites and other chlorinous compounds does not interfere
with the test if it is run correctly.

The quantitative determination of chlorine dioxide was
also run on the Coleman g pectrophotometer model 11, and the
results agree with those found on the Beckman so that the ac-

companying curve may be used with either instrument,
3k
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Algacidal Investigations on Chlorine Dioxide .

Sixty-five genera of algae were studied in order to =
determine the dose of chlorine dioxide necessary for campiaﬁé é
destruction of the algae. The lethal dose was judged by obe
servation of the algae under the microscope as well aayhy*_
loss in weight amounted to as much as 50 per cent and if 3,;
the rnumber of dead algae in a 96~hour periecd comprised az
much as 80 per cent of the sample, that speciflc amount ar
chlorine dioxide was listed as the lethal dose,

It is not necessary to include each series of exyﬁriw
ments in regard to weight loss and number reduction, buﬁ,
rather, it is most appropriate to inelude the sp&aific |
amaunts of chlorine dioxide required to eradicate parkiauiar
gamer& of algae. The writer has taken occasion to use tha
original 1ist of algae compiled by Hale (1942) to quata tha
concentrations of copper sulphate and chlorine raquiraﬂ ﬁ@
destroy the algae and in the third column to list the quantiw
ties of chlorine dloxide required to kill the various gen@gg
of algae, Table 1 1lists the results of the inxastiggtian;f%;

A number ef»ekpﬁfimants on chlorine dioxide are not o
quoted because thé concentration of organisms in milligram
weight wags not reduced noticeably, and we could not jﬁ&ge by
appearance whether the algae were dead. Where the algae were
in pure culture free from bacteria and other organisms, it was
a rélatively simple matter to evaluate, particularly when

transfers from samples could not be cultured.
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TABLE 1

exgamismauwﬂﬁer ﬂapp@r Snifata ehlarina Chlarina
PaPeills PaDelliy - Dioxide -
| p;y;m*as 0&@3

Q?ﬁlﬁtﬁll&? | 1.0 w"!'
Faintly aromatic ,

Melosira 0.20 2.0 +8
Navicula 9.07 , 2
Synedra 0436050 1.0 o7

Chlorophyceaes ‘ -

Cladophora 0450 1.2
Closterium 0.17 ) 1.
‘Dictyosphaerium 045-1.0 1.2
Grassy,fishy,
nasturtiom _
Eudorina 2,00-10.,00 1.6
Faintly fiahy |
Palmella | 2.00 240
Pandorina ] 2,00«10,00 3.8
Faintly flshy ,
Seenedesmus 1.00 1.6
Spirogyra 0,12 Ca7=145 | 1%
Staurastrum 1450 | .
Grassy \
Ulothrix 0.20 o3
Cyanophyceaet |
Anabaena ' 0412~0,48 045=140 1.2
Moldy, grassy,
vile ,

Coelosphaerium 0,20-0,33 0.5«1.0 6
Sweet, grassy ~
Gloeoccapsa i 0.2k mo

(red) ~ -
Microcystis 0.20 ‘ XY
Oscillatoris 0420+0,50 1,1 Y]

Protozoat : R

Ceratium 0.,24«0,33 043~1,0 9
Fishy,vile - | |
(rusty brown) o ‘

 Chlamydomonas 0.36-1.0 1.6
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A s YRS A A OB Y. e v eA b

Organisms~~Odor Copper Sulfate | Chlorine | Chlorine
PsDPolly } Depsnta Dioxide
DeDeMs a8
C10,
Dinobryon 0.18 0.3=1.,0 1.5
Aromatic, | |
violets,
fishy
Euglena I 0.50 . 1.9 o8
Symara 1 0,12-0.25 043-1.0 o
Cucumber, :
musk~-melon,
fishy, bitter
taste

It eantaminéting organismg were present with the algae
the results were discarded. Certain varieties of algae are
readily isolated and grown in pure culture, others are
particularly difficult to isolate and even more difficult to
culture, Because of these circumstances a number of the forms
imvestigated gave inconclusive results and are not mentioned
in these results,

By way of observation, it now appearsg that the cdors
previously ascribed to these algae are probably in consider

able error. We know, for example, that E will not

always produce a faint fishy odor, It may produce a rot-
ting hay or a musty odor, depending upon the other mlerow
organisms with which it is assoclated. The same may apply to
all of the other forms studied, We point this out so the
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the reader may know that the odors attributed to these
various forme were previously described by other workers,
and we¢ have not taken the liberty to meke any changes.
Applications of Chlorine Dioxide for the Remavai of
Tastes and Odors from Water Supplies

In an earlier section of this paper attention was called
to the fact that the major taste and odor-produecing compounds
in wnpolluted water in the Southwest was due to by-products
of actinomycetes, Also reference was made to the fact that
experimental vork was done by using these concenirates and
treating them with chlorine, chlorine dioxide or activated
carbon, and assembling the data from the experimental work,

Cultures of actinomycetes were set up with alr flowing
continucusly through the media into containers of triple
distilled water, The taste and odor-producing compounds were
wanaanﬁrated in the water and these concentrates were used
for all testing reported in this section. Since no other
compounds were present in the water in addition to the acw
tinomycete by-products, any alteration in their chemical
composition could be discerned in the threshold odor test
run on all samples.,

One series of experiments was a set of dllutions of the
strong compound so that each sample of water had a thres«
hold odor number of 40, Xach of the 10 samples received
guentitites of chlorine dloxlde varying from ,1 to 8.0 ppm.
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The residual wves run st the end of one hour as was the
threshold odor on each sample. The results of this series

of experiments may be seen in Table 2. Tt should be

TABIE 2
ODCR REDUCTION OF ACTINOMYCETE BY~PRODUCTS WITH €10,

Sample | 1| 2 l | 9 jo
7.0+ ko |40 | %0 (%0 |0 (80 |40 [¥0 |w0 ho
clo, | | 1 |
Prua o1 tﬁ 1.0l 2,0 3;0 MC} 5%@ 64(} 7«@ 18.0

Residual |
end 1he0 | 0 | O | 0 | .3 1.0] 1.2 1| 154 1.68
l hri - 38:,6 28.9 23»Q 294.{3 lét@ 12*14‘ 10;2 3;0 6‘0 lg.*g

L

A% 1
joni
-~3
o

% Threshold odor.

mentioned thet similar series were run on several occasions
and results quoted are évéragas for all such ekﬁarlm@nﬁﬁn

It is noted that the maximum amauﬁt of ahlmrin@,diaxi&e,
namely 8 ppm., reduced the threshold odor te 4.2 and that
the residual chlorine dioxide 1.68 ppm. was relatively high.
The idea of this series waz to find what amount of chlorine
dloxide wonld be demanded for water having an odor number of
40, (Table 2).
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Similar sets of samples were set up and received like
quantities of chlorine dioxide. At the end of one hour the
samples were flocced and filtered. Threshold odors and
chlorine dioxide residuals were sun. 4s in the series mﬁn~ 
tioned above, numercus duplicates of this experiment were
run before final averages were assembled., It is apparent
{rom the_reﬁults in Table 3 that in water containing as Mmﬁh:
ﬁ%tinnmyeﬁta by-products as these samples that about 8§ ppmg‘
chlorine dioxide will be required to oxidize the compounds
pregsent.

TABLE 3

ODOR REDUCTION OF ACTINOMYCETE BY-PRODUCTS WITH
| C10, AND FLOCCING

Sample 2|3 s 161718109

T.0, |40 |4 |% {40 % %0 jwo w0 [wo |wo
Glﬂépym 1 ;ﬁ 140 2.0 3*0* 3’*; 5@0% 6,9‘ 70} 810
flocced ' ‘ ’

and fil-

tered | 28.0 | 2k.q 20,0 16,0 16,0 12.0f 8.0 6.0 3.8| 2.0

Resldual | | | '
cro, Jo fojo}o 01 0 ] .3 *‘6}'*8 1.1

~ Since a considerable amount of experimental work was
done on chlorine, it is appropriate to include the avéraga{
finding from this as indicated in Table %? This series of
samples with an original threshold odor of 40 shows a cone
tinuous rise in threshold odor numbers in all samples 1
through 10 as a result of the addition of chlorine,
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TABLE L

EFRECT OF CHLORINE ON ODOR VALUES WITH BY-
PRODUCTS OF ACTINOMYCETES

Glyend| | S B
lhl"r»' 4 .2 3.,;3 3_;8_’ 5&"9 -‘ 8;@11&6# 13,44 16, 3.81»0 1940
T.0. |48 |62 |84 106 1123 *ip’l”;:o pé2 7% 189 206‘»,‘;.7»
TABLE 8 |
 EFFECT OF C10, ON ODOR VALUES WITH ;mxmmcmﬁ
| - BY-PRODUCTS |

C10,ppm. added 10 {10 | 10 | 10 | 20 3.3 10 10
Residual end 1 hr k.,.sl 2,6l 1.4 .2 O
T, O, end 1 hry | O | 0.4 2.6] 3.4 6.4 10 16‘ 20

¥

There are additional data not included in this paper that

show if 'k;he' ehlorine content is extended up to 200 ppm. |
there is still no break point. The chloro-derivatives that
are formed by the action of chiorine reacting with the
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actinomycete by-~products do not appear to be destroyed by
high concentrations of free chlorine.

In order to have a general scan of the effect of a cone .
stant amount of chlorine dioxide on samples with variable ;f
threshold odors, we chose %o add 10 ppm. of chlorine vv
dioxide to each one of eight samples having threshold ndmr'f
minbers of from 20 to 500, One may ohserve thaﬁ 10 ppm. éill
lower the threshold odor in all samples, even in the sample
contalning a threshold odor of 500. We belisve this ine
formation which is assembled from a number of experiments
may he nsed by workers in the field as a general reference
for the amount of chlorine dloxide required. (Table 8)

By way of compariscn, a number of samples were rﬁn
using activated carbon with a mesh number of 320 and a-
phenol mumber of 15. Typical results from these experis

ments may be observed in Table 6,

TBLE 6

et 2 ‘ ‘

T.0, o po 20 |20 | 20 |20 |20 [ 20 |20 | 20
Carbon ppm.) b 6 ‘
T«Osafter 2 . ‘
hrs.etirs g2 12 (11 |11 9 |8 8 6 k 3.5
ring | .
T.0, after
floe. and - o
filt@l’ 9 9 8 7 6 L 3s5] 3.0 2,01 1.5
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The writer chose to use a thrﬁéhald odor of 20
rather than 40 sinece such threshold odor numbers may be
rather commonly encountered in water plant practice.
Threshold odor numbers of 40 are relatively rare although
they may occur during times of copicus actinomycete growth.
One maey obhserve that 22 ppm. of fine mesh activated carbon
was required to reduce the threshold odor mumber to 1.5
which 18 an acceptable content of taste or odor in drinking
water. It is also interesting to ohserve (Table 7) that
under similar conditlons with a series of 10 samples having
a threshold odor of 20 and to which chlorine dioxide had been
added the concentrations of .1-2,0 ppm. that 2 ppm., chlorine

dloxide vproduced similar results.

TABLE 7
EFFECT OF C10p ON ACTIHOMYCETE BY-PRODUCTS

T.0,after h
2 hrs, 13 17 16 3& 12 0o 72 5&8 kié 3‘5,

T.0.after
floe and
filter 3.3 12 12 11 8 L 3&8 3;3 242 l‘qﬁ

Regidual
3102 PO 0O ¢ G O 0 0 02| 07 *Q& «1
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TABLE 8

G1Q2 AND GARBON REQUIRED TO REDUCE ODOR OF
ACRINCMICETE BY-PRODUCTS

rﬁqui?@ﬂ 103 20 %08 ?ié 8‘:@ i@ﬁl 12.2 th& 3..8

Enall mesh

carbon ppm, |12 |25 rve ?8 F? f@ Pg F@é

After a number of samples of water had been run through

the routine described in this seetion, it became apparent
that certain threshold odor numbers produced by actinomy- |
cete by~products would, under normal conditions, be elimla
nated or controlled by specific amounts of chlorine dioxide
and/or 320 mesh carbon. The writer therefore has taken thisg
occasion to show the amounts of chlorine dioxide required to
oxidize the odor and taste producing compounds in nine difw-
ferent samples varying in concentration from 10 to 9@
threshold odor. The same table (8) shows the requirements
in activated carbon. For example, we note that it takes 2
ppu. c¢hlorine diexide or 25 ppm. activated carbon to cone
trel a threshold odor number of 20 produced by actinomycete
by-products, One reason that we did not take threshold odor
numbers higher than 90 ie the faet that such concentrations
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rarely, if ever, appear in surface samples 1# this seection
of the country. The reader, of course, will hold in mind
that the threshold odor numbers are mere dilutions of the
original water so that a threshold odor number of 50 in-
dicates that the water diluted 50 times has no detectable
odor but if it were diluted one less time it would have
evidence of the odor. We believe this knowledge to be
fundamental in that it will be possible for individuals to
predict the amount of chlorine dioxide or activated carbon
that will be demanded in actinomycete contaminated water.
Naturally more demand will be present in natural waters than
in the laboratory samples since of the chlorine dioxide will
be consumed by other materials that are present in natural
wvater, The requirements for both chlorine dloxide and carbon
are based on finished water that has been passed through a
softening process so as to have a final pH of 10.2., Waters
that are not softened may have more or less odor depending
on the quantity of the amines that are present, The reader
will observe that no comment is made on chlorine, but it
should be understood that if chlorine is used as a pre-
chlorination practice and then activated carbon is used for
odor removal that about twice the amount of carbon will be
demanded since some of it is lost in consuming the chloro-
deriﬁativea formed by chlorine in conjunction with the ace

tinomycete by-products.
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The Effects of Chlorine Dioxide and Chlorine
on the Actinomycete By-Products

In the course of the investigation on actinomycete by
products certain compounds were identified from culture
media as well as from water extracts. These mnmpﬁunaérhava
been shown to be responsible for the major tastes and odors
in water supplies. As discussed in the section on methods,
each of the known compounds was dissolved in carbon tetra-
echloride and scanned on the infra~red spectrophotometer.
They were then reacted with chlorine dioxide and chlorine
in different samples and the effects of these two chemicals
were noted.

The pesults of the effects of chlorine dloxide on the
various compounds may be seen in Table 9, It is interesting
to observe that the primary and secondary amines were oxli-
dized by chlorine dioxide while the tertlary amines were
not altered. We have not actually isolated any tertiary
amines from actinomycete metabolism, This compound was ine
ecluded because 1t was available. The fatty aclids used in
this series of experiments show differential results., Iso-
valeric and beta hydroxy butyric acid were not affected by
chlorine dioxide. Oleic acid was oxidized to the point that
the carbon chain was broken as double bonds with the sube
sequent formation of short~chained aaids‘&nd aldehydes, It
should be pointed out that the by-products of olelc acid
did not produce obvious tastes and odors. Palmitic acid
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was broken down into a number of shart chained acids, only
one of which had any offensive tastes and odors. It should
be mantiénﬁé that neither oleic or palmitic acids have béﬁn,
identified as by-products of actinomycete metabolism.

TABLE 9
PRODUCTS TESTED waH‘eicg

Material Studied Results and Comments
1, Methyl amine . + » + « « « « Amino group attacked. No

nitrogen chloride darivativss
formed.

2, Di methyl amine. « + « « « « Amino group attaakad. Hﬁ ni=
- ‘ trogen chloride éeriva@ivea
formed., \

No reactiang

-
-
-
. .
E ]
-

3, Tri methyl amine .

L, Oglic acld « 4+ & « » « » « o Carbon chain broken at duubla
\ ‘ bond and various short chain
acids and aldehydes formeé.-«

5a;lac#valaraldehyﬁa¢ .+ ¢ & » lso-valeric acid and Iso-valeric
B . ‘ aﬁlurida formed.

6. Paimitia acid Q « » v » s » Acetic acid, Butyria, ?rayyl
L and Valeric acids forumed.

7+ Iso~valeric a@id ¥ % No reaction.

«
-
»
»
«

8. H-Butyl amine . .+ + « + « + Amino group oxidized. Formed
' , chloropierin and HwPrapyl
chloride. ‘

9« B-hydroxy butyric acid . . + No reaction. |
10, Phenol s « o » o« ¢ s o« »« » Formed axalia; maleic and  ,‘

small quantity of formie
aclds.

The phenolic compound was oxidized to oxalic acid,
maleie, and small quantities of formic acids, In hard water
with a high calcium content the oxalic acid would be |
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precipitated out, the maleic and formic would be in such low
percentages as to be of no importance,

The only aldehyde formed in the actinomycete investiga=
tion was iso-valeraldehyde, When this substance was tested
with chlorine dioxide, the aldehyde was converted to iso-
valeric acid and iaamvaleﬁialehlariée*, More chloride was
formed than acid which resulted in a ﬁﬁticeabla reduction in
odor when compared with the amount produced by the aldehydes
Since lso~valeric acid is not affeeﬁ@d by ahlarima&iaxﬁéﬁv
there was no manner by which this ﬁamyénné eould be fnrthgw”
reﬁuaed. | |

The najor odors produced by the actinomycetes are due
to amines, aromatic gompounds such as phenmla, and tha aldaw*
hydes, such as iso-valeraldehyde, Since all of thwaaHﬁra i
mxiﬁizea By chlorine ﬁioxzéa, particularly the amines and
aromatic compounds, 1t can be stated that chlorine diaxi&a -
serves very apprﬁpria&aly for eradiaakian af odors and tas%&g
produced by specific chemicals that result from the metabolism
of actinomycetes.

In the study of the various a&mpuunds, ahlarine was alae
reacted with the various specific ghemicals, the results of
which may be observed in Table 10. It is interesting to ob=
serve that the results here showed either no reaction or the
formation of nitrogen chloride derivatives or chlorine subs
stitution in scme form or fashion. A4s a result of the various
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substltutions and reactions of chlorine, it 1s immediately
observed that the addition of chlorine to any of the chemicals
produced by actinomycetes may regult in compounds with more
intense tastes and odors. 1t 1s possible that these c¢ompounds
may, under certain conditions, be highly toxie, It is not
appropriate to make further comments on that point at this time,

TABLE 10
PRODUCTS TESTED WITH Cljp
Material Studied Results and Comments
1. Methyl amine . s « + « « » » o Beaction, Fitrogen chloride

derivatives formed.

2, Di methyl amine + « « « &+ » +» Reactlion., Nitrogen chloride
derivatives formed,

3. Tri methyl amine . + + + « » » No reaction.
h“i Oelic acid 5 b K R ® K w» ¥ B @ o x‘ﬂaﬂﬁiﬁn«
5« Iso-valeraldehyde + s » + » &« Chlorine substitution.

6, N-Butyl amines + + » « + + « « Chlorine is substituted on
to the amine group. ‘

7. Palmitic acid « ¢« « « « » » » Chloro-derivatives of this
acld formed,

8. Iso~valeric acid « ¢« « « &« » « Ho reaction.
9, B-hydroxy butyric acid . « + « No reaction.

10, Phenﬂl R Chloro~phenols produced.

rs
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The Effect of Chlorine Dioxide on Barnsdall City
Water

In the section on practical methods a deseription was
given of the Bird Creek situation in Northeastern Oklahoma
and the condition of the water wher it arrived at the small .
town of Barnsdall. It was noted that the threshold odor of
the raw water was 240 at the time chlorine dioxide was in~
stalled, During the first few days of operation residuals
as high as 30 ppm. of chiorine dioxide were carried in the
¢lear well., By taking samples from @aps on the different parts
of the distribution system, we were able to show that no
chlorine dlexide was traveling in the distribution system as
far as three blocks. By the fifth day of operation 1 ppm,
residual chlorine dloxide was found in the business district
three blocks from the filtration plant. On the tenth day
only 10 ppm. chlorine dioxide residual was being maintained
in the clear well and the distribution system in all se¢=
tions of the ¢ity was showing from .3 ppm. t0o 1.5 ppms
chlorine dioxlde, The writer assumed that the long chained
polymeric aldehydes from the chemical plant were porbably
clinging to the sides of the pipes of the distribution syss
tem and must be oxldized before chlorine dioxide could maine
tain a residual 1& the system. In a matter of 30 days 1.5
ppm,. residual chlorine dioxide was being malintained in the
clear well and all parts of the distribution system showed

residuals from .3 to .8 ppm.



51

*

8ince the installation in August of 1949 chlorine di-
oxlde has heen in continuous use at the Barnsdall Watar |
Purificatbon Plant, The threshold odors of the finiahw&
water are maintained around a 3 or 4, the water is pala-
&abla\anﬁ‘baateria free. No other compound tried by préviﬁuéj
iﬁvaszxgatafé on tﬁﬁ same problem had been able to hanéla\
%h&’sitﬁétiah as apprapriatwly as did ahlariﬁ@ dioxide, It
is noted that aetivazaé carbon in this instance was eamplaﬁaly
insffeat1VQ, &dditiana of fine mesh carbon as high as 50 ﬁpm*
d1d not appear to reduse graatly the tagte and odor in ﬁhﬂ
21nisheﬁ watar, | |

Breckenridge, Texas )

The application of chlorine dioxide to the water pla&t
in Breckenridge, Texas, on August 14, 1950, was doubtless
one of the briefest periods that this compound has been used
with such ph@nameﬁal success, As indicated in the ae@tipa |
on mathmds, only 20 1lbs. of sodium chlorite was available
at the time the installation was made and in a period of 16
hours the chemical had been deleted and the residual nhlﬁ#ima
dioxide in the ¢lear well had reached a maximum of 3 ppm.
In the distribution system the residuvals varied from .75 to |
+08 ppm. Twelve hours after the chlorine dioxide addition
had terminated the taste and odor in the water had dis~
appeared, Since that time the Clty of Breckenridge has es«
tablished its own chlorine dioxide feed system by employing
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a generator and a pump., The longest period reqguired for
the removal of aetinbmyaat@ by-products since the instal-
lation has been a period of 48 hours in the fall of 1951.
The chlorine dioxide is not used regularly in the plant
since the periodlcity of the actinomycetes is very brief and
the amount of by~products appears %o be small. The instale
lation is now used for emergency work. Colleagues of the
writer have made installations of chlorine dloxlde in sev-
eral other purification plants in Texas and have done cone
siderable work at Waco, Texas, where actinomycetes have
established themselves in the distribution system, In all
instances the chlorine dioxide has proved most appropriate
and has not appeared to be any more expensive than chlorine

and carbon.



DISCUSSICON

In the Southwestern section of the natlon additiocnal
water supplies are being established on various rivers and
streams as population increases. With the advent Qfmarav
surface water supplies new problems arise in taste and ocdor
control., For some years the m&jar taste and odor prebléma‘
were appropriately handled by break-point c¢hlorination in
connection with the addition of high concentrations of care
bon. It appears that the cause of tastes and odors in the

Southwest had altered somewhat from the original types of
twenty years ago. This may be due to a change in the fer~
tility of the water or to the introduction of new organisms.

At any rate, chlorine dicxide appears, from the experimental
work in our laboratory, tc be the most suecessful method for
removing the actinomycete by-preducts. The writer has ine
dicated that laboratory results on water samples teatéﬂ for
ihresholﬁ odor demonstrated that the obnoxious odors could
be removed with chlorine dicxide but could not be reduced
with chlorine. lLaboratory analysis on the actual isclated
chesmical compounds produced by the actlinomycetes have shown
that the specifie chemicals responsible for tastes and odors
in most instances may be completely oxldized, In & similar
group of experiments, demonstrations bave shown that chlorine

alone will not oxidize the compounds but may substilitute on
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them in various forms or fashions to give rise to complex,
and, in many instances, more volatile and offensive come
pounds. Thus one may conclude from this mass of experimental
work that eh}orinﬁ dloxide has a useful purpose in publie
health work, particularly as an emergency method for the
eradication of tastes and odors. It should be pointed out
that chlorine dioxide would be more appropgiately used in
water systems 1f it were generated with sulphuric acid
rather than with chlorine. Our laboratory work indicates
that a mixture of 2.2 lbs. of technic¢al grade sodium chlo-
rite with 1 1b. of chlorine in water at a pH of §,2 may
result in high concentrations of chlorine dioxide and low
concentrations of chlorine. In order to produce chlorine
dioxide with no chlorine it is necessary to add 3 lbs. of
chlorite to 1 Bb, of chlorine. In this instance, however,
there is unreacted sodium chlorite in the water supply.
The writer does not feel that the quantity of sodium
chlorite would be sufficlent to be dangerouns but it is
wasteful, Therefore, there is reason to contend that it is
best to generate chlorine dioxide by using sodium chlorite
and sulphuric acid., It ig appropriate to point out that

chlorine plus chlorite produces a highar percentage of

chlorine dioxide than chlorite plus sulphuric acid, The
difference on a percentage basis iz approximately 16 per
cent, On the other hand, if enough chlorite is used with
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chlorine so as to have no chlorine present, there is a wagte
age of 18 per cent chlorite, It would seem best to sugpest
this to the operator so he would know that the addition of

the gas would not enhance tastes and odors if he substituted
sulphuric acid for chlorine., On a cost basis sulphurie acid
will be much cheaper than chlorine and even though leds
productive from a chlorine dioxide standpoint, on a large
scale basls, the plant would save money by using the sulphuriec
acid, The writer has observed many laboratory demonstrations
of this principle and thinks it appropriate to call it to

the attention of the water plant operators who are interested
in producing an odor-free commodity for the consumer,

There are a number of instances in citias.whare encrustaw
tions have formed on the inner sides of pipes of the dige
tribution systems. These encrustations are composed largely
of deposited calcium compounds and in many instances give
rise to luxuriant growths of blue-green algae. The latter
organisms demand no lighty they require mainly a supply of
nitrogen and caleium, After the algae are well established,
spores of the actinomycetes pass through the filters and
enter the distribution system. When the temperature of the
water and pipes rises to around 17° ¢, spores imbed theme
selves in the blue~green algae and actinomycetes flourish
in the distribution system. The operator may produce an
odorless, tasteless water at the water plant only to find
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his consumers highly éissatiﬁfieé with the vile tagtes and
odors in thelr finished water. When these occasions arise
the only available treatment 1s ehlorine dioxide. If this
gas is added in concentrations as high as 7 ppm., mycelia

of the actinomycetes are killed and the by-products are
oxidized by the available chlorine dioxide resulting in
odorless, tasteless water. This dosage does not necessarily
have to be maintained for a period of time longer than it
takes for water to pass from the filtration' plant through

the distribution system. The dosage of the chlorine dioxide
will not kill the spores bu the germination period of a normal
spaéa is approximately five days, thus a large dose of chlo=
rine dioxide every {ive days will result in overcoming the
difficulty that heretofore has not been adequately handled in
any of the city distribution systems.

When the writer first started assisting in laboratory
work on chlorine dloxide, it was the belief of the principal
investigator that the gas would be useful in the Southwest
since that was the major area of aetingmyeat¢ contamination.

Yince the beginning of the original work on chlorine die-
oxide, distribution of the actinomycetes has been extended
to include the cities of Chicago and Philadelphia, Only
recently actinomycetes were isolated from the Bryn Mawr fil=-
tration plant in the City of Philadelphia. These are idenw
tical with the forms found in Waco which means that in all
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probability the organisms will set in the fashion observed
in Waco, that i1s, growing in the pipes of the distribution
system. The superintendent of filtration at the water plant
hag recently tested chlorine dioxide and has ghown that it
will remove the tastes and odors while chlorine will enhance
them, That was shown in our laboratories four years ago,

but it is stlll important to the filtration engineer in
Philadelphia. Chicago from time to time suffers from mild
actinomycete tastes and odors, ifter isolation of the or~
ganismg from finished water the prineipal chemist at the
South District Filtration Plant is aware of the fact that he
has a tool to combat the tastes and odors should they rise
to an obnoxious concentration. Certain work that we have heen
able to do on polluted water, particularly those containing
phenols, has demonstrated that chlorine dioxide will oxi-
dize the phenols resulting in by~products that are innocuous,
This is obviously an advance towards reclaiming certain
waters that heretofore were thought tc be useless for human
consumption,

Attention should be called again tc the fact that sodium
chlorite alone is a good algadide and that it dis a fairly ef-
fective bactericide and fungicide. If the waters are alkaline,
the sodium chlorite will last for considerable periods in
cooling towers or in enclosed circulating systems or blow-

down towers and even though it is expensive to add, the
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stability of the compound In basic water makes it useful,
Chlorine dioxide may 2lso be employed as an algacide ale
though it is not nearly so stable as chlorite but serves
particulerly well in swimming pools and other areas vhere
algae eradlcation is required, It is advisable to mention
that the lack of nitrogen trichloride and chloramines when
chlorine dioxide is employed in swimming pools is a high

recommendation for the use of this gas.



SUMMARY AND COWCILUSIONS

From these investigatiocns on chlorine dloxide one may
make the following conclusions:

l. The modified OTA as prasente& in this paper is ac~
curate and concise enough to warrant usage as a research and
plant practice,

. 24 €10, 1s not significantly different from CuSQy, or
Olg in its algacidal abilitgeaﬁ

3+ C1l0, 1s an effective odor reducing agent when used
to reduce odors due to actinomycete by-products.

4 €10, is not a "cure all* for all odor problems; how-
ever, it may find application in many odor problems.

5. Cl0p is most effective in cases where Clp is kept
at a minimum,

6. C10, may be safely used by a plant operator,
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